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Abstract

Ti base alloys are commercially used for various applications in almost all industrial sectors.
The material-specific benefits, such as high strength, low density and high corrosion resistance,
excellently suits the aerospace, automotive and medical industry requirements, which is why
these industries are the prominent driving forces for the research and development activities in
the Ti industry. The combination with the additive manufacturing technology enables to link
the beneficial material specifics of Ti base alloys with the eco-design concept supporting low
material waste and freeform fabrication ability. Although additively manufactured Ti base
alloys are already used, the alloy portfolio is limited and almost reduced to the Ti-6Al-4V alloy.
Hence, this thesis deals with the implementation of other Ti base alloys, such as the
Ti-6Al1-2Sn-4Zr-2Mo-Si alloy for laser powder bed fusion, and explores process limits and
achievable mechanical properties. Via in-depth characterization techniques such as high-energy
X-ray diffraction, transmission electron microscopy, differential scanning calorimetry and atom
probe tomography, this thesis aims to enhance the fundamental understanding of the material
response on the laser powder bed fusion process. Furthermore, it points out that analogies to
well-investigated materials such as the Ti-6Al-4V alloy help to accelerate the implementation
process based on a higher troubleshooting efficiency and already existing manufacturing know-
how. In addition, martensitic phase transformations are investigated, displaying the potential
use of a ‘softer’ martensite. Soft martensite was found to form in bulk materials when the
solidification process is accelerated. Finally, the precipitation behavior of near-a and o+f alloys
was investigated in detail. The generated understanding of the decomposition of supersaturated

phases enables the implementation of optimized post-process heat treatments.
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Kurzfassung

Ti-Basislegierungen werden fiir eine Vielzahl von Anwendungen in fast allen Industriezweigen
kommerziell eingesetzt. Die werkstoffspezifischen Vorteile, wie hohe Festigkeit, geringe
Dichte und hohe Korrosionsbestindigkeit, eignen sich besonders gut fiir die Anforderungen in
der Luft- und Raumfahrt, der Automobilindustrie und der Medizintechnik, wodurch auch diese
Branchen die treibenden Krifte fiir die Forschungs- und Entwicklungsaktivititen in der Ti
Industrie sind. Die Kombination mit der additiven Fertigungstechnologie nutzt einerseits die
Materialeigenschaften von Ti-Basislegierungen und unterstiitzt andererseits das Okodesign-
Konzept inklusive einer geringen Abfallerzeugung und der Féhigkeit zur Freiformfertigung.
Obwohl es am Markt bereits additiv gefertigte Ti-Basislegierungen gibt, ist das
Legierungsportfolio sehr begrenzt und in den meisten Féllen auf eine einzige Legierung, die
Ti-6Al-4V Legierung, reduziert. Diese Arbeit befasst sich daher mit der Implementierung von
anderen Ti-Basislegierungen, wie z. B. der Legierung Ti-6Al-2Sn-4Zr-2Mo-Si, fiir den Einsatz
in einer additiven Fertigungstechnologie, dem Laser-Pulverbettschmelzen, und untersucht die
Prozessgrenzen und die erreichbaren mechanischen Eigenschaften. Basierend auf eingehenden
Charakterisierungstechniken wie Hochenergie-Rontgenbeugung, Transmissions-
Elektronenmikroskopie, dynamische Differenzkalorimetrie und Atomsonden-Tomographie
konnen grundlegende Erkenntnisse iiber das Materialverhalten, hervorgerufen durch das
selektive Laserschmelzen, gewonnen werden. Es hat sich gezeigt, dass Analogien zu gut
untersuchten =~ Werkstoffen, wie z.B. der Ti-6Al-4V-Legierung, helfen, den
Implementierungsprozess aufgrund einer hoheren Fehlerbehebungseffizienz und bereits
vorhandenem Fertigungs-Know-how zu beschleunigen. Dartiber hinaus wurden martensitische
Phasenumwandlungen untersucht und es wurde festgestellt, dass die Bildung eines "weicheren"
Martensits fiir den additiven Fertigungsprozess niitzlich sein kann. Des Weiteren haben
Untersuchungen iiber das Ausscheidungsverhalten von o und o+ Legierungen gezeigt, dass
das Verstindnis iiber den Zerfall von den iberséttigten Phasen fiir die Implementierung

optimierter Warmebehandlungen eingesetzt werden kann.
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1 Introduction, motivation and scope

Over the last 20 years, metal additive manufacturing (AM) processes significantly evolved due
to advances in laser technology, affordable computer technologies, and the industrialization of
metal powder production [1]. Starting as a prototyping technique for design purposes only,
metal AM has become a state-of-the-art production technology for complex and high-
performance components for the automotive, medical, energy, and aerospace industries [2—4].
Although the Covid19 pandemic substantially impacted the global AM sector in 2020, leading
to an overall stagnation of the market revenue, especially in the automotive and aerospace
sector, the expectations for the near future are positive. A yearly growth of 30 % for the next
five years and an expected revenue of 18 billion EUR in 2025 justifies ongoing research and
development activities in the metal AM industry [5, 6]. Moreover, the eco-design concept of
AM holds great potential for environmentally friendly production with less raw material usage
and material waste, reduced air pollution, and energy savings [7].

Titanium base alloys are a promising class of materials known to promote the eco-
design concepts, especially in combination with AM. With regard to the low density of
approximately 4.5 g cm?, titanium base alloys exhibit superior specific strength compared to
other engineering alloys [8]. The combination of excellent corrosion resistance and highly
tunable mechanical properties deriving from the allotropic phase transformation [9, 10] are
major arguments for the intensive research and development (R&D) activities in the field of Ti
base alloys.

Despite the background of a large Ti alloy portfolio for traditional process techniques,
there is only a small selection of alloys applicable for metal AM techniques such as laser powder
bed fusion (LPBF). In addition, most of them, besides the commonly used Ti-6Al-4V (Ti64,
m.%) alloy, are modesty or minimally reported in terms of mechanical properties [11, 12].
Therefore, the present thesis is dedicated to implement already known and well-investigated
titanium alloys for the LPBF process to increase the number of additively processible alloys.
The successful implementation of new alloys also requires a deep understanding of material-
specific characteristics. Therefore, this thesis starts with investigating AM Ti64 and
subsequently applies the generated knowledge to analyze the practicability of other Ti base
alloys for LPBF.

Figure 1.1 schematically shows the workflow and the main scopes of this thesis. In the
course of this work, it is essential to examine the entire AM product chain to obtain a profound
image of the challenges and opportunities accompanying AM of a new alloy type. The
investigations, therefore, start with a detailed analysis of the powder to evaluate the influence
on the LPBF process and detect metastable phases occurring from the rapid cooling during
atomization [13]. In the next step, the characterization of bulk components contributes to a

deeper understanding of the material response during LPBF and helps to establish enhanced
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Figure 1.1: Schematic workflow diagram showing the main scopes of the present thesis. The
investigations focus on the whole product chain, beginning with the powder production and the
LPBF manufacturing process, and ending with the post process heat treatment supported by

advanced sample preparation and characterization techniques.

process parameters. The adaptation of process parameters is essential to overcome typical
defects related to AM, e.g., pores and alloy specifics such as vulnerability for residual
stresses [14, 15]. Moreover, understanding the influence of particular alloying elements helps
to implement new alloys for the LPBF process to extend the alloy portfolio further.

In the last step, the fundamentals of post-processing are described. Post-processing
assists in tuning the material properties with regard to the respective application. Furthermore,
microstructure-properties relationships are examined and assist in determining potential
applications that require high strength, high ductility or temperature resistance.

The workflow is guided by a newly developed and optimized metallographic sample
preparation suited for the respective micro- or nano-characterization techniques. The optimized
metallographic practice ensures reproducibility and focuses on particularities during the sample
preparation of the metallic powder and the LPBF manufactured components.

The following sections provide an overview of the state of the art concerning titanium
alloys, metal powder production, and additive manufacturing. Furthermore, the most important
findings of the appended publications are summarized, and the remaining questions and future
challenges regarding LPBF of titanium alloys are thematized.
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2 State of the Art

2.1 Titanium base alloys

2.1.1 Alloy classification

The two allotropic modifications of titanium are the body-centered cubic (bcc)  phase, which
is also the high-temperature phase of titanium and its alloys, and the hexagonal
close-packed (hcp) a phase [16]. According to the concentration of 3 stabilizing elements in the
alloy system, titanium alloys can be classified as depicted in the pseudo-binary phase diagram
in Figure 2.1 [9, 17]. The phase diagram shows the occurring phases as a function of the
temperature and the amount of isomorphic alloying elements, based on an Al equivalent (Aleq.)
<9 m.%. The Aleq. and Mo equivalent (Moeq.), shown in Equations (1) and (2), summarize the
effect of o/ stabilizing elements. Furthermore, the Aleq and Moeq. shift the P transus

temperature to higher or lower temperatures as shown on the left side of Figure 2.1 [9, 17]:

[Alleq. = [Al] + 0.33[Sn] + 0.17 [Zr] + 10 [0] 1)

[Mo]eq. = [Mo] + 0.2 [Ta] + 0.28 [Nb] + 0.4 [W] + 0.67 [V] + 1.25 [Cr] ?2)
+ 1.25[Ni] + 1.7 [Mn] + 1.7 [Co] + 2.5 [Fe]

Titanium alloys which exclusively contain a stabilizers, neutral alloying elements, and
only minor amounts of 3 stabilizers, are called a alloys. These alloys are known for their high
creep and corrosion resistance as well as low cytotoxicity and thus are often used in the

chemical or biomedical industry [17, 18].

(Al, La, O, N) Ao alloys, o+ alloys Metastable  Stable B
o stabilizer i B alloys alloys
< Near-o |
alloys i
—— B transus—Neutral (Sn, Zr) — Near-p |

£
£ alloys —1 /O
b 1
- 2 i
P stabilizer g N i o
~ g 1
isomorph (V, Mo, Ta, Nb) = N i bec ﬂ | f y

eutectoid (Fe, Mn, Cr, Si)

| @

o M | ——

PR
R
LA

.

Concentration of p stabilizers

Figure 2.1: Pseudo-binary phase diagram showing the classification of titanium alloys
depending on the concentration of 3 stabilizing elements (right side). The influence of particular

elements on the B transus temperature is shown on the left side.
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The class of a+p alloys exists due to the simultaneous occurrence of both allotropic
forms at room temperature (RT) if the concentration of B stabilizing elements is between 2 and
6 m.%. The simultaneous presence of both allotropic forms is decisive for the great variety of
properties and assists in tailoring the mechanical properties to fit the application
requirements [19]. The most important representative of this class is the “workhorse” alloy Ti64
which can be produced via various techniques, among them AM, and is broadly used in several
industrial applications [20-26]. a+f alloys which contain only a small volume fraction of the
phase are often called near-a alloys [17]. These alloys combine a high creep resistance and
strength and thus are mainly used for applications at high service temperatures [27]. In contrast,
near-f alloys contain a high concentration of B stabilizing elements and are known for their
high strength [17].

Among the class of B alloys, stable B alloys are rarely used in the industry due to the
relative high specific weight, unfavorable weldability and bad oxidation behavior. Therefore,
only metastable B alloys are commercially used. In contrast to a and a+f alloys, quenching
from the B phase-field of metastable B alloys does not lead to a martensitic transformation;
hence close to 100 vol. % of the B-phase retain upon quenching. The combination of a good
formability, arising from 12 possible slip systems in the bce crystal, and high strength (>1400
MPa) makes these alloys suitable for various structural applications. Moreover, metastable 3

alloys exhibit excellent biocompatibility and thus are used for implants [9, 17, 18].

2.1.2 Phase transformations

The phase transformation from B to a either takes place by diffusion-controlled nucleation and
growth or by martensitic transformation for a and a+f alloys. During the § — o transformation,
the bee crystal can transform into 12 possible hexagonal (hex) variants, which is also known as
the Burgers’ orientation relationship (BOR) given in Equation (3) [28, 29].

{11034 11 {0001}, and [111] || [1120], A3)

Yellow planes in Figure 2.2 (a) schematically demonstrate the BOR and show the
match between the {110}z and {0001}, lattice planes appearing for both formation

mechanisms; diffusion-controlled growth and martensitic transformation [9, 30]. The LPBF

manufacturing process generates cooling rates up to 10* — 10° K s™!, which most likely lead to

martensitic phase transformations and martensitic microstructures [31, 32]. Apart from the

basic principles of martensitic transformations, which will not be repeated here, the generation

of martensite in titanium alloys involves three fundamental processes [10, 33]:

» The “Bain” distortion transforms the bcc lattice either into the hex or the orthorhombic
(orth) lattice.

» Twinning or slip-induced shear processes generate an invariant plane.
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Figure 2.2: (a) The occurring variants during the phase transformations of titanium alloys are
governed by the Burgers orientation relationship (BOR), which is schematically shown for a
yellow-colored plane [30]. The atomic positions during the martensitic phase transformation from
B (pink) to a” (green) or o' (blue) are presented in (b) and demonstrate the shuftle of atoms on the
(110)4 planes in [110] direction [10].

> Atom shuffling on (110)4 planes in [110] g direction takes place to locate the atoms in

proper positions in the hex or the orth lattice structure. The shuffling process is shown in
Figure 2.2 b, which highlights the atomic shift of the bce B phase atoms (pink) towards the
orth a” (green) or the hex o' (blue) lattice structure.

The atom movement and the specific atomic positions of the occurring phase during the
athermal phase transformation strongly depend on the alloy's chemical composition [34]. The
hex o' martensite occurs for alloys with a low content of B stabilizers, whereas the orth o
martensite forms in alloys with higher amounts of B stabilizers [9].

The LPBF manufacturing process and the rapid cooling of the molten pool lead to the
supersaturation of substitutional alloying elements in the matrix phase. The resulting solid
solution is, due to the rapid cooling, far away from thermodynamic equilibrium, and most likely
only a single-phase — o’ or a” — exists after the manufacturing process. These martensitic phases
tend to be unstable and decompose during exposal to high temperatures. To avoid uncontrolled
decomposition of the martensitic microstructure, which would lead to changes in the

mechanical properties, LPBF post-process heat treatments are applied [9, 35-37].

2.1.3 Macro- and microstructure

The present section discusses the occurring microstructures of near-a, near-f3 and a+f titanium
alloys with respect to the LPBF manufacturing process. Starting with the initial powder,

Figure 2.3 provides an overview of the occurring macro- and microstructures along the LPBF
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Figure 2.3: Microstructures of near-o and o+f alloys along the processing route of a LPBF
manufacturing process. The respective micro- and macrostructure of (a) and (b) are shown as
EBSD images whereas the images of (¢) — (f) are obtained via SEM in BSE mode.

processing route. Besides the “as-built” microstructure, Figure 2.3 depicts the microstructure
after common heat treatments.

The cooling rate during metallic powder production by gas atomization can reach up to
108 K s71[38-40] and thus is responsible for the martensitic microstructure in the powder
material. The morphology of the martensite can either be massive [41-43] or acicular [17].
Massive martensite is typical for alloys with a low Moeq. and is defined by irregular regions
containing parallel a laths of 0.5 — 1 pm size [9]. The acicular type is typical for alloys such as
Ti64 and is shown in the electron backscatter diffraction (EBSD) image in Figure 2.3 a.
However, no distinct differentiation exists between the massive and acicular martensitic
microstructure. Both types can coexist in alloys with similar chemical compositions, as reported
recently for a LPBF produced Ti64 alloy [44]. The powder microstructure in Figure 2.3 a also
shows the occurrence of a high density of twins and dislocations, typical for acicular
martensite [45—47].

During LPBF, a+f alloys run through a B solidification pathway which leads to the
formation of a B macrostructure — or often referred to as parent 3 microstructure — prior to the

martensitic transformation. The typical parent B microstructure of a LPBF manufactured o+f
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alloy (Ti64) is displayed in Figure 2.3 b. The visibility of the § grain morphology results from
a parent grain reconstruction via a software-based tool called ARPGE (short for automatic
reconstruction of parent grains from EBSD) [48, 49], which uses the BOR in Equation (3) to
calculate the corresponding parent 3 grains. Several studies demonstrate a strong (001) fiber
texture along the additive manufacturing building direction, especially for electron beam
powder bed fusion (EPBF) [50, 51] and other additively manufactured titanium base alloys [52—
56]. The epitaxially grown elongated B grains lead, among other things, to anisotropic
mechanical properties [23] and will be discussed in the next chapter. The size and morphology
of the parent grains depend on the manufacturing parameters and the chemical composition,
i.e., the alloy’s grain growth restriction factor [57].

Figure 2.3 ¢ shows the RT microstructure via an scanning electron microscopic (SEM)
image of an additively manufactured o+ Ti64 alloy originating from the complex thermal
cycles during the layer-by-layer additive manufacturing. The thermal cycles and the high
cooling rates, e.g., 10— 10°K s! during LPBF [58-60], lead to a hierarchical martensitic o' or
o microstructure comprising primary, secondary, tertiary, etc. grain features [61, 62]. The size
of the martensitic grains depends, equal to the parent B-grains, on the chemical composition, as
the parent microstructure represents an expansion limitation of o’ or a” features [9, 17]. Similar
to the observations in titanium powder material, the as-built grains also reveal a high density of
internal lattice defects such as twins and dislocations [63]. The as-built microstructures are
supersaturated in alloying elements, and most likely, only a single phase is present at RT [10,
33]. The precipitation of additional equilibrium phases such as B, a2, and silicide particles only
occurs by adapting the manufacturing parameters or implementing a post-process heat
treatment [9].

Post-process heat treatments are performed to shift the microstructure towards
thermodynamic equilibrium and reduce residual stresses. Figure 2.3 d schematically shows the
temperature-time control of a stress relief annealing (SRA) heat treatment, usually performed
on an industrial scale due to moderate temperatures (< 900 °C) and low heat treatment
times (< 5 h). SRA leads to coarse o grains and a minor amount of  phase, visible as the bright
phase in the BSE image of a Ti-6Al-2Sn-4Zr-2Mo-Si (T16242, m.%) alloy in Figure 2.3 d [64].
The phase fraction of the equilibrium B phase depends on the chemical composition and
especially the Moeq. of the alloy. The final a and B grain sizes can be modified by controlling
the heat treatment temperature and time. However, in most cases, the temperature is limited as
the material softens during high-temperature annealing. Figure 2.3 e displays the
microstructure and the temperature profile of a super-transus heat treatment of a Ti64 alloy
followed by moderate cooling rates. This super-transus heat treatment diminishes the LPBF
manufactured morphology and results in lamellar o+ microstructure. The size of the lamellas
depends on the particular cooling rate applied. Nonetheless, it should be noted that annealing
above the B transus temperature promotes the formation of grain boundary a phase (acs), which

negatively impacts the mechanical properties [9].
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Furthermore, additional aging can be performed and leads to small secondary a phase
(as) precipitates within  areas, see SEM image of aged Ti6242S in Figure 2.3 f. However,
additional aging is only reasonable if the first annealing step is followed by cooling rates high
enough to originate a supersaturated  phase. The size and form of the large primary a (op)
grains, which substantially impact the mechanical properties, is influenced by the temperature-
time control during annealing. Additionally, aging also promotes the formation of the
intermetallic Ti3Al a2 phase in regions where the Al content is high. According to literature [9,

17], a2 precipitation hardening of the o phase starts at a concentration of about 5 m.%.

2.1.4 Mechanical properties of a+f alloys

In general, the mechanical properties of titanium alloys are affected by the material's chemical
composition and microstructure. The solidification of the small melt pools during additive
manufacturing is governed by high cooling rates, leading to a non-equilibrium microstructure.
Such microstructures typically exhibit small grain sizes, saturated phases and residual stresses.
Therefore, post-processing is required to transform the non-equilibrium material into a more
stable form, resulting in an o+ microstructure with improved mechanical properties. This
chapter discusses the differences between the microstructure-property relationships of o+f
alloys manufactured via AM and a+f alloys arising from traditional production methods.

For lamellar and bi-modal microstructures, the slip length across incoherent interfaces
is the most crucial factor determining the strength, ductility, toughness and fatigue resistance [9,
17]. If the slip length is short, the strength increases and vice versa, a long slip length leads to
a decreasing strength of the material. Typically, Ti alloys reveal incoherent o/f interfaces
(~ 1 um), which are relatively close to each other. However, the effective slip length is usually
given by the a colony sizes (10 — 500 um) with parallel slip systems, and thus slip can be
transferred easily in lamellar microstructures. In contrast, the effective slip length in martensitic
microstructures produced by AM is given by the individual widths of a plates, resulting in a
much higher yield strength up to 1300 MPa for LPBF Ti64 [65]. The application of post-process
heat treatments significantly enhances the elongation at fracture up to 20 % for AM Ti64 [66]
but, at the same time, increases the a plate width and subsequently the effective slip length
leading to reduced yield strength [9, 17].

For lamellar and bi-modal microstructures, the prior B grain structure is vital due to a
continuous a layer, i.e., an acs layer along parent § grain boundaries [9, 17]. Plastic deformation
is known to accommodate at these acs layers, leading to reduced ductility. This effect is
diminished for AM typical microstructures with a fully martensitic transformation lacking acs
nucleation. Nonetheless, the elongated prior  grains in LPBF manufactured o+ alloys result
in anisotropic mechanical properties. Liu et al. [60], e.g., reported that horizontal and vertical
build tensile samples exhibit a difference of 30 MPa in yield strength and 2 % variation in the
elongation at fracture. This is attributed to the elongation of grains in the building direction,
originating from the AM process, which leads to reduced yield strength and an increase in

elongation of vertical produced samples. In order to reduce the anisotropy in the material,

8
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epitaxial grain growth of parent B grains must be limited. Yao et al. [67] and Zhang et al. [68]
reported an alleviation of the anisotropy and less elongated B grains by adding boron to
Ti-6Al1-4V alloy. With boron, the grain growth is restricted and the microstructure becomes
equiaxed. This results in reduced anisotropy and enhanced strength. However, the amount of
boron must be limited (< 1 m.%) to achieve a good balance of tensile strength and ductility
along with a reduction of the anisotropy [67, 68]. Besides boron, trace elements such as carbon
and silicon are also prominent for grain refinement and improved performance [67]. In addition
to alloying, Zhang et al. [69] reported recrystallization of the parent  grains, caused by
ultrasonic impact treatment on a common Ti-6Al-4V alloy. This method relies on the formation
of dislocations on the surface through plastic deformation, which recrystallizes during the
melting process of the next layer.

The high cycle fatigue strength is heavily impacted by the resistance to dislocation
motion. The effective slip length, described in the previous lines, is of similar importance when
considering the fatigue strength. In this context, higher cooling rates lead to smaller a colony
sizes and higher fatigue strength but deteriorate the fracture toughness [70]. However,
additional aspects must be considered for AM-produced components as they are known to
reduce the fatigue performance, e.g., surface roughness, pores and residual stresses. In order to
evaluate microstructural influences, surface machining is an efficient tool for diminishing the
impact of surface roughness due to the minimization of crack initiation sites. In general, defect-
free AM components would reveal even higher fatigue strength when compared to conventional
manufactured (lamellar) parts [60]. However, the unavoidable presence of defects significantly
deteriorates the fatigue properties and results in disadvantageous low fatigue strengths of AM
components. In addition, hot-isostatic pressing (HIP) reduces internal defects such as pores and
substantially enhances fracture toughness as well as fatigue strength (107 cycles to failure) [71].
Zhao et al. [71] reported that a HIP treatment enhances the fatigue strength of AM produced
samples up to 550 MPa compared to cast parts with an fatigue strength of about 450 MPa.

In contrast to tensile and fatigue properties, smaller o grain sizes decrease the creep
strength in o+f titanium alloys [9]. Therefore, the cooling rate must be low to generate coarse
grains and improve creep performance. However, additively manufactured components possess
considerably fine microstructures inappropriate for sufficient creep performance and hence
post-process heat treating is usually necessary. The limiting deformation mechanism which
governs the creep resistance in o+f alloys at application temperatures of 400 — 550 °C is lattice
diffusion controlled dislocation climb [72, 73]. Slight amounts of Si are added in some Ti alloys,
such as the Ti6242S alloy, to reduce dislocation motion via the formation of incoherent
particles. Moreover, the presence of the coherent a2-Ti3Al phase is also an effective barrier for
dislocation motion. The precipitation of this intermetallic phase is promoted by a higher Al
content or the addition of Sn [9, 17].

The mentioned differences in the additively and conventionally manufactured Ti base
alloys’ mechanical properties are qualitatively summarized from various literature references

[9, 17, 60, 66, 70-74] and displayed in Figure 2.4. More precisely, Figure 2.4 visualizes the
9
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as-built properties compared to the properties of heat-treated and conventional produced —

lamellar — material conditions.

Op.
10

additively manufactured (as-built)
additively manufactured (heat treated)
€F conventional produced (lamellar)

G,, Yield strength

& Elongation at fracture
K,c Fracture toughness

o,  Fatigue strength

Kic Creep strength

Figure 2.4: Radar diagram displaying qualitative trends of the mechanical properties of o+f
titanium alloys, revealing the difference between as-built, heat treated and lamellar
microstructures.
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2.2 Additive manufacturing of titanium alloys

2.2.1 Working principle and process synergies

AM is a complex manufacturing process whose outcome depends on multiple interacting
process, material and system variables. In general, the primary goal of the AM process is to
produce objects with high accuracy, surface quality and specific material properties, which is
why it is often applied and heavily researched in industries such as aerospace and racing. Since
the research of this thesis deals with additively manufactured Ti alloys applied for racing,
Figure 2.5 is related to this specific application field and schematically depicts the process
synergies in the course of AM [75].

The process synergies have to be synchronized precisely to fulfill the racing industry’s
high demands. In the following paragraphs, the most critical process variables related to the
field of Materials Science are described in detail.

AM allows the production of bulk components through progressively adding powder
layers directed by a digital model of the final geometry. According to ASTM Standard F2792,
AM can be categorized into two groups, namely the direct energy deposition (DED) and powder
bed fusion (PBF) methods which can be further divided in terms of the primary heat source
such as laser (DED-L), electron beam PBF (EPBF) or plasma arc (DED-PA) [76]. This work
focuses on the LPBF manufacturing process, schematically depicted in Figure 2.6 [77].

In the LPBF process, the process starts with a three-dimensional CAD model placed in
a build volume. For geometries with insufficient bonding to the underneath layers, additional

support structures are added. In the following steps, the desired geometry is sliced into planar

Material Chamber layout

Process synergies during
additive manufacturing

»Horizontal/vertical
»Object proximity
»Chamber filling

» Alloy
»Powder size
»Powder purity

Object
accuracy

Surface
quality

Material
properties

»Support removal
»Heat treatment
»Shot peening

»Heat input
»Exposure pattern
»Laser return time

»Geometry
»Overhang
»Support structure

Post-processin
Process P g

Design

Figure 2.5: Schematic drawing depicting the synchronization of process synergies during
additive manufacturing and demonstrates the interaction of process variables for the
production of objects with high accuracy, surface quality and specific material properties for

industries such as racing [75].
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layers of equal thickness. Subsequently scan patterns are defined, and files are exported based
on a material-specific parameter set, including machine configurations. During LPBF,
components are built by fusing thin layers upon layer of spreaded powder on a building

platform. After each layer, the building platform lowers and the process starts again [78—82].

2.2.2 Melt pool and thermal behavior

The heat transmission from the laser into the powder bed and the processes in the melt pool are
multi-physics phenomena influenced by various process parameters [60]. The volumetric
energy density E4 (in J'-mm™) in Equation (4) summarizes the most important parameters to be
considered by LPBF:

C))

where P is the laser power (in J-s™), v is the scanning speed (in mm-s™), h is the hatch spacing
(in mm), and t describes the layer thickness (in mm). Besides the mentioned parameters,
multiple other parameters such as the scan pattern — also known as scan strategy-, powder
properties, built plate temperature, laser turnaround control, laser spot size, track overlap and
the process atmosphere have to be taken into account [83—89].

During PBF, the whole energy provided by the heat source is conducted immediately in
the powder bed. A part of the energy is directly absorbed by single particles, while the residual
energy is reflected and continues its path to the next absorption/reflection point [90]. In that
way, many particles are heated simultaneously and a melt pool forms. Yin et al. [91] provided
an overview of the dynamics in the melt pool, see schematic drawing in Figure 2.7. A high Eqd
can lead to the ejection of powder particles or molten droplets, also known as spattering [92].

Spattering is a critical value considering the formation of pores and typically occurs in the

Heat source
Powder

spreader

/ Powder

¥

Component

I

Building platform

|

Figure 2.6: Schematic representation of the LPBF

manufacturing process. Figure is redrawn from Ref. [77]
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@
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Figure 2.7: Hydrodynamic melt pool processes caused by the recoil pressure and the
Marangoni force can result in spattering effects if the applied heat input, i.e. the energy density,

is high. Figure is adapted from [91].

keyhole manufacturing mode, and not in the conduction mode [93], where the melt is relatively
flat on the surface. Moreover, Figure 2.7 visualizes that the combination of metal vapor-
induced recoil pressure and the Marangoni effect leads to a head protrusion and a tail depression
of the metal track. The backward surging of the melt is more pronounced for large melt pools,
i.e., a high Eq, promoting intensive droplet ejection at the end of the melt pool [91].

The whole LPBF process is performed in a chamber shielded by inert gas to prevent
nitration and oxidation. Moreover, the gas flow is responsible for removing process by-products
such as splattered melt and ejected powder, which would lead to spherical and non-spherical
artefacts on the surface [94]. In this context, Ladewig et al. [94] recommend the following flow
conditions of the shielding gas: (i) high gas velocity for enhanced removal of process by-
products; (i1) homogeneous velocity in all areas; (ii1) gas flow near the layer surface to reduce
laser — spatter interactions and (iv) avoid turbulences in an upward direction for less laser —
spatter interaction.

One of the key challenges for AM development is to control the defect structure,
including porosity, high surface roughness, high affinity of Ti to oxygen and nitrogen, and
residual stresses. Although, in theory, AM can provide fully dense structures with superior static
and dynamic mechanical properties [60], it is very sensitive to process irregularities leading to
inhomogeneities such as pores, even if the process parameters are finely tuned. However, the
amount of pores should be minimized, as pores might limit mechanical properties, such as the
fatigue strength by acting as nucleation sites for micro-cracks and adiabatic shear bands [60].

In general, two types of pores are typical in LPBF manufactured parts: Elliptical gas
pores that are filled with trapped inert gas and are linked to collapsed keyholes [60, 91] and
lack-of-fusion pores of irregular shape induced by insufficient laser energy [60, 91]. The latter
is considered avoidable by simply increasing the Eq [95]. The size and the volume fraction of
gas pores can only be reduced but not eliminated by applying additional HIP treatment [66, 96].

The roughness of the as-built components is considered [97] to be a result of three

primary mechanisms: 1) the stair-case effect and the related inclination angle, ii) the adhesion
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Figure 2.8: Formation of residuals stresses by the localized heating and
cooling circle during LPBF. & is the thermal strain, gpl is the plastic strain, Gtens
is the tensile and Gcomp compression stress. Figure is adapted with permission
from Ref. [98].

of particles caused by partially melted powder, and ii1) the surface porosity. It should be noted
that the surface quality depends on AM process parameters such as layer thickness and laser
power [60].

A common disadvantage, especially during LPBF of Ti alloys, is the occurrence of
residual stresses, which might lead to distortions and cracks of the manufactured components.
The main reason for residual stresses is the high-temperature gradient during AM. Figure 2.8
schematically depicts the formation of residual stresses during a heating and cooling cycle
where e is the thermal strain, €pi is the plastic strain, Gtens 1S the tensile and Gecomp compression
stress [98]. Due to the small melt pool, the heated region is localized and surrounded by cooler
areas. This induces compressive stresses in the hot regions, which transform into tensile stresses
during the subsequent cooling. The contraction of these regions near the surface might
ultimately lead to warped geometries. In addition, residual stresses accumulate with increasing
number of layers, leading to peak stresses near or at the surface of the last applied layer [11,
60].

Typical approaches to reduce residual stresses during the manufacturing process are the
application of a higher energy density, which is complicated because of the localized heat input
of the laser, and in situ annealing during LPBF. Both methods focus on reducing the
temperature gradient and a minimized temperature change [1, 99]. In sifu annealing can be
performed by increasing the pre-heating temperature of the building platform [100], by the
implementation of a double exposure scan strategy [101], or via external devices such as diodes
for large-area surface heating [99]. Contrarily, the application of higher temperature during
LPBF might be accompanied with grain growth and microstructural changes and, therefore,

must be tuned precisely [99, 101].

2.2.3 Applications

The production of complex parts and the freeform fabrication ability are the most significant
advantages of AM when compared to traditional production methods [60]. Although the

aerospace industry is the driving force for the usage of Ti alloys, recent developments, among
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them AM, make these alloys also attractive for other industries such as the automotive sector
and the biomedical industry [9, 11, 17, 60]. However, as mentioned before, the aerospace sector
is still the main driving force for developing and adapting Ti alloys for AM applications. The
acrospace industry is predicted to grow with an annular revenue of $430 billion until 2025 [6].
However, only about $3.1 billion of the global revenue is related to AM technologies. With an
average annual growth rate of 20 % [6], AM is, nonetheless, one of the strongest growing
techniques in this field.

Figure 2.9 shows examples of additively manufactured Ti64 parts for different
industrial sectors. a-¢) presents LPBF manufactured aerospace parts like a door hinge, cabin
brackets and a latch shaft [77, 102, 103]. d) and e) depict automotive components such as a
brake caliper and a connecting element for the exhausting system produced by Pankl Racing

Systems AG [77, 104]. Moreover, Ti alloys are used for manufacturing medical applications

like an orthopedic device shown in f) and a porous spinal implant shown in g) [77].

Figure 2.9: Additively manufactured components made of Ti64 for the aerospace: a) door
hinge [77], b) cabin brackets [103], ¢) latch shaft [102]; the automotive industry: d) brake
caliper [77], e) connecting element in the exhausting system [104]; medical applications:

f) orthopedic device [77] and g) porous spinal implant [77].
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2.3 Powder production and relations to LPBF

2.3.1 Electrode induction melting inert gas atomization

The initial material for metal additive manufacturing processes is metal powder. Gas
atomization is a standard method on industrial scale for producing spherical powder particles
to be used for LPBF [105]. Figure 2.10 a schematically depicts the crucible-free EIGA
(electrode induction melting inert gas atomization) gas atomization technology, which is often
used to produce titanium powder particles, see SEM image in Figure 2.10 b. During the EIGA
process, the tip of a rotating ingot, used as an electrode, is heated by an induction coil and small
amounts of melt drop into a gas nozzle [106—109]. The small melt droplets are atomized via
high-pressure inert gas (e.g., Ar) and collected in a chamber for particle size fractioning. To
ensure a high-quality titanium powder, the whole process is conducted under a shielding gas
atmosphere for preventing oxidization and reducing the number of interstitial impurities like O,
N and C [106, 110]. The amount of interstitials has to be limited as a high interstitial content
increases the strength by solution strengthening and negatively impacts the manufactured
components' ductility [105, 111].

2.3.2 Morphology, particle size distribution and powder porosity

Besides the chemical composition and interstitial impurities, titanium powder particles for
LPBF application have additional requirements which must be considered and correlated to the
bulk component properties. Essential characteristics of powder are the particle size
distribution (PSD), the powder porosity and powder morphology properties like sphericity, as

well as the presence of satellite particles. These powder characteristics are of crucial importance

(a) (b) .
Basic flow energy
Compressibility
Electrode Specific energy

Im‘ilu ction Conditioned

coi . /4
Melt bulk density & Cohesion

Inert gas ™ coefficient
L J’ Permeability A ’
eration energy

Powder
particles \'ﬂ""'t Gas nozzle

Figure 2.10: a) Schematic illustration of the EIGA (electrode induction melting gas atomization)
process of Ref. [106] for the production of powder particles shown in the SEM image in b). The
rheological influencing factors (FT4) of the powder on the LPBF process are also depicted in b).
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for rheological aspects like flowability, apparent and tapped densities, and additionally, define
the particle packing ability, which favors the formation of a dense powder bed leading to
superior bulk densities after LPBF.

The PSD should be in the range of 10-60 pum for the usage in an LPBF process, which
is relatively low compared to 45-105 um for EPBF (electron powder bed fusion) applications.
A smaller PSD reduces the electrostatic charging, repulsion and floating of single powder
particles [112—115], whereas a wider PSD increases the packing density and decreases the
flowability. As larger powder particles typically exhibit a higher amount of gas pores, the PSD
also correlates with the internal porosity of the powder particles. Furthermore, besides the PSD,
the amount of fine particles should be considered, as finer particles lead to higher inter-particle

friction and thus negatively affect the rheological properties. [116—-118].
Rheological aspects correlated to LPBF

The rheological properties of additive manufacturing powders are severely influenced by the
particle morphology (sphericity, satellite particles) and the PSD. Despite the complex interplay
of powder morphology characteristics and rheological aspects, Brika et al. [118] managed to
connect independent rheology-based criteria with the suitability for LPBF and determined
measurable values for comparison. As the flowability is not an inherent property and depends
on various variables, rheological FT4 metrics [119, 120] listed in Figure 2.10 b assist in
collecting in-depth information about quantitative trends. The mentioned metrics and their

influence on the LPBF process are shown in Figure 2.11 and described in the following

paragraphs.
. . . Minimal
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disturbances
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Figure 2.11: Rheological properties of metallic powder and their influence on the suitability for

LPBF in terms of powder bed density, powder bed uniformity and recoating disturbances [118].
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A maximized powder bed density improves the heat dissipation and powder absorptivity
and enables a more stable interaction of the laser beam and the powder layer [118, 121-125].
Therefore, the powder particles should reveal a good packing ability and low entrapped gas to
increase the power bed density. This can be achieved by a high conditioned bulk density (pc)
and low compressibility (CI). The CI value stands for the change in volume before and after the
powder compression, i.e., density of the compressed powder bed divided by pc. The
permeability (PE) represents the ability to release entrapped gas in the powder bed and thus
should be high [118].

Furthermore, the quality of LPBF manufactured products depends on the powder bed
uniformity, which is responsible for a steady laser-material dynamic [118]. To avoid variations
in the powder bed, e.g., differences in the thickness and curliness, the tendency for
agglomeration should be low. The measurable quantity for agglomeration is the aeration energy
(AE), which describes the energy barrier to overcome mechanical interlocking and cohesive
forces. If the AE is low, the powder particles are less prone to mechanical interlocking, the
cohesive force is low, and the powder bed reveals a high uniformity. Moreover, the specific
energy (Se) should be minimized to minimize the mechanical interlocking and enhance the
powder bed uniformity. A low cohesion coefficient (cc) ensures an easy transition from static
to dynamic flow [118].

During the recoating process, uniform powder layers are applied to the building
platform. Inconsistent powder layers may result in the formation of pores during the subsequent
melting step. Recoating disturbances can be avoided by minimizing the energy for slicing
through the powder bed, represented by the basic flow energy (BFE) and Sk, and thus ensuring
thin and dense layers [118].

Although there are usually quantitative differences between specific powder batches,
the influence of the rheological values on the LPBF process must be considered carefully. For
example, a reduced BFE or a lower St does not necessarily improve the bulk components'
properties quantitatively, and in many cases, the price of the powder might play a more critical

role in the powder selection procedure [118].
Surface finishing and the influence of powder morphology

The sphericity of the powder particles is essential for the surface finish and roughness of the
bulk components and plays a crucial role for the geometrical accuracy [126—128]. It is reported
by Ref. [118] that more spherical powder particles achieve a lower roughness due to increasing
powder bed density. Because of the clear relation between the surface roughness and the powder
bed density, the influence of the sphericity is superior to downsizing the layer thickness.
Therefore, an increasing layer thickness and the usage of a powder with high sphericity allows
to increase the building rate of the LPBF process [118].

The surface roughness should also be monitored with respect to the inclination angle.
For example, the lowest surface roughness and the smoothest finish can be seen at the horizontal

surfaces with an inclination angle around 0°. Higher inclined surfaces from 45 — 90° possess a
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higher roughness due to the staircase effect, which becomes more problematic for down-faced
surfaces with inclination angles around 135°. These unsupported surfaces show the highest

roughness, resulting from poor heat dissipation and sintered particles on the surface [118].

2.3.3 Powder reuse

The powder which has not been processed during the LPBF process is usually recycled, mixed
with new powder, and reused in the follow-up printing jobs. Investigations on used powder
particles [129, 130] indicate several changes described as follows.

The oxygen content of the powder increases with increasing powder reuse times as it is
exposed to air before and after the manufacturing process and during the sieving. The shielding
gas is also contaminated with slight amounts of oxygen [131], which diffuses into the surface
of powder particles exposed to higher temperatures, e.g., nearby the components on the building
platform. Higher oxygen contents in the powder particles simultaneously increase the bulk
components' oxygen content. Interstitial elements like oxygen are known [9] to promote
strength but also lead to decreasing ductility and, thus, have to be limited and monitored to
fulfill the requirements which are also set by the standards [105, 111, 132]. The exposure to
vacuum and an inert gas atmosphere at high temperatures results in the removal of moisture,
which contributes to a better flowability of the reused powder. Additionally, increasing reuse
times leads to a narrower PSD and further improves the flowability due to a lower amount of

small particles and the absence of satellites [ 130].
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3 Relation of the current thesis to the state of the art

The total number of alloys applicable to AM is increasing but still limited. Engineers can choose
from a series of metallic materials such as gold, silver, copper, platinum, palladium, tantalum,
stainless and tool steel, nickel base superalloys, aluminum and titanium alloys. Moreover,
research and development activities currently focus on the implementation of new types of
alloys such as high-entropy alloys, bulk metallic glasses, magnetic alloys and novel metallic
composite structures [77].

The limited choice of alloys for AM exists not only for overall alloy classes but also for
specific alloys within a class. Despite the great number of Ti alloys for conventional production
methods, only the alloy Ti64 is frequently applied by AM companies so far. Often designated
as the workhorse alloy, Ti64 is by far the most researched and commonly used Ti base alloy.
Although its invention dates back to the 1950s [9], no other Ti alloy has been as successful.

The development of Ti alloys with specific properties for applications beyond Ti64 is
part of the continuing growth process of the AM industry. As the Ti64 alloy is well researched,
even for LPBF applications, the available knowledge is helpful to adapt the AM process for the
fabrication of other related Ti base alloys.

Besides the basic characterizations such as residual stress measurements, macro- and
microstructure investigations as well as powder examinations, the investigation of fine LPBF
microstructures requires analysis on the nanoscale to understand the physical-metallurgical
processes fully. For example, Haubrich et al. [36] showed that the complex thermal impact of
adjacent laser movements causes small  precursors, even in the as-built sample condition. The
application of atom probe tomography (APT), assists in understanding the evolution of 3, the
role of lattice defects, and the diffusion behavior of elements, as shown in Figure 3.1.
Complementary methods, such as high-energy X-ray diffraction, help to identify the occurring
phases and reveal correlations with the applied LPBF heat input and the chosen post-process

8at.% VvV

50 nm

Figure 3.1: a) Acicular o’ microstructure of a Ti-6Al1-4V alloy fabricated by LPBF revealing
precursers of B and V enriched zones at lattice defects, which were validated by atom probe

tomography in b). Figure reprinted with permission from Ref. [36].
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heat treatments. By combining standard with high-resolution methods, an improved
understanding of the material’s response during LPBF is gained. Moreover, the generated
knowledge assists in improving the troubleshooting support for occurring defects and stresses,
which are almost unavoidable for LPBF manufactured Ti base alloys.

In recent years, many researchers worked on expanding the alloy portfolio for LPBF
processible Ti base alloys. For the first time, Fan et al. [133] managed to produce a near-a
Ti6242S alloy via LPBF and provided the first basic characterization and mechanical
properties. Carrozza et al. [134] presented the first studies of a near-f Ti-6Al-2Sn-4Zr-6Mo
(Ti6246, m.%) alloy manufactured by LPBF and revealed significant differences compared to
other a+p alloys related to the occurrence of orth martensite. However, there is still a gap
between scientific proof-of-concept by the current literature and an in-depth understanding of
the alloy’s response to the LPBF process. Therefore, the main objective of this thesis is to close

this gap and path the way for an extended application of Ti base alloys on an industrial scale.

21



Experimental challenges during characterization | 4

4 Experimental challenges during characterization

This thesis deals with the comprehensive investigation of Ti alloys for AM via LPBF. To fully
understand the mechanisms during the LPBF process and the AM material's response, the
specimen preparation routine must be adapted. High cooling rates of up to 10° K s! produce an
extremely fine microstructure that is not thermodynamically stable. Unintended variations of
the sample environment, e.g., higher temperatures during cutting or surface oxidation during
heat treatment, could lead to irreversible changes of microstructural features impeding a proper
investigation. Therefore, this thesis additionally focuses on the implementation of
metallographic and analytical methods specifically for the preparation of LPBF produced Ti
base alloys. In general, the investigation of AM alloys should always start with a powder
characterization to reveal specific changes of different powder batches and end at the last part
of the production chain to analyze the response of the solidified bulk components to the applied
post-process heat treatments. The findings are documented in Article A' (Ref. [135]), which
points out the importance of proper techniques for an optimized and reproducible and sample

preparation. Article A' is appended at the end of this thesis.

4.1 Advanced sample preparation techniques

Ref. [135] describes the metallographic sample preparation, beginning with the powder
material. It is recommended to conduct the powder extraction at different positions of the
powder container to prevent misinterpretation due to accumulated particle fractions in a certain
area of the container. Moreover, it was found that a mixture of powder and a fine fraction of
sieved embedding media <25 pm enhances the bonding of single particles in the metallographic
specimen and thus improves the preparation quality.

In the next step, each metallographic specimen undergoes precise grinding and
polishing steps, to produce scratch- and deformation-free plane surfaces. Ref. [135] provides
precise preparation parameters for a fully automated grinding/polishing machine. The use of
special chemicals such as hydrogen peroxide H202 during grinding and polishing is
recommended. H2O2 increases the rate of material removal and suppresses the formation of
surface layers, which is typical for Ti specimens. The reported sample preparation technique
was successfully implemented, not only on Ti base alloys but also on commercially
pure (CP) Ti and a variety of Ti-Al alloys such as the Ti-48Al-2Cr-2Nb (at.%) and the TNM
alloy [136, 137].

For pore fraction analysis of the LPBF produced samples, light optical microscopy
(LOM) was used. The analysis revealed that slight changes of the determination parameters

significantly affect the pore fraction results, especially for samples with very low porosity. In

I C. FleiBner-Rieger et al., An additively manufactured titanium alloy in the focus of
metallography. Practical Metallography 58(1), 4-31 (2021) [135].
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this context, the determination of the pore fraction should depend on the overall amount of
pores, e.g., above 1 vol.% or below 0.1 vol.%, and LOM parameters such as magnification and
the size of the investigated area should be chosen accordingly.

Electron microscopy was found to be an effective tool for investigating the grain
structure of Ti base alloys. However, the preparation has to be adjusted when using this
characterization technique. Besides proper surface preparation via grinding and polishing,
additional vibratory polishing should be applied to reduce the deformation zone in the last few
microns of the surface and provide optimal conditions for electron microscopy.

The macro- and microstructural constituents of the LPBF produced Ti samples can also
be visualized by applying additional preparation methods. Among all possible options for
disclosing the crystal grain structure, electrochemical etching, electrolytic preparation and
thermal etching are most relevant. For example, for investigations of the prior 3 structure — or
sometimes referred to as parent grain structure—, special electrolytic etchants help to contrast
the prior B grains [135]. Figure 4.1 shows the electrolytically polished macrostructures of two
Ti64 samples using a Ti Em3 electrolyte [135, 138]. By applying this specific etchant, it was
possible to contrast the much smaller parent 3 grain size of components produced with a lower

energy density (Eq) in (a) compared to the high Eq4 sample in (b).

Figure 4.1: Electrolytically polished macrostructures of Ti-6Al1-4V specimens manufactured
with a low (a) and a high (b) Ea.
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4.2 Characterization at macro, micro and nanoscale

Besides the mentioned LOM characterization, especially SEM methods are the most promising
techniques for investigating the fine structure of the LPBF produced samples. The as-built
samples as well as powder particles typically reveal highly supersaturated microstructures.
Therefore, secondary electron (SE) imaging and chemical contrast imaging via backscattered
electron diffraction (BSE) most likely do not provide much information about the macro- and
microstructure. In contrast, with EBSD analysis it is possible to produce a clear image of the
microstructure, even if SEM-BSE contrast imaging may not lead to the desired information.
Figure 4.2 depicts the differences of using SE, BSE and EBSD imaging techniques on Ti64
powder particles. In contrast to SE and BSE, EBSD provides information about the grain size,
morphology, crystal orientation and the corresponding OR via the inverse pole figure (IPF)

map [139]. The image quality (IQ) representation reveals lattice defects such as twins and
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Figure 4.2: Representation of different SEM contrast methods to investigate
supersaturated Ti-6Al-4V powder particles. SE and BSE imaging do not
provide sufficient information when compared to EBSD characterization

methods.
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sub-grain structures, and the software program ARPGE [48, 49] can recalculate the parent
grain structure, which was present prior to the f — a phase transformation.

A more detailed analysis can be performed via APT, which allows to investigate small
atom clusters. Furthermore, APT investigations are ideal to analyze the sub-microstructure of
LPBF produced samples, which exhibit considerably fine microstructure and supersaturated
phases. The tip-shaped specimens exhibit volumes in the nm® range and tip radii < 100 nm and
are usually prepared via the focus ion beam (FIB) preparation method [140]. APT allows a 3-
dimensional reconstruction of the tip geometry via collecting evaporated ions at a detector and
cross-linking the coordinates with the mass-to-charge state, as schematically shown in
Figure 4.3 [141]. During the measurement, the specimen is cooled to cryogenic temperatures
and positioned close to a counter electrode in a high vacuum chamber. Then a constant voltage
that causes no ion evaporation is applied to the sample tip. lons are solely evaporated by
additionally applied laser or high-frequency voltage pulses and subsequently detected by a cross
delay line detector [141, 142].

Magniﬁcation > 1.000.000x

X, ¥),t
Multichannel plate x,y, 2), m/z
detector
Local electrode
= \ UV laser
" Sample tip
radius <100 nm
Sample holder
J

Figure 4.3: Schematic representation of the measurement principle of APT showing the most
important components of a local electrode atom probe. Reprinted with permission from
Ref. [141].
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4.3 X-ray diffraction methods

X-ray diffraction (XRD) measurements offer the opportunity to investigate large sample areas
with high statistical relevance when compared to direct imaging techniques like SEM and TEM.
In contrast to these methods, XRD provides detailed information about occurring phases,
residual stresses, grain sizes, defect density, and crystallographic textures [143]. In addition, in
situ high-temperature XRD (HTXRD) experiments allow to determine phase fractions and the
respective transformation temperatures directly during heating. Due to the high affinity of Ti
alloys to oxygen [144], the specimens have to be shielded by inert gas or placed in a vacuum
chamber. However, it has to be noted that the maximum operating temperature is limited as the
vacuum stability decreases and the tendency for oxidation increases at higher temperatures.

In comparison to laboratory-scale X-ray sources, synchrotron radiation exhibits
considerably higher energies around 100 keV (laboratory Cu anode 8.04 keV), which enables
the analysis of large sample volumes in transmission mode. Due to the high brilliance of high-
energy X-rays, even very low phase fractions are detectable. Figure 4.4 schematically shows
the setup of such a HEXRD experiment [145] in which the synchrotron X-ray beam is scattered
at crystallographic planes and produces diffraction rings on the two-dimensional detector. The
calculation of lattice spacings is possible according to Bragg’s law given in Equation 5, where
dj is the lattice spacing, Op is the Bragg angle, n is the diffraction order and Apy; the
wavelength of the X-rays [146].

2 -dpy -sin(@p) =n - Ay 5)

Via Rietveld refinement, which uses the azimuthal integrated diffraction pattern of the
HEXRD experiments, volume fractions and crystallographic texture can be calculated through
the height, width, position and area of certain peaks [147, 148].

Longitudinal axis

Synchrotron X-ray beam
2 Theta

— | e .

:I : Beam stop i i | Transversal axis
Slits v s S F

Azimuthal angle

Sample

. *
. B
------

™ Diffraction ring

Two-dimensional detector

Figure 4.4: Schematic drawing of the HEXRD setup showing the synchrotron beam and
the diffraction on the sample’s lattice planes. The resulting diffraction pattern is collected
on a two-dimensional detector. Figure is reused from Ref. [145].
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5 Published content

5.1 Focus of the research and published content

Ti base alloys are already used in various structural applications due to their high specific
strength in combination with tunable process-microstructure-property relationships. Especially
the group of a+f alloys gains a lot of attention due to their applicability for new production
methods such as LPBF. In general, alloy design is used to adapt material properties with regard
to the desired applications of the final components. For AM, the alloy portfolio is very limited
and most likely reduced to Ti64 and, thus, prevents exploiting the full potential of Ti alloys in
combination with AM.

This thesis is dedicated to improving the understanding of the implementation of Ti
alloys to the LPBF production process and providing knowledge of the respective process limits
and achievable mechanical properties. Although all of the studied alloys belong to the class of
a+p alloys, they respond differently to the AM process regarding microstructure and defect
formation. Besides microstructure investigations in terms of morphology, grain size and lattice
defects, particular focus is laid on determining the occurring phases in the powder and the bulk
material.

The impact of post-processing was analyzed because it is an efficient tool for shifting
the microstructure and subsequent mechanical properties towards desired properties. Therefore,
investigations of the precipitation behavior of phases at the nanoscale help to understand the
material response on larger scales. In addition, a metallographic preparation study supports the
applied (high-resolution) investigation techniques to determine the microstructural constituents,
which ensured reproducible sample conditions as described in Chapter 4.1.

Figure 5.1 summarizes the scientific contributions and shows the workflow of the thesis
in correlation with the appended peer-reviewed articles. The articles A-E can be found in the

appendix of this thesis.
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An additively manufactured titanium alloy in the focus
of metallography

Christian Fleiner-Rieger, Thomas Pogrielz,
David Obersteiner, Tanja Pfeifer, Helmut Clemens,
Svea Mayer

Practical Metallography

Selective laser melting of a near-a Ti6242S alloy for
high performance automotive parts

Christian Fleifner-Rieger, Tanja Pfeifer, Tanja Jorg,
Thomas Kremmer, Manfred Brabetz, Helmut Clemens,
Svea Mayer,

Advanced Engineering Materials

February 2021, Volume 58, Issue 1, Pages 4-31 n
A
L

January 2021, Volume 23, Issue 12, Page 2001194 @

Laser powder bed fusion...

Powder

production...

Titanium base alloys for
L/ laser powder bed fusion

Post-processing...

Optimization of the post-process heat treatment
strategy for a near-a titanium base alloy produced by
laser powder bed fusion

Christian Fleiner-Rieger, Tanja Pfeifer, Christoph Turk,
Helmut Clemens

Materials

advanced characterization...

@ Sample preparation and

On the existence of orthorhombic martensite in
a near-a titanium base alloy used for additive
manufacturing

Christian FleiBner-Rieger, Matheus Araujo Tunes,
Christoph Gammer, Tanja Jorg, Tanja Pfeifer,
Michael Musi, Francisca Mendez-Martin,

Helmut Clemens

Journal of Alloys and Compounds
March 2022, Volume 897, Page 163155

C

Formation and evolution of precipitates in an additively
manufactured near-o titanium base alloy

Christian Fleiner-Rieger, Hannah Schénmaier,
Michael Musi, Manfred Stadler, Harald Gschiel,
Christoph Turk, Tanja Pfeifer, Helmut Clemens

Materialia

January 2022, Volume 15, Issue 3, Page 1032 @

March 2022, Volume 21, Page 101366 @

Figure 5.1: Schematic workflow diagram, as shown before in Chapter 1, that displays the
correlation of the work packages with the publications emerged in this thesis.

Remarks:

The production of the components by LPBF was carried out by Pankl Racing Systems AG,

supervised by Tanja Pfeifer. Practical experiments, data analysis, conceptualization and writing

of the appended articles A-E were performed by the author of this thesis or under his

supervision, with the following exceptions:

A Thomas Pogrielz and David Obersteiner performed the metallographic preparation

study and chemical etching.

B Manfred Brabetz and Thomas Kremmer conducted and evaluated the TEM experiments.
Tensile tests were carried out by voestalpine Bohler Edelstahl GmbH & Co KG,

supervised by Tanja Jorg.

C Christoph Gammer and Matheus Araujo Tunes conducted and evaluated the TEM
experiments. Michael Musi performed and evaluated the HEXRD experiments. APT

and corresponding data evaluation was conducted by Francisca Mendez-Martin.
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D APT sample preparation and data evaluation was conducted by Hannah Schonmaier.

Michael Musi performed and evaluated the HEXRD measurements.

5.2 Conference contributions

55. Materialographie-Tagung 2021 — Oral presentation and proceedings

Eine additiv gefertigte Titanlegierung im Fokus der Metallographie

Christian  FleiBner-Rieger, Thomas Pogrielz, David Obersteiner, Tanja Pfeifer,
Helmut Clemens and Svea Mayer

Conference and exhibition: Online, 2021

Awards: Best contribution award, 3" place

Photo competition, 1*' place

FEuro PM2021 - Oral presentation and proceedings

Process-microstructure-property-relationship of the near-alpha Ti6242S alloy fabricated by
laser powder bed fusion

Christian FleiBBner-Rieger, Tanja Pfeifer, Tanja Jorg, Thomas Kremmer, Helmut Clemens and
Svea Mayer

Proceedings in: European Powder Metallurgy Association (Ed.), Euro PM 2021 International

Conference and exhibition: Online, 2021

Remark

Other planned conferences were canceled in 2020 and 2021 due to the Covid-19 pandemic.

5.3 Supervised theses

Mikrostrukturelle Untersuchungen an additiv gefertigten Ti-6Al-4V Bauteilen, David

Obersteiner, Bachelor thesis, Montanuniversitit Leoben (2020).

Gegeniiberstellung metallographischer Préparationsmethoden zur Anwendung an additiv
gefertigten Ti-6Al-4V Bauteilen, Thomas Pogrielz, Bachelor thesis, Montanuniversitit
Leoben (2020).

Einfluss der Energiedichte auf die Mikrostruktur-Eigenschaftsbeziehungen einer additiv
gefertigten Near-a-Titanlegierung, Jirgen Glettler, Bachelor thesis, Montanuniversitit Leoben
(2021).

About the productivity in laser powder bed fusion produced Ti-6Al1-4V components, Thomas
Pogrielz, Master thesis, Montanuniversitit Leoben (2022).
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5.4 Summary of the published content and discussion

5.4.1 LPBF - A comparison of alloys

Since the Ti64 alloy has been examined more profoundly than the other available Ti alloys, a
comparison with Ti64 assists in accelerating the implementation of alloys for AM based on
production analogies and troubleshooting similarities. However, the response of new Ti alloys
in the LPBF process is not similar in all aspects, and thus, R&D is essential for an optimal
implementation. According to Article B2 (Ref. [149]), this chapter shows the differences
between the investigated alloys.

In general, both alloys, Ti64 and Ti6242S, reveal a defect-rich acicular martensitic
microstructure caused by the high cooling rates during LPBF. Based on similar production
conditions such as layer thickness (t), laser power, scanning speed and Eg, the solidified
microstructure of Ti6242S is much smaller (~half of the grain size) compared to the Ti64 alloy,
as shown in Figure 5.2. The decreased parent B and a grain size is attributed to a higher growth
restriction factor of the Ti16242S alloy. In addition, the heat treatment leads to precipitation of
equilibrium P phase within the o grains, caused by the lower diffusivity of the  stabilizing
element Mo, compared to V in Ti64 [149].

acicular o’ t prior B grains  prior [ grains
41 A\

acicular o’ prior B grains t

Figure 5.2: EBSD maps of Article B> showing the microstructures of the a-c) Ti6242S
and d-e) Ti64 alloy in comparison [149].

2 C. FleiBner-Rieger et al.,, Selective laser melting of a near-o Ti6242S alloy for
high-performance automotive parts. Advanced Engineering Materials, 23(12), 2001194,
(2021) [149].
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The enhanced tensile strength of Ti62428S, even at temperatures up to 500°C, is related
to the complex interplay of grain refinement and the influence of the alloying elements Sn, Zr,
Si and interstitial elements such as O and N. Simultaneously, the elongation at fracture in the
stress relieved annealed (SRA) sample condition is lower for the Ti6242S alloy (As= 11.3 %)
than for the Ti64 (As=14.6 %) [149].

Differences in mechanical properties are referred to the general compositional
differences of the Ti6242S and Ti64 alloy and to variations in the amount of interstitial
elements. For example, there are two Ti64 Grades, namely Grade 5 and Grade 23, limiting the
possible O/N content in the powder to 0.2/0.05 m.% and 0.13/0.03 m.%, respectively [150].
Interstitial elements of this kind are strong solid solution strengtheners [9, 17] and, therefore,
substantially affect the mechanical properties of the supersaturated LPBF manufactured
components. Slight changes in the chemical composition of the Ti6242S alloy, shown in
Table 5.1, also lead to an enhanced hardness. These results show that although the Sn and Zr
fraction in Powder 2 is reduced, the hardness of the as-built component 2 (produced with
Powder 2) increases to 484 HV0.1 compared to 446 HVO0.1 for the as-built component 1. This
is attributed to a higher Si fraction, which is known to be a strong solid solution strengthening
element and the formation of silicide particles in the Ti6242S alloy [9, 17]. However, the higher
Si-containing as-built sample 2 reveals a higher vulnerability for residual stresses and cracks,
and, therefore, tends to result in delamination and early crack formation during LPBF.

In addition, the O and N pickup was determined by comparing the chemical composition
of the initial powder condition and the as-built components. The O and N enrichment is caused
by the high affinity of Ti alloys to O and N and residual O/N contamination in the shielding gas
atmosphere during manufacturing. Oxygen pickup, from the powder to the bulk material, is
very common [151] and can barely be avoided during LPBF, but should be taken into account

as these elements significantly influence the mechanical properties of the final components.

Table 5.1: Chemical analysis and corresponding measurement uncertainty (m. u.) of two
Ti16242S powder batches; Microhardness (HV0.1) of the as-built samples and variations in
chemical composition caused by the LPBF process is shown in comparison.

Ti Al Sn Zr Mo Si 0 |

m.% m.% m% m% m% m% m.% m.%
Powder 1 86.59 6.36 2.04 4.16 2.0 0.054 0.13 0.003
Powder 2 86.12 6.37 191 39 2.0 0.091 0.11 0.006
m. u. 1.385 0.336 0.054 0.174 0.2 0.0138

Hardness LPBF parameters (0 W

HVO0.1 m.% m.%
As-built 1 446 £ 10 Similar manufacturing parameters

: +0.03 +0.01
As-built 2 484+ 10 according to Ref. [149]
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5.4.2 The impact of process parameter on phase transformations

Near-a alloys are more sensitive to changes in the LPBF manufacturing parameters than o+
alloys. The graphical abstract of Article C* (Ref. [152]), shown in Figure 5.3, displays how
adapted process parameters evoke substantial changes in the phase transformation. It was found
that high cooling rates lead to the occurrence of orth a” martensite, which is very uncommon
for the Ti6242S alloy. In addition, it was evidenced for the first time that two types of martensite
exist in the same alloy, whereas the prevalent martensite type depends on the cooling rate.

The change in crystal structure from bcc to the hex lattice structure during the athermal
phase transformation requires an atomic movement [152]. During the compression of the a axis
and extension of the b axis, the atoms are located in an intermediate position between the
equilibrium bce and hex phases. As long as the final hex crystal structure cannot be reached,
the atoms stay in this intermediate phase condition with an orth lattice structure. The orth phase
is common for Ti alloys with a high fraction of  stabilizing elements such as Mo, V, Ta and
Nb [9]. In the case of the Ti6242S alloy, the Moeq. is low (Moeq.= 2.05 m.%) compared to the

lowest in literature (Moeq.= 4.45 m.%, [153]), and thus, an orth phase was not expected to exist

orthorhombic martensite

SN | additively
R | manufactured
. cooling rate

low hlgh

Tfﬁ ) *s

hexagonal orthorhomblc
martensite martensite

Figure 5.3: Graphical abstract of Article C’ schematically depicting a LPBF
manufactured sample and the lattice structures of the Ti6242S material during the

stages of the production process.
in this alloy [152].

3 C. FleiBner-Rieger et al., On the existence of orthorhombic martensite in a near-a titanium
base alloy used for additive manufacturing. Journal of Alloys and Compounds, 897,
163155 (2022) [152].
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The first evidence of the orth phase was found in the course of the HEXRD analysis of
the Ti6242S powder, which showed the occurrence of characteristic double peaks, such as
110-0" and 020-a" compared to the single 100-0/a peak of the hex crystal pattern. HTXRD
measurements of the Ti6242S powder material confirmed the phase transformation a"—a and
assisted the conclusion of an intermediate atomic position which shifts from the metastable
condition (a") into the equilibrium (o)) by additional heat input [152]. The difference between
the B—a"” and B—a’ pathway is the complete atomic movement from bcc to hex for the latter
one.

As the atomization process of the powder material generates cooling rates up to
10® K s, and normal LPBF processes only reach 10*-10°K s, it is evident that the cooling rate
during LPBF must be adapted accordingly for producing this metastable phase. Higher cooling
rates were achieved by reducing the heat input during LPBF, i.e., a reduced Eq. Increasing the
cooling rate ultimately led to the formation orth martensite in the as-built components, as
experimentally confirmed in a HEXRD measurement presented in Figure 5.4 of
Article D* (Ref. [154]). In contrast, a higher heat input, i.e., a higher Eq, and thus slower cooling
led to the formation of classical hex martensite [152, 154]. It should be noted that too low Ed
may result in a lack of fusion and increasing pore fractions. However, the pore fraction could
be controlled and was below 0.5 vol.% [152].

According to described findings, it is evident that the appearance of the martensite
variant can be controlled by adapting the manufacturing parameters without sacrificing a high
density. The importance of the orth martensite formation for the LPBF process is related to the
softer nature of the a” phase in terms of mechanical strength. A softer orth phase might reduce

the vulnerability for cracks due to less residual stresses [152].

Log. intensity (a. u.)

I
| ||| hexa'/o | | |
|

[ o tnotho” 4 3 | |
35 40 45 50 55 60 65 7.0
Bragg angle (°)
Figure 5.4: HEXRD diffraction pattern of Ti6242S components in as-built sample

condition. The red arrows mark the characteristic peaks of the orthorhombic crystal

structure. Figure is reused from Ref. [154].

4 C. FleiBner-Rieger et al., Formation and evolution of precipitates in an additively
manufactured near-a titanium base alloy. Materialia, 21, 101366 (2022) [154].
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5.4.3 Heat input and precipitation behavior

Fundamental knowledge of the precipitation behavior and the decomposition of supersaturated
phases assists in predicting the material behavior and understanding the mechanical properties
on all scales. In-depth microstructure characterization on the nanoscale utilizing APT
experimentally confirmed that the diffusion of small elements such as Si in the supersaturated
matrix phase is faster than the diffusion of other elements such as Mo and Zr and leads to early
element clustering. The diffusion was found to impact the formation of the § phase and severely
depends on the heat input of the LPBF process. As shown in Figure 5.5, a low Eq of 35 J mm~
3 leads to rod-like Si segregations, whereas 60 or 110 J mm™ enable sufficient heat input to
overcome the activation energy for Mo diffusion [154]. An Ed of 60 or 110 ] mm, therefore,
lead to the formation of early stages of B phase as well as Si clustering. After post-process heat
treatment, the formation of {-(Ti,Zr)eSis silicide particles was determined and ascribed to
additional Zr diffusion towards Si-rich areas. The resulting silicide particles are preferably
located at o/p phase boundaries and exhibit sizes of few nm to 0.25 pm.

The precipitation of B phase is a result of the martensitic decomposition and diffusion
processes related to the phase transformation pathway o"/a’'—a+p. Mo clustering does not occur
randomly and is more likely to take place at specific positions in the microstructure. Compared
to Ti64, where B usually precipitates at a grain boundaries, B also forms within grains in the
Ti6242S alloy. TEM investigations in Refs. [152, 154] revealed Mo clusters at periodic

35 Jmm3 60 Jmm3 110 Jmm-3

® 2at.% Mo
1 at.% Si

40 nm

X0 Am

Figure 5.5: APT tips of as-built components manufactured with different Eq. The 2 at.%
Mo isosurface and 1 at.% Si isosurface show Si clustering already with a low heat input
whereas Mo needs additional heat, in form of a higher Eq, to enable diffusion. Figure is
reused from Ref. [154].

dislocation structures at basal and prismatic planes in ~20-60 nm distances. In addition, the

effect of periodic B precipitation is more pronounced for intermediate cooling rates in industrial
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heat treatment proceses using air or nitrogen gas cooling compared to the furnace cooled
samples which enable diffusion of Mo towards a grain boundaries. The periodic  precipitates
are effective barriers for dislocation motion and, thus, enhance the tensile strength of the
Ti16242S alloy when compared to Ti64.

5.4.4 Optimization of post-process heat treatments

Although B precipitates enhance the hardness of the LPBF manufactured components, post-
process heat treatments should be adapted precisely to avoid a lack of ductility. Article E> (Ref.
[155]) describes that duplex annealing at temperatures of 700 °C, on the one hand, leads to
higher tensile strength but, on the other hand, diminishes the ductility. This is related to
dislocation pile-us, not only at o/a’ grain boundaries but also at sub-um sized B precipitates.
Therefore, in this particular case, annealing should be performed at higher temperatures to
enable sufficient space for plastic deformation via dislocation movement. Proper heat
treatments lead to a superior elongation at fracture (As) of about 16 %, in combination with an
ultimate tensile strength/yield strength ratio (om/co2) of 1155/1075 MPa for the LPBF
manufactured Ti6242S alloy [155]. Moreover, Ref. [155] suggests specific heat treatments for
particular application requirements such as high strength, high ductility and high creep
resistance.

Ref. [155] also investigated the effect of aging on the mechanical properties and shows
an enhanced strength of the aged compared to the stress relieved annealed sample condition. It
should be noted that aging is only possible if supersaturated phases are present. Aging, e.g., at
600 °C, leads to secondary a (os) precipitates within the 3 areas, and a bi-lamellar microstructure
with primary a (op), as and minor 3 phase fraction.

Near-a alloys are commonly used due to their high creep strength [9, 17]. Ref. [155]
deals with the creep performance of samples after different post-process heat treatments. The
results confirm that coarse microstructures result in higher creep strength compared to very fine
microstructures. This is attributed to the creep mechanism of a+f alloys for application
temperatures of 500-600 °C and stress-loadings of about 200 — 250 MPa, which is lattice
diffusion-controlled dislocation climb. Small grain sizes and a high density of lattice defects
result in short slip lengths and early annihilation of dislocations and thus should be avoided for
sufficient creep performance [155].

Generally, AM near-a and a+f alloys in as-built condition exhibit higher strength than
cast and wrought processed ones. The main difference of these alloys and near-f alloys is that
near-f alloys typically form an orth martensite during rapid solidification [134]. This results in
a dramatic strength loss with YS values in the range of 480 to 580 MPa, and the requirement of

post-process heat treatments to enhance the YS [134] for LPBF manufactured components. On

5 C. Fleiner-Rieger et al., Optimization of the post-process heat treatment strategy for a near-a
titanium base alloy produced by laser powder bed fusion. Materials, 15(3), 1032 (2022) [155].
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the contrary, it is tempting to speculate that the formation of o” martensite in the Ti6246 alloy
contributes to an enhanced producibility (PA) related to lower residual stresses and less cracks.

Figure 5.6 depicts the property profiles of near-a, a+3 and near-f alloys derived from
the mechanical properties in the appended publications of this thesis [149, 152, 155] and from
the Refs. [9, 17, 74, 134, 156—158]. As the LPBF manufactured components, in most cases, are
used in a heat-treated sample condition, as-built and heat-treated property profiles are shown in

comparison.

L]

\ﬁ(// Creep strength

KIC
Gp.o Yield strength Ot Fatigue strength
& Elongation at fracture PA Produceability

Kic Fracture toughness

Figure 5.6: Mechanical properties of LPBF manufactured near-a, o+f and near-§ alloys

in as-built and heat-treated sample condition.
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6 Novel features

The following points outline the contributions to the scientific progress and provide answers to
the main questions of this thesis in Chapter 5.1.

» Comparison of alloys produced by LPBF

o The implementation of Ti alloys in the LPBF process is supported by analogies
to well-investigated alloy systems such as Ti64. Near-a alloys like Ti6242S
show similarities with Ti64 but reveal a higher tensile and creep strength related
to the effect of alloying elements, especially Si and Mo, and a smaller grain
structure.

o Material characteristics of the Ti6242S alloy tend to generate residual stresses
and might lead to delamination of the building platform and cracks.

o The martensitic transformation in the near-p alloys Ti16246 generate an orth o”
martensite. This results in a significant deterioration of the mechanical
properties in terms of tensile strength but might reduce the vulnerability for
crack formation and propagation.

» Process limits

o Near-a alloys are sensitive to changes in the LPBF manufacturing parameters.
Standard LPBF parameters with an Eq of about 60 J mm~generate hex o’
martensite in both alloys, Ti64 and Ti6242S. In comparison, a reduced Ed, and
thus, an increasing cooling rate, results in the formation of an uncommon orth
a” martensite in the Ti6242S alloy. a” can reduce the vulnerability for cracks
due to the softer nature of this martensitic type.

» Achievable mechanical properties

o The periodic dislocation structure at basal and prismatic planes of the o"/o/
microstructure acts as nucleation sites for B precipitation. The low diffusivity of
Mo in the matrix phase leads to the formation of sub-um [ precipitates, which
are effective barriers for dislocation motion.

o Post-processes heat treatments are suitable for tailoring the microstructure to the
final applications. This work presents heat treatment suggestions for
applications aimed for high strength, high ductility, or high creep resistance. It
was found that the as-built sample condition or a duplex annealing suits best for
high strength applications, whereas a triplex heat treatment fulfills high ductility
requirements. For high creep resistance, super-transus [ annealing is
recommended.

» Sample preparation

o A reproducible high specimen quality is crucial for the proper interpretation of
experimental results. The detailed preparation guide, evolved in the course of
this work, allows the automatized and reproducible production of scratch- and
deformation-free plane surfaces, applicable to Ti base alloys, pure titanium and
TiAl alloys.
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7 Outlook and open questions

This thesis focuses on the implementation of Ti alloys, beyond Ti64, for fabrication via LPBF.
It is shown that the Ti16242S alloy is a promising candidate for special applications that require
enhanced mechanical properties in terms of tensile strength and creep performance. The high
mechanical strength of the Ti6242S alloy, on the downside, goes along with an increased
vulnerability for cracks caused by residual stresses. In the following, various approaches for
producing crack-free components are proposed. Moreover, the development of post-process
heat treatment strategies and their implementation on real products is discussed in further detail.

Furthermore, besides Ti6242S, the Ti6246 alloy is also a promising candidate for the
LPBF manufacturing technique as its responses to the complex layer-by-layer process by
forming a very soft orth martensite. However, additional investigations are necessary to uncover
the full potential of this alloy.

For future research on AM Ti alloys, the application of in-depth investigation methods
such as HEXRD, TEM and APT is recommended to obtain a comprehensive image of the fine
microstructure constituents resulting from LPBF and their correlation with the mechanical

properties.
Approaches to reduce residual stresses during LPBF

The comparison of the two Ti6242S alloys with compositional differences in Chapter 5.4.1
clearly displays the effect of Si as a solid solution strengthening element. A reduced Si fraction
in combination with less interstitial elements such as O, N decreases the mechanical strength
and is believed to reduce residual stresses and crack formation.

Moreover, it was found that a” martensite can be obtained by adjusting the LPBF
manufacturing parameters to reduce the Ed [152]. a” is known to soften the material due to its
orth crystal structure.

Besides the reduction of Eq, a higher E4 might also reduce the residual stresses in the
components by enabling longer times at higher temperatures and thus in situ relaxation of the
martensitic microstructure. However, the implementation of the proposed strategies has to be
investigated on components with varying geometries to obtain detailed information about the

actual potential for reducing residual stresses.
Selection of post-process heat treatment parameters

Since the Ti6242S alloy is commonly used due to its superior creep resistance, the formation
mechanism of the (Ti,Zr)6S13 silicide particles is of particular interest. On the one hand, silicide
particles act as effective barriers for dislocation motion if they are small in size and equally
distributed through the microstructure. On the other hand, coarse lamellar microstructures are
preferred for enhancing the creep resistance as the plastic strain is governed by lattice self-
diffusion-controlled dislocation climb [155]. This contravenes the typical microstructures

obtained by the LPBF process, which will be discussed as follows.
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The formation of silicide particles in the LPBF manufactured Ti6242S alloy requires Zr
diffusion, which can be enabled by additional heat input during post-processing. It was found
that small silicide particles already form during heat treatment at 600 °C. In this condition, the
AM-produced microstructure is still very fine, which is detrimental to the creep performance;
hence the heat treatment temperature should be increased for grain coarsening. However, higher
heat treatment temperatures increase the size of the silicide particles making them too large to
act as effective dislocation barriers.

In contrast to sub-transus annealing mentioned before, super-transus  annealing
diminishes the microstructure obtained by the LPBF process and significantly enhances the
creep performance. However, super-transus 3 annealing goes along with a dramatic loss of
tensile properties. To summarize, no annealing strategy covers all disciplines such as strength,
ductility and creep performance and thus, the requirements of the final product should always

be taken into account during the selection of proper heat treatments.
Analysis of the fatigue performance

The current thesis almost entirely investigated the process-microstructure-property
relationships on the basis of a machined and smooth surface. However, LPBF produced
components typically reveal a high surface roughness, which is known to negatively affect the
fatigue performance of the near-net-shape components by causing stress concentrations and,
thus, crack initiation at critical defects [11, 55, 60]. Since fatigue strength is essential for various
applications, future research should also cross-link the influence of the surface on fatigue

properties and determine the effect of post-process heat treatments and fatigue life.
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Closing remarks

This book intends to provide information about the implementation of Ti alloys in the LPBF
process. In combination with this thesis, the appended articles provide much data, which
can be helpful for engineers and materials scientists interested in the AM production
technology and Ti alloys in general. However, it is noteworthy to say that the scientific
discourse is ongoing, and still, much R&D is needed to overcome the obstacles occurring
during the manufacturing of new alloys by LPBF.
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Abstract

Additive manufacturing processes allow
the production of geometrically complex
lightweight structures with specific material
properties. However, by contrast with ingot
metallurgy methods, the manufacture of
components using this process also brings
about some challenges. In the field of mi-
crostructural characterization, where most-
ly very fine structures are analyzed, itis thus
indispensable to optimize the classic sam-
ple preparation process and to furthermore
implement additional preparation steps.
This work focuses on the metallography of
additively manufactured Ti-6Al-4V compo-
nents produced in a selective laser melt-
ing process. It offers a guideline for the
metallographic preparation along the pro-
cess chain of additive manufacturing from
the metal powder characterization to the
macro- and microstructural analysis of the
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Kurzfassung

Additive  Fertigungsprozesse ermaoglichen
die Herstellung von geometrisch komplexen
Leichtbaustrukturen mit spezifischen Werk-
stoffeigenschaften. Die Bauteilfertigung tber
diesen Prozess bringtaber, imVergleichzuden
schmelzmetallurgischen Verfahren, einige He-
rausforderungen mit sich. So auch im Bereich
der Mikrostrukturcharakterisierung des meist
sehr feinen Geflges, wobei es unumgang-
lich ist, die klassische Probenpraparation zu
optimieren sowie dartUber hinaus zusatzliche
Praparationsschritte zu implementieren. Diese
Arbeit beschaftigt sich mit der Metallographie
von additiv gefertigten Ti-6Al-4V-Bauteilen,
hergestellt durch selektives Laserschmelzen.
Beginnend bei der Metallpulvercharakterisie-
rung bis hin zur makro- und mikrostrukturellen
Analyse der lasergeschmolzenen Probenkor-
per bietet diese Arbeit einen Leitfaden fur die
metallographische Praparation entlang der
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laser melted sample. Apart from develop-
ing preparation parameters, selected etch-
ing methods were examined with regard to
their practicality.

1. Introduction

The production of metallic structural com-
ponents by additive manufacturing, AM,
has become established in the last two dec-
ades. Universities and research institutions
have considerably contributed to its use in
industrial applications. This method is also
already established in the manufacture of
lightweight construction materials such as
titanium and titanium alloys. It is used in the
aviation sector, in medical technology, and
in the automotive and ship building industry
in the production of partially complex com-
ponents that are, for instance, subjected to
elevated temperatures and corrosive media
[1]. Titanium alloys are classified as a,
near-o., a+p and P alloys depending on their
alloying elements [2]. The o+ alloy Ti-6Al-
4V (m.%) is the most frequently used tita-
nium alloy [3, 4]. Components made of this
alloy are, for instance, manufactured using
a powder bed-based selective laser melt-
ing technique (Laser Powder Bed Fusion,
LPBF). Against the backdrop of a process
and product quality assurance process, the
material is characterized — from the initial
metallic powder to the additively manufac-
tured solid material sample. The quality of
the end product is closely linked with the
powder quality. Parameters such as chemi-
cal composition, flow behavior, tap and bulk
density, sphericity, porosity, and particle
size distribution are therefore analyzed [5].
The main focus of the examination of the
additively manufactured Ti-6Al-4V samples
is on microstructural characteristics such
as structural homogeneity, appearance of
the hexagonal (hex) martensitic o’ phase,
and phase fractions [6, 7]. The AM process
generates microstructures that differ funda-
mentally from those generated based on
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Prozesskette der additiven Fertigung. Neben
der Entwicklung von Praparationsparameter
wurden ausgewahlte Atzmethoden auf ihre
DurchfUhrbarkeit untersucht.

1. Einleitung

Die Herstellung von metallischen Strukturbau-
teilen Uber additive Fertigungsverfahren (engl.:
Additive Manufacturing, AM) ist in den letzten
20 Jahren etabliert worden. Universitaten und
Forschungseinrichtungen haben wesentlich
dazu beigetragen, dass AM in industriellen
Anwendungen zum Einsatz kommt. Auch im
Bereich der Leichtbauwerkstoffe, wie Titan und
Titanlegierungen, ist AM bereits ein etabliertes
Fertigungsverfahren und wird in der Luftfahrt,
Medizintechnik, Automobil- und Schifffahrtin-
dustrie fur die Herstellung von zum Teil komple-
xen Bauteilen verwendet, die dann z.B. bei er-
hoéhten Temperaturen und in korrosiven Medien
eingesetzt werden [1]. Titanlegierungen werden
in Abhangigkeit der Legierungselemente in a- ,
Near-a-, a+B- und B-Legierungen eingeteilt [2].
Die am haufigsten eingesetzte Titanlegierung ist
die a+B-Legierung Ti-6Al-4V (m.%) [3, 4]. Bau-
teile daraus werden bspw. Uber das pulverbett-
basierte selektive Laserschmelzen (engl.: Laser
Powder Bed Fusion, LPBF) hergestellt. Dabei
erstreckt sich die Materialcharakterisierung,
vor dem Hintergrund der Qualitatssicherung
von Prozess und Produkt, von metallischen
Ausgangspulver bis hin zur additiv gefertigten
dichten Materialprobe. Da die Qualitat des
Pulvers eng mit der Qualitat des Endprodukts
verknupft ist, werden Parameter, wie die che-
mische Zusammensetzung, das FlieBverhalten,
die Klopf- und Fulldichte, die Spharizitat, der
Porenanteil und die PartikelgroBenverteilung
analysiert [5]. Bei der Untersuchung der additiv
gefertigten Ti-6Al-4V Proben wird das Haupt-
augenmerk auf mikrostrukturelle Charakteristi-
ka, wie z.B. Gefugehomogenitat, Aussehen der
hexagonalen (hex) martensitischen o’-Phase
sowie auf die Phasenanteile gelegt [6, 7]. Durch
den AM-Fertigungsprozess entstehen Gefu-
gestrukturen, welche sich grundlegend vom
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classical melting metallurgy manufacturing
processes. For instance, a layered struc-
ture with so-called “layer bands” is formed
when Ti-6Al-4V is additively manufactured.
This layered structure forms owing to segre-
gations of the alloy constituents during the
solidification process and the reaction of the
surface with the ambient atmosphere and
thus represents the molten pool boundaries
of the manufacturing process [8, 9]. This
work also discusses how these layer struc-
tures are contrasted.

From a microstructural point of view,
SLM manufactured a+p alloys, such as Ti-
B6Al-4V, exhibit an epitaxially B solidification
process through several applied layers in-
ducing an anisotropic material behavior [8].
During the solidification process, the body-
centered cubic (bcc) B phase, the high tem-
perature phase of Ti and its alloys, is char-
acterized by a preferred orientation in (100)
direction. Given that the size and shape of this
columnar B grain structure are a function of
the SLM manufacturing parameters and sub-
sequently impact on the component proper-
ties, itis particularly relevant to reveal this pro-
cess-microstructure-property  relationship.
Knowing these relationships, SLM manufac-
turing parameters can be optimally adapted
in order to achieve desired mechanical prop-
erties [8]. The B grain structure formed from
the melt in the epitaxial solidification process
can either be visualized by etching (owing to
the allotropic phase transformation (B — o))
or by reconstruction using a program-based
process. The program-based back-calcula-
tion is based on data from backscatter dif-
fraction experiments. The data analysis is, for
instance, performed based on ARPGE data
[10, 11] (Automatic Reconstruction of Parent
Grains from EBSD).

Once the additive manufacturing processes
completed, the component is most often
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klassischen schmelzmetallurgischen Herstell-
prozess unterscheiden. Beispielsweise kommt
es bei der additiven Fertigung von Ti-6Al-4V
zu sogenannten ,Layer-Bands® bzw. zur Aus-
bildung einer schichtartigen Struktur. Diese
Schichtstruktur entsteht durch Segregationen
der Legierungsbestandteile wahrend des Er-
starrungsprozesses sowie der Reaktion der
Oberflache mit der Umgebungsatmosphare
und reprasentiert somit die Schmelzbadgren-
zen des Fertigungsprozesses [8, 9]. Im Rahmen
dieser Arbeit wird auf die Kontrastierung dieser
Schichtstrukturen eingegangen.

Aus mikrostruktureller Sicht erstarren SLM ge-
fertigte a+p-Legierungen, wie z.B. Ti-6Al-4V,
epitaktisch in Form der primaren B-Phase
Uber mehrere aufgebrachte Schichten, was zu
anisotropen Materialverhalten fuhrt [8]. Die ku-
bisch raumzentrierte (krz) B-Phase, die Hoch-
temperaturphase des Ti und seiner Legie-
rungen, zeigt beim Erstarrungsprozess eine
Vorzugsorientierung in (100)-Richtung. Da
GroBe und Form dieser kolumnaren B-Korn-
struktur von den SLM-Fertigungsparametern
abhangen und in weiterer Folge die Bauteil-
eigenschaften beeinflussen, ist das Erfassen
dieser Prozess-Mikrostruktur-Eigenschafts-
beziehung von besonderer Bedeutung. Die
Kenntnis dieser Beziehungen macht es mog-
lich, optimale Einstellung der SLM Fertigungs-
parameter und dadurch der mechanischen
Eigenschaften zu erzielen [8]. Die visuelle
Darstellung der B-Kornstruktur, welche sich
im epitaktischen Erstarrungsprozess aus der
Schmelze bildet, ist aufgrund der allotropen
Phasenumwandlung (B — o) entweder Uber
Atzen, oder durch eine Rekonstruktion tber
eine programmbasierte Ruckrechnung maog-
lich. Die programmbasierte Ruckrechnung
basiert auf Daten aus Experimenten der Elek-
tronenruckstreubeugung und die Auswertung
erfolgt z.B. mit ARPGE [10, 11] (engl.: Auto-
matic Reconstruction of Parent Grains from
EBSD).

Nach Abschluss des additiven Fertigungs-
prozesses wird das Bauteil meist einem Nach-
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subjected to a post-processing step [12].
Post-processing steps such as Hot Isostatic
Pressing, HIP, can induce further changes
to the microstructure within the component
or in surface-near layers [13]. In order to
analyze the effectiveness and efficiency of
the additive manufacturing process and/or
post-processing, the metallographic prepa-
ration for the respective material characteri-
zation must therefore imperatively take into
account process-microstructure relation-
ships.

Components made of titanium alloys are
usually prepared in a multi-stage grinding
and polishing process subsequent to which
they are directly examined or etched. In this
context, Kroll etching is a frequently applied
method for revealing the microstructure of
the castings and forgings [7, 14-17]. The
suitability of this preparation technique for
additively manufactured titanium compo-
nents is assessed in this work and the op-
timization of the metallographic preparation
along the process chain, from the powdery
raw material to the additively manufactured
component, is outlined taking the example
of the two-phase alloy Ti-6Al-4V.

2. Experimental Procedure

The metallographic preparation was car-
ried out on additively manufactured com-
ponents made of gas-atomized titanium
alloy powder Ti-6Al-4V, grade 23 ELI (Extra
Low Interstitials). For comparison purpos-
es, the powder’s particle size determina-
tion was performed applying two different
methods. In addition to dry screening with
mesh widths of 100, 63, 40, and 25 um, a
Sympatec HELOS laser diffraction spec-
trometer was used to determine the grain
size. The chemical composition of the
powder was determined by atomic emis-
sion spectroscopy for the elements Al
(6.27 M%), V (3.9 M%), and Fe (0.2 m.%),
and by carrier gas hot extraction for the ele-
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bearbeitungsschritt, dem Postprocessing,
unterzogen [12]. Das Postprocessing, wie
z.B. heiB-isostatisches Pressen (engl.: Hot
Isostatic Pressing, HIP), kann dartber hinaus
Veranderungen der Mikrostruktur innerhalb
des Bauteils oder in den randnahen Schich-
ten hervorrufen [13]. Um die Effektivitat und
Effizienz des additiven Fertigungsprozesses
bzw. des Prostprocessings zu analysieren,
ist es daher unabdingbar, bei der metallogra-
phischen Praparation im Zuge der Material-
charakterisierung auf die Prozess-Mikrostruk-
turbeziehungen einzugehen.

In der Regel werden Bauteile aus Titanlegie-
rungen Uber einen mehrstufigen Schleif- und
Polierprozess prapariert und in weiterer Folge
direkt untersucht oder geétzt. Die Atzung
nach Kroll ist dabei eine haufig angewandte
Methode, um die Mikrostruktur der Guss- und
Schmiedeteile zu visualisieren [7, 14—17]. Die
Eignung dieser Praparationstechnik fur additiv
gefertigte Titanbauteile wird in dieser Arbeit
beleuchtet. So wird am Beispiel der zweiphasi-
gen Ti-6Al-4V-Legierung die Optimierung der
metallographischen Praparation entlang der
Prozesskette, beginnend vom pulverférmigen
Ausgangsprodukt bis zum additiv gefertigten
Bauteil, gezeigt.

2. Experimentelles

Die metallographische Praparation erfolgte
an additiv gefertigten Bauteilen, hergestellt
aus gasverdustem Pulver der Titanlegierung
Ti-6Al-4V Grade 23 ELI (engl.: Extra Low In-
terstitials). Die PartikelgréBenbestimmung
des Pulvers erfolgte aus Vergleichszwecken
mittels zweier unterschiedlicher Verfahren. Zu-
satzlich zu einer Trockensiebanalyse mit den
Maschenweiten 100, 63, 40 und 25 pm wurde
ein  HELOS Laserbeugungsspektrometer
der Fa. Sympatec GmbH zur KorngréBen-
bestimmung eingesetzt. Die Bestimmung der
chemischen Zusammensetzung des Pulvers
erfolgte mittels Atomemissionspektroskopie
fur die Elemente Al (6,27 m.%), V (3,9 m.%)
und Fe (0,2 m.%) bzw. einer Tragergas-HeiB-
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ments O (0.083 m.%) and N (0.0205 m.%),
respectively. To characterize the powder,
the powder flowability was determined by
measuring the flow rate (ASTM B964 [18])
using a Carney funnel, while the powder
bulk density was measured according to
ASTM B212 [19] using a Hall flow meter.
The sphericity measurements were carried
out using a Retsch Technology particle size
analyzer CAMSIZER XT.

The samples for the test series were manu-
factured on an EOS machine of the type
M290. SLM manufactured density cubes
with the dimensions 22 x22 x25 mm?® were
manufactured for the characterization of the
microstructure. Not just the as-built condi-
tion, i. e. the condition immediately subse-
quent to the manufacturing process, but
also a heat-treated variant was analyzed.
The heat treatment was performed by ap-
plying temperatures ranging from 800 °C
to 850 °C for 1-3 hours in Ar atmosphere.
Due to non-disclosure agreements, the
exact parameters of the heat treatment
must not be specified. The samples were
cut in a cutting machine ATM Brillant 221
using a resin-bonded, abrasive diamond
cut-off wheel of the type BOD13 (Struers).
It should be noted here that more detailed
information about the preparation meth-
ods and parameters can be found in the
next chapter. Subsequent to the cutting
process, the sample material was embed-
ded using the Struers hot mounting press
CitoPress-20. For the sample mounting pro-
cess, we had the bakelite-based mounting
resin PolyFast (Struers) and the Cu-based
mounting compound ProbeMet (Buehler)
at our disposal. Grinding and polishing of
the mounted samples were performed on a
semi-automatic grinding and polishing ma-
chine Struers Tegramin-30. The vibratory
polishing machine VibroMet-2 was used
in combination with a chemically resistant
polishing cloth of the type MicroCloth (Bue-
hler) for further polishing. Electrolytic polish-
ing and etching steps were performed on a

54

extraktion fur die Elemente O (0,083 m.%) und
N (0,0205 m.%). Im Zuge der Pulvercharakteri-
sierung wurde die Pulver-FlieBfahigkeit mittels
Messung der Durchflussrate (ASTM B964
[18]) unter Verwendung eines Carney-Trichters
bestimmt und die Pulver-Schuttdichte nach
ASTM B212 [19] mit einem Hall-Flussmes-
ser gemessen. Die Spharizitatsmessungen
erfolgten an einem Partikelmessgerat CAM-
SIZER XT der Fa. Retsch Technology GmbH.

Die Fertigung der Proben fur die Versuchsreihe
wurden an einer EOS-Maschine des Typs M290
vollzogen. Fur die Mikrostrukturcharakterisie-
rung wurden SLM gefertigte Dichtewdrfel mit den
MaBen 22 x22x25mm?® hergestellt. Neben
dem as-built Zustand, d.h. direkt nach dem
Fertigungsprozess, wurde auch eine warmebe-
handelte Variante analysiert. Die Warmebehand-
lung erfolgte in einem Temperaturbereich von
800 °C -850 °C fur 1-3 Stunden unter Ar-Atmo-
sphare. Die exakten Parameter der Warmebe-
handlung durfen aufgrund von Vertraulichkeits-
vereinbarungen nicht angegeben werden. Der
Zuschnitt der Proben erfolgte an einer Trennma-
schine ATM Brillant 221 unter Verwendung einer
harzgebundenen, abrasiv wirkenden Diamant-
trennscheibe des Typs BOD13 der Fa. Struers.
An dieser Stelle sei angemerkt, dass detaillierte
Informationen der Praparationsmethoden und
Parameter im n&chsten Kapitel zu finden sind.
Das Probenmaterial wurde im Anschluss an den
Trennvorgang mit der Warmeinbettpresse Cito-
Press-20 der Fa. Struers eingefasst. Als Einbett-
mittel standen die kunststoffbasierte Variante
Polyfast der Fa. Struers und die Cu-basierte Va-
riante ProbeMet der Fa. Buehler zur Verfagung.
Die Schleif- und Polierschritte der eingebetteten
Proben erfolgte an einem semiautomatischen
Schleif- und Polierautomat Tegramin-30 der Fa.
Struers. Fur weiteres Polieren wurde das Vibra-
tionspoliergerat VibroMet-2 mit einem chemisch
bestandigen Poliertuch des Typs MicroCloth der
Fa. Buehler verwendet. Die elektrolytischen Po-
lier- sowie Atzschritte erfolgten an einem Gerat
vom Typ LectroPol-5 der Fa. Struers unter Ver-
wendung der in Tab. 1 angefuhrten Elektrolyte.
Des Weiteren sind im unteren Teil der Tabelle

Pract. Metallogr. 58 (2021) 1 DE GRUYTER



Appendix | Article A

FleiBner-Rieger C. et al.: Additively Manufactured Ti-Alloy / Additiv gefertigte Ti-Legierung

Struers LectroPol-5 machine using the elec-
trolytes listed in Tab. 1. The lower part of the
table also lists the etchants used to reveal
the macro and microstructure. The present
phases were also analyzed in X-ray diffrac-
tion experiments (XRD). For this purpose, a
Bruker D8 Advance diffractometer was used
in Bragg-Brentano geometry with a parallel
beam configuration applying Cu-K_ radia-
tion (\=1.54 A). The diffractograms were
acquired using a Sol-X detector applying
the following measurement parameters:
step size of 0.02°, measuring time of 2 s.

The light microscope examinations were
performed on a Zeiss AXIO Imager.M2 light
microscope (LM) equipped with an Axio-
Cam HRc.5 camera. A Versa 3D Dual Beam
type FEI scanning electron microscope
(SEM) with a field emission cathode and a

auch die verwendeten Atzmittel zur Darstellung
der Makro- bzw. Mikrostruktur aufgelistet. Die
Analyse der vorliegenden Phasen wurden auch
mittels Rontgenbeugungsexperimente (engl.:
X-Ray Diffraction, XRD) vorgenommen. Hierzu
wurde ein Diffraktometer des Typs D8 Advance
der Fa. Bruker in Bragg-Brentano-Anordnung
und Parallelstrahl-Konfiguration  eingesetzt,
wobei mit Cu-K -Strahlung (A=1,54 A) gear-
beitet wurde. Die Diffraktogramme wurden mit
einem Sol-X Detektor aufgenommen, wobei als
Messparameter eine Schrittweite von 0,02° und
eine Messzeit von 2 s eingestellt wurden.

Die lichtmikroskopischen Untersuchungen wur-
den am Lichtmikroskop (LM) des Typs AXIO
Imager.M2, ausgestattet mit einer AxioCam-
HRc.5 Kamera der Fa. Zeiss, durchgefuhrt.
FUr hochauflosende Untersuchungen wurde
ein Rasterelektronenmikroskop (REM) vom Typ

Name

Composition / Zusammensetzung

Electrolyte A3
(Struers) / Elektrolyt
A3 der Fa. Struers

Mixture of methanol CH;OH and 2-butoxyethanol /
Gemisch aus Methanol CH;OH und 2-Butoxy-Ethanol

Electrolyte Ti Em3/
Elektrolyt Ti Em3

35 ml distilled water, 60 ml methanol CH;OH-99.8 %, 10 ml lac-
tic acid C3Hg053-32%, 5 ml phosphoric acid H;PO,-85%, 5 g
citric acid CgHgO-, and 5 g oxalic acid C,H,0, [31] / 35 ml des-
tilliertes Wasser, 60 ml Methanol CH;0OH-99,8 %, 10 ml Milch-
saure C3HgO3-32%, 5 ml Phosphorsaure H;PO,4-85%, 5 g
Zitronensaure CgHgO-, und 5 g Oxalsaure C,H,0, [31]

Wet etching according
to Kroll / Nassat-
zung nach Kroll

100 ml distilled water, 2-6 ml nitric acid HNO4-65 %, and 1-3 ml
hydrofluoric acid HF-40% [31] / 100 ml destilliertes Wasser, 2—6 ml
Salpetersaure HNO4-65% und 1-3 ml Flussséaure HF-40% [31]

Wet etching according
to Weck / Nassét-
zung nach Weck

100 ml distilled water, 50 ml ethanol C,H;OH-50 %, 2 g ammoni-
um bifluoride NH,HF, [31] / 100 ml destilliertes Wasser, 2-6 ml
Salpetersdure HNO4;-65 % und 1-3 ml Flussséaure HF-40% [31]

Thermal etching
according to Barnes /
Thermische At-
zung nach Barnes

30 and 120 min heat treatment at 540 °C, respectively [29] /
Wéarmebehandlung bei 540 °C flr 30 bzw. 120 min [29]

Tab. 1: List of the electrolytes used for electrolytic polishing and of etchants used to reveal the macro

and microstructure.

Tab. 1: Auflistung der fiir das elektrolytische Polieren verwendeten Elektrolyte sowie die verwendeten
Atzmittel zur Sichtbarmachung der Makro- und Mikrostruktur.
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secondary electron detector was used for
high resolution examinations. The electron
backscatter diffraction (EBSD) measure-
ments for a determination of the crystal-
lographic structure and the orientation of
the crystalline phases were also performed
on the above-mentioned FEI device using
a Hikari XP EBSD camera and an EDAX
EBSD detector. Data were acquired and an-
alyzed using the EDAX software OIM Data
Collection and OIM Analysis 7 based on the
following EBSD measurement parameters:
accelerating voltage of 20 kV, step size of
100 nm and a 4x4 binning mode of the
EBSD camera.

3. Results and Discussion
3.1 Material Sampling and Mounting

Fig. 1 shows the metallographic sample prep-
aration workflow. In a first step, the sample
material is taken. First, the powder is sam-
pled. It should preferably be taken at several
container positions. It is thus ensured that
no individual powder fractions of a particular
particle size are preferably examined, such as
due to segregations.

Versa 3D Dual Beam der Fa. FEI unter Verwen-
dung einer Feldemissionskathode und eines
Sekundarelektronendetektors  herangezogen.
Die Elektronenrtckstreubeugungs-Messungen
(engl.: Electron Backscatter Diffraction, EBSD),
zur Ermittlung der kristallographischen Struktur
und Orientierung der kristallinen Phasen, erfolg-
ten ebenfalls an dem zuvor erwahnten FEI-Gerét
mittels einer EBSD-Kamera vom Typ Hikari XP
und einem EBSD-Detektor der Fa. EDAX. Die
Datenerfassung sowie -auswertung wurde mit
der Software OIM Data Collection und OIM Ana-
lysis 7 der Fa. EDAX vorgenommen, wobei die
Parameter der EBSD-Messung wie folgt waren:
Beschleunigungsspannung 20 kV, Schrittweite
100 nm und ein 4x4 Binning Modus der EBSD-
Kamera.

3. Ergebnisse und Diskussion

3.1 Entnahme des Probenmaterials und
Einbetten

In Bild 1 ist der Verlauf der metallographischen
Probenpraparation dargestellt. Der erste
Schritt dabei ist die Entnahme des Proben-
materials. Beginnend beim Pulver sollte die
Entnahme an mehreren Stellen des Behalters
erfolgen. Hierdurch wird vermieden, dass be-
zuglich der PartikelgroBe, z.B. aufgrund von
Entmischungen, einzelne Pulverfraktionen be-
vorzugt untersucht werden.

Enhanced sample preparation

Electrochemical etching
Sample Thermal etching
> selaction > Mounting >> Grinding > Polishing > Electrolytic preparation
: Vibratol

polishing

Erweiterte Probenpréparation
Elektrochemisches Atzen

> PEgg‘eem:;gs> Embetten>> Schiefen > Polieren > ,

Thermisches Atzen
Elektrolytische Praparation

Vibrationspolitur

Fig. 1: Metallographic sample preparation workflow.

Bild 1: Verlauf der metallographischen Probenpréparation.
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Subsequenttothe powder sampling process,
the particles are characterized. For this pur-
pose, particle size distribution, morphology,
sphericity, flow rate, and bulk density are de-
termined. In the diagram in Fig. 2, the cumu-
lative powder particle distribution is plotted
against the particle size. As is apparent from
the diagram, there is a significant difference
between the particle size distribution deter-
mined by laser diffraction and the distribution
determined by sieve analysis. It should be
taken into consideration that the sieve analy-
sis was performed with a limited number of
mesh sizes. As compared to the distribution
obtained by laser diffraction-based particle
sizing which allows for a finer gradation, this
limited number of mesh sizes as well as sieve
clogging by fine particles therefore resulted
in a coarser distribution and over-estimated
dvalues (d,,, dgp, dgp). Due to the mentioned
problem, dry sieving should therefore be dis-
pensed with for an examination of particles
with a diameter of < 40 pym.

Fig. 3a) shows the powder particle morphol-
ogy in a secondary electron SEM image.
The SEM images reveal that the particles
have a smaller fraction of satellites and

Im Anschluss an die Pulverentnahme erfolgt
die Partikelcharakterisierung. Dazu werden
PartikelgroBenverteilung, Morphologie, Spha-
rizitat, FlieBrate und Schuttdichte ermittelt.
In dem in Bild 2 gezeigten Diagramm ist die
Verteilungssumme der Pulverpartikel Uber der
PartikelgroBe aufgetragen. Es ist ersichtlich,
dass ein deutlicher Unterschied zwischen der
mit Laserdiffraktion und der mit Siebanalyse
ermittelten PartikelgroBenverteilung gegeben
ist. Zu beachten ist, dass die Siebanalyse mit
einer limitierten Anzahl an Maschenweiten er-
folgte. Diese limitierte Anzahl an Maschenwei-
ten sowie das Verkleben der Siebe durch feine
Partikel fUhrten dazu, dass die PartikelgroBen-
verteilung im Vergleich zur Laserdiffraktion,
bei der eine feinere Abstufung maoglich ist,
entsprechend grober war und die ermittelten
d-Werte (d,,, dg,, dgy) Uberschatzt werden.
Wegen der erwahnten Problematik sollte des-
halb bei der Untersuchung von Partikel mit
Durchmessern <40 upm davon abgesehen
werden eine Trockensiebung durchzufthren.

Die Partikelmorphologie des Pulvers ist in
Bild 3a) durch eine REM-Aufnahme im Sekun-
darelektronen-Modus dargestellt. Anhand der
REM-Aufnahmen ist ersichtlich, dass die Par-

-
o
o

Fig. 2: Powder particle

Laser diffraction / Laserdiffraktion

©
o

Sieve analysis / Siebanalyse

[=2]
o
1

H
o
1

N
o
1

Distribution total Q; [%] / Verteilungssumme Q; [%]

o
1

distribution results using two
different analysis methods.
The blue data points show
the particle size distribution
determined by laser diffrac-
tion. The green data points on
a thin line illustrate the result
of dry sieving (see text).

Bild 2: Ergebnis der Pulver-
partikelverteilung mit zwei un-
terschiedlichen Analyseverfah-
ren. Die blauen Datenpunkte
zeigen die mittels Laserdiffrak-
tion bestimmte PartikelgréBen-
verteilung. Die griinen
Datenpunkte, verbunden mit

20 5

einer diinnen Linie, stellen
das Ergebnis aus der Tro-
ckensiebung dar (siehe Texi).

10 30 40 0 60 70 80 90
Particle size [um] / PartikelgroRe [um]
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are very spherical which is reflected by a
high sphericity value (0.95) according to
ISO 9276 [20]. The bulk density of the pow-
der is 2.49 g/cm?. It thus amounts to 56 % of
the theoretical density of Ti-6Al-4V [21]. The
Carney flow rate of the powder according to
ASTM B964 [18] is 6.4 s/50 Q.

A metallographic section of the powder has
to be prepared for the purpose of examin-
ing any existing gas pores within the powder
particles and for the structural analysis. As
is apparent from Fig. 3b), individual powder
particles may be removed during the metal
powder mounting process (marked in red).
To avoid this, it is recommended to either
mix the metal powder particles with a sieved
fine fraction (< 25 ym) of the mounting me-
dium before mounting or to use a very fine
mounting material with a low grain size. The
use of a fine mounting material allows for
reducing the fraction of removed powder
particles.

tikel einen geringen Satellitenanteil aufweisen
und sphéarisch sind, was sich in einem hohen
Spharizitatswert (0,95) nach ISO 9276 [20]
widerspiegelt. Die Schuttdichte des Pulvers
betragt 2,49 g/cm?® und liegt somit bei 56 %
der theoretischen Dichte von Ti-6Al-4V [21].
Die Carney-Durchflussrate des Pulvers nach
ASTM B964 [18] betragt 6,4 s/50 g.

Fur die Untersuchung von eventuell vor-
liegenden Gasporen im Inneren der Pulver-
partikel sowie der Geflgeanalyse ist es notig
einen metallographischen Schliff des Pulvers
anzufertigen. Wie in Bild 3b) gezeigt, kann es
beim Einbetten des metallischen Pulvers zur
Herauslosung einzelner Pulverpartikel kommen
(in Rot markiert). Um dies zu vermeiden, ist es
empfehlenswert, entweder das einzubettende
Metallpulver vor dem Einfassvorgang mit einem
gesiebten Feinanteil (<25 um) des Einbettmit-
tels zu mischen oder ein sehr feines Einbettmit-
tel mit einer geringen KorngroBe zu verwenden.
Durch die Verwendung eines feinen Einbettmit-
tels kann der Anteil an herausgeldsten Pulver-
partikeln deutlich reduziert werden.

Figs. 3a and b: a) The SEM image (secondary electron mode) of the Ti-6Al-4V powder’s particle mor-
phology is characterized by very spherical shapes with a small proportion of satellites; b) LM image of
the powder section, embedded in the bakelite-based mounting resin PolyFast. The dashed red circles
mark positions where powder particles have been removed.

Bilder 3a und b: a) Die REM-Aufnahme (Sekundérelektronen-Modus) der Partikelmorphologie des
Ti-6Al-4V Pulvers zeigt eine sphédrische Form mit einem geringen Anteil an Satelliten; b) LM-Aufnahme
des Pulverschliffs, eingebettet in das kunststoffbasierte Einbettmittel Polyfast. Die rot strichlierten Kreise
markieren die Positionen, aus denen sich Pulverteilchen herausgelést haben.
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The solid material samples are taken by
sample cutting with the aid of abrasive
cut-off wheels. They offer the advantage
of being able to cut a wide range of mate-
rials and furthermore ensure a good sur-
face quality after the cutting process [16].
However, in case of insufficient cooling or
when the feed rate of the cut-off wheel is
too high, the material may overheat. Such
sample damages may lead to a misinter-
pretation of the microstructures and, once
they have occurred, it is rather complicated
to remove them. Sufficient cooling and the
appropriate feed rate should therefore be
ensured during the cut-off process. At a
feed rate of 1 mm/min, it is appropriate to
maintain a rotational speed of the cut-off
wheel of 2500-3600 min™'. The used cool-
ant should be composed of water, lubri-
cant, and an anticorrosive agent additive.
The additively manufactured solid material
samples were either mounted in a bakelite
mounting resin or a Cu-based mounting
compound. The difference in hardness
between the sample and the mounting
medium is smaller using the Cu-based
ProbeMet compound, thus allowing an en-
hanced mechanical preparation, including
the surface layers. The examination of the
surface and the surface layer is particularly
important when analyzing additively manu-
factured components. During the electron
microscope examination, the good elec-
trical conductivity of copper additionally
ensures a high and stable flow of second-
ary electrons (and thus a good contrast).
However, longer curing times and higher
acquisition costs are the drawbacks of
this mounting material. For this work, the
Cu-based mounting compound ProbeMet
was used for SEM examinations. For all
other examinations, the bakelite-based
mounting resin was used. The sections
were manufactured applying the following
mounting press settings:
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Die Entnahme der Vollmaterialproben erfolgt
Uber einen Probenzuschnitt durch abrasiv wir-
kende Schneidscheiben. Diese bieten den Vor-
teil ein breites Spektrum an Werkstoffen trennen
zu konnen und daruber hinaus eine gute Ober-
flachenqualitat nach dem Trennprozess zu ge-
wahrleisten [16]. Bei unzureichender Kuhlung
oder durch einen zu hohen Vorschub der Trenn-
scheibe kann es jedoch zum Uberhitzen des
Werkstoffs kommen. Wéhrend des Schneid-
vorgangs sollte daher stets auf eine ausrei-
chende Kuhlung sowie die richtige Vorschub-
geschwindigkeit geachtet werden, da derartige
Probenschadigungen nur sehr aufwendig wie-
der entfernt werden kdnnen bzw. zu Fehlinter-
pretationen des Geflges fuhren kdénnen. Bei
einer Vorschubgeschwindigkeit von 1 mm/min
ist es zweckmaBig eine Umdrehungsgeschwin-
digkeit der Trennscheibe von 2500-3600 min™
einzuhalten. Das verwendete Kuhlmittel soll-
te eine Mixtur aus Wasser, Schmiermittel und
einem Korrosionsschutz in Form eines Additivs
sein. Das Einbetten der additiv gefertigten Voll-
materialproben erfolgte entweder durch ein
kunststoff- oder ein Cu-basiertes Einbettmittel.
Bei der Verwendung des Cu-basierten Probe-
Met ist der Harteunterschied zwischen Probe
und Einbettmittel geringer, was eine bessere
mechanische Praparation, auch im Bereich der
Randschichten, ermdglicht. Gerade bei additiv
gefertigten Bauteilen ist eine Oberflachen- und
Randschichtuntersuchung von besonderer
Bedeutung. Aufgrund der guten elektrischen
Leitfahigkeit des Kupfers ist zusatzlich fur einen
hohen und stabilen Sekundérelektronenstrom
(und damit einem guten Kontrast) im Zuge
der elektronenmikroskopischen Untersuchung
gesorgt. Nachteile dieses Einbettmittels sind
jedoch eine héhere Aushartezeit sowie hdhere
Materialkosten bei der Anschaffung. Im Zuge
dieser Arbeit wurde fur Untersuchungen im
REM das Cu-basierte Einbettmittel ProbeMet
verwendet. Fur alle anderen Untersuchungen
fand das kunststoffbasierte Einbettmittel seine
Anwendung. Zur Herstellung der Schliffe wur-
den folgende Einstellungen an der Einbettpres-
se vorgenommen:
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* Bakelite mounting resin PolyFast: 3 min-
ute heating phase at 180 °C and 250 bar
followed by 1.5 min water rinsing,

e Cu mounting compound ProbeMet:
7.5 minute heating phase at 180 °C and
300 bar followed by 4.5 min water rinsing.

3.2 Grinding and Polishing

Subsequent to cutting and mounting, the
sample preparation workflow involves a
wet grinding and polishing step. The rough
and deformed zone resulting from the cut-
off process is unfavorable for the analysis.
It is removed by plane grinding ensuring a
plane-parallel sample surface [16, 17]. Sub-
sequently, successive fine grinding steps
are performed using progressively finer
grits. It should be taken into consideration
here, that severe damages such as scratch-
es, relief, break-offs, and cracks cannot be
removed anymore in the following polishing
steps [16, 17].

The dense, thin, and stable oxide layer on
the surface with its high affinity for oxygen
presents a challenge in the preparation of
Ti alloys. Although it provides effective cor-
rosion protection [22], it needs to be re-
moved in the course of sample preparation.
A chemical-mechanical polishing process
is appropriate to suppress the formation
of an oxide layer, especially during the last
polishing steps. The formation of a surface
layer is suppressed, i. e. the removal rate is
increased and the formation of a cover layer
is prevented by adding hydrogen peroxide
H,O, to the colloidal silicon dioxide SiO,
polishing suspension (OPS) [16, 23]. Tab. 2
shows the parameters of the grinding and
polishing steps applied based on which re-
producible results and an optimal metallo-
graphic sample preparation providing excel-
lent surface quality could be achieved. The
difference in hardness between the invest-
ment material and the sample and the thus
generated sample elevation may provoke
an undesired rocking motion of the sample

60

» Kunststoffeinbettmittel Polyfast: Heizpha-
se bei 180 °C, 250 bar fur 3,0 min, gefolgt
von 1,5 min Wasserspulung.

* Cu-Einbettmittel ProbeMet: Heizphase bei
180 °C, 300 bar fur 7,5 min, gefolgt von
4,5 min Wasserspulung.

3.2 Schieifen und Polieren

Nach dem Trenn- und Einbettvorgang stellen
Nassschleifen und Polieren die nachsten Schrit-
te der Probenpraparation dar. Wahrend des
Planschleifens wird die durch den Trennvorgang
entstandene, aber fur die Analyse ungeeignete,
Rauigkeits- und Deformationszone entfernt und
eine planparallele Oberflache der Probe erzeugt
[16, 17]. Folgend werden aneinander gereihte
Feinschleifschritte mit jeweils abnehmender
Koérnung des Schleifens durchgefuhrt. Es sollte
dabei beachtet werden, dass schwerwiegende
Schadigungen (Kratzer, Relief, Ausbrulche,
Risse) in den nachfolgenden Polierschritten
nicht mehr entfernt werden kénnen [16, 17].

Eine Herausforderung bei der Praparation von
Ti-Legierungen stellt aufgrund der hohen Affi-
nitat zu Sauerstoff die dichte, dinne und sta-
bile Oxidschicht auf der Oberflache dar. Diese
Schicht ist ein effektiver Korrosionsschutz
[22], muss jedoch im Rahmen der Probenpra-
paration abgetragen werden. Um die Bildung
der Oxidschicht zu unterdricken, ist speziell
bei den letzten Polierschritten ein chemisch-
mechanischer Poliervorgang zweckmaBig.
Durch Zugabe von Wasserstoffperoxid H,0O,
zu der kolloidalen Siliziumdioxid SiO, Polier-
suspension (OPS) wird die Deckschichtbil-
dung auf der Oberflache unterdrtckt, d.h.
die Abtragsrate erhoht sowie eine Schmier-
schichtbildung verhindert [16, 23]. Tab. 2 zeigt
die angewandten Parameter der Schleif- und
Polierschritte, welche zu reproduzierbaren
Ergebnissen und einer optimalen metallogra-
phischen Probenpraparation mit einer hervor-
ragenden Oberflachenqualitat fUhrten. Durch
den Harteunterschied zwischen Einbettmasse
und Probe sowie der dadurch entstehenden
Probendberhdhung kann es im Schleifprozess
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Rotational speed / Cooling/
indi Drehgeschwindigkeit ooling
Ic.;’r'".‘d'“g/ g Force per polishing
Step /| Polishingpad/ | Time [min] /| Sample [N]/ Pad Sample agent /
Stufe | gchleif-/Polier- | Zeit[min] | Kraft pro [rpm] / holder ;
Probe [N] [rpm] / Kiihl-/
auflage Auflage : ;
U/min Probenhal- | Poliermittel
[ ] ter [U/min]
Diamond grinding
wheel MD-Piano
1 220 / Diamant- 03:00-04:00 40 300 150 H,0
schleifscheibe
MD-Piano 220
SiC paper #1200 / . .
2 SiC-Papier #1200 00:15-00:20 40 140 150 H,O
SiC paper #2000 / H4E AN
3 SiC-Papier #2000 00:15-00:20 40 140 150 H,O
SiC paper #2000 / ) )
4 | SiC-Papier #2000 | 00:15-00:20 40 140 150 H,0
SiC paper #2000 / 4E AN
5 SiC-Papier #2000 00:15-00:20 40 140 150 H,O
Polishing cloth .
6 | MD-Chem / Polier- ”Z%tgg_gés 40 140 150 OPS/H,0,
tuch MD-Chem ' 90 ml:15 ml

Tab. 2: Metallographic sample preparation parameters using the grinding and polishing machine Stru-

ers Tegramin-30 with a fixed sample holder.

Tab. 2: Parameter der metallographischen Probenpréparation am Schleif- und Polierautomat Tegra-
min-30 der Fa. Struers unter Verwendung eines fixierten Probenhalters.

during the grinding process [24]. It is par-
ticularly important to counter these rocking
motions. Therefore, after the mounting pro-
cess, all sample surfaces to be ground were
given a chamfered edge. The sample mo-
tion can further be reduced by firmly fixing all
samples in a sample holder instead of using
anon-fixing sample holder with single piston
force transmission. However, it should be
taken into consideration here, that, owing to
the fact that an uneven force application can
occur induced by the central contact pres-
sure, at least three samples are prepared
simultaneously when using a fixing sample
holder. In the course of the preparation opti-
mization process, the removal of scratches
was also analyzed with regard to the rota-
tional motion of the sample holder relative to
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zu einer unerwunschten Wippbewegung der
Probe kommen [24]. Da es von besonderer
Bedeutung ist diesen Wippbewegungen ent-
gegenzuwirken, wurden alle Proben nach dem
Einbettprozess an der Schleifflache mit einer
Randfase versehen. Eine weitere Reduktion
der Probenbewegung ist méglich, indem an-
stelle eines nicht fixierenden Probenhalters mit
Kraftibertragung Uber Einzelkolben, alle Pro-
ben in einem Probenhalter fest eingespannt
werden. Es sollte aber dabei beachtet werden,
dass durch Verwendung eines fixierenden
Probenhalters mindestens drei Proben gleich-
zeitig prapariert werden, da es aufgrund des
Zentralandruckes zu einer ungleichmaBigen
Kraftauftragung kommen kann. Im Zuge der
Praparationsoptimierung wurde auch die Krat-
zerentfernung im Hinblick auf die Relativdreh-
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the grinding and polishing pad. It was found
that the deformation zone was smaller when
sample holder and working disk work in syn-
chronization than when they are configured
in counter rotation. Synchronism of the sam-
ple and the working disk reduces the rela-
tive speed and simultaneously suppresses
rocking motions of the sections.

As is shown in Tab. 2, the plastic bonded
diamond grinding wheel MD-Piano 220
(Struers) was used in preparation step 1
to provide plane-parallelism and to ensure
the flatness of the section’s surface. As this
procedure may take up to 4 minutes, it is
advantageous to use a manually resharp-
enable grinding wheel. It ensures a con-
sistent removal rate and causes less wear
as compared to SiC paper. When using
SiC paper, the material removal rate is sig-
nificantly reduced within a very short time.
Therefore, the grinding time was limited to
15 t0 20 seconds for the preparation steps 2
to 5, respectively. The last preparation step,
step 6, is an OPS polishing process. For this
procedure, a mixture of OPS and H,0, with
aratio of 90 ml OPS:15 mI H,, 0, is applied to
a chemically resistant polishing cloth (Stru-
ers). It may take up to 8 minutes to remove
the deformation zone of step 5 by OPS pol-
ishing.

It is equally important to perform intermedi-
ate sample cleaning after each preparation
step. This ensures that no particles dis-
lodged fromthe roughness and deformation
zone are transferred to the next preparation
step and, as a result, damage the surface.
The sample cleaning processes during the
preparation were carried out by thoroughly
washing the sample holder and the clamped
samples with soap. Once the preparation
steps are completed, it is appropriate to re-
move the metallographic samples from the
sample holder in order to clean them in an
ultrasonic bath, for instance in ethanol solu-
tion, for several minutes. Subsequent to the
ultrasonic bath, highly volatile substances
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bewegung des Probenhalters zur Schleif- und
Polierauflage untersucht. Es zeigte sich, dass
durch Gleichlauf von Probenhalter und Arbeits-
scheibe die Verformungszone geringer war als
bei einer Schaltung im Gegenlauf. Durch den
Gleichlauf von Probe und Arbeitsscheibe wird
die Relativgeschwindigkeit reduziert und auch
Wippbewegungen der Schliffe unterdrtckt.

Wie in Tab. 2 dargestellt, wurde im Prapara-
tionsschritt 1 die kunststoffgebundene Dia-
mantschleifscheibe MD-Piano 220 der Fa.
Struers verwendet, um eine Planparallelitat
herzustellen und die Ebenheit der Schliffober-
flache zu gewahrleisten. Da dieser Vorgang bis
zu 4 Minuten dauern kann, ist der Einsatz einer
manuell nachscharfbaren Diamantschleifschei-
be von Vorteil. Diese sorgt fur eine gleichblei-
bende Abtragsleistung bei einem geringeren
Verschlei3 im Vergleich zu SiC-Papier. Da der
Materialabtrag bei Verwendung eines SiC-Pa-
piers innerhalb kurzester Zeit signifikant ab-
nimmt, wurde bei den Praparationsschritten 2
bis 5 die Zeit auf 15 bis 20 Sekunden begrenzt.
Im letzten Praparationsschritt 6 erfolgte die Poli-
tur mittels OPS. In diesem Schritt wird ein OPS-
H,0,-Gemisch im Verhéltnis 90 mI-OPS:15 ml-
H,O, auf ein chemisch bestandiges Poliertuch
der Fa. Struers aufgebracht. Die Entfernung
der Deformationszone aus Stufe 5 mit Hilfe der
OPS-Politur kann bis zu 8 Minuten dauern.

Von besonderer Bedeutung ist daruber hinaus
die Zwischenreinigung der Probe nach jedem
Praparationsschritt. Durch diese wird vermie-
den, dass herausgeloste Partikel aus der Rau-
igkeits- und Deformationszone in den nachsten
Praparationsschritt Ubertragen werden und so
die Oberflache schadigen. Die Probenreini-
gung wahrend den Praparationsschritten wurde
durch ein grundliches seifenbasiertes Waschen
des Probenhalters und der eingespannten
Proben sichergestellt. Am Ende der Prapara-
tionsschritte ist es sinnvoll die metallographi-
schen Schliffe aus dem Probenhalter zu ent-
fernen und in einem Ultraschallbad, z. B. in einer
Ethanollésung, fur wenige Minuten zu reinigen.
Des Weiteren wird nach dem Ultraschallbad
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such as isopropyl or petroleum ether are fur-
thermore applied to avoid the formation of
drying artifacts on the final, glassy surface.

Microstructural Examination by Light
Microscopy

In the SLM process, powder layers are
selectively heated and molten. Once the
molten pool is solidified, further cooling
results in o lamellae growth at the B grain
boundaries from the moment of reaching
the B-transus temperature. Given sufficient
undercooling, a diffusion-less martensi-
tic transformation to acicular o’ martensite
takes place induced by Umklapp processes
once the temperature falls below the mar-
tensite start temperature. Moreover, the
repeated thermal cycles of the AM process
lead to an epitaxial growth of the B grains in-
duced by the steep temperature gradient in
the molten pool and the resulting lower nu-
cleationrate, asisdescribedin [6]. The afore-
mentioned microstructure formation can be
evidenced after the basic sample prepara-
tion. The crystallographic orientations of the
material can be revealed as early as after
preparation step 6 by using a polarization
filter in the LM without recourse to specific
surface-modifying methods such as for se-
lective etching. Fig. 4a) is a LM image of an
additively manufactured Ti-6Al-4V sample
in the as-built condition using a polarization
filter combined with increased light intensity.
Not only the acicular o” martensite structure,
but also the former B grain boundaries can
be recognized (dashed lines). It is appar-
ent that the columnar B grains extend over
several hundred micrometers in the build
direction, BD.

Pore Analysis

Fig. 4b) presents a LM image of the surface
of an as-built sample prepared for the pore
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durch Aufbringung von hochflichtigen Sub-
stanzen, wie z.B. Isopropanol oder Petrolether,
verhindert, dass sich Trocknungsartefakte auf
der finalen, spiegelglatten Oberflache bilden.

Mikrostrukturuntersuchung mittels
Lichtmikroskopie

Durch den SLM-Herstellungsprozess werden
Pulverschichten selektiv erwarmt und aufge-
schmolzen. Nach der Erstarrung des Schmelz-
bades beginnen bei weiterer AbkUhlung ab
Erreichen der B-Transustemperatur an den
B-Korngrenzen a-Lamellen zu wachsen. Bei
ausreichender Unterkuhlung kommt es nach
Unterschreiten der Martensit-Start-Temperatur
durch Umklappprozesse zu einer diffusions-
losen martensitischen Umwandlung in nadeli-
gen o’-Martensit. Die wiederholten thermischen
Zyklen des AM Prozesses fuhren dartber hinaus
zu einem epitaktischen Wachstum der 3-Korner,
welches durch den steilen Temperaturgradient
im Schmelzbad und der daraus resultierenden
geringen Keimbildungsrate hervorgerufen wird,
wie es in [6] beschrieben ist. Der Nachweis der
soeben beschriebenen Geflgeentstehung ist
bereits nach der allgemeinen Probenprapara-
tion moglich. Ohne Anwendung von speziellen
oberflachenverandernden Methoden, wie z.B.
fiir eine selektive Atzung, kénnen bereits nach
Praparationsschritt 6 durch den Einsatz eines
Polarisationsfilters im LM die kristallographi-
schen Orientierungen des Materials sichtbar
gemacht werden. Bild 4a) zeigt eine LM-Auf-
nahme einer additiv gefertigten Ti-6Al-4V-Pro-
be im as-built Zustand unter Verwendung eines
Polarisationsfilters in Kombination mit einer
erhohten Lichtstarke. Neben der nadeligen
o’-Martensitstruktur sind auch die ehemaligen
B-Korngrenzen anhand der gestrichelten Linien
erkennbar. Es ist ersichtlich, dass sich die ko-
lumnaren B-Korner Uber mehrere hundert Mi-
krometer in Baurichtung (engl.: Build direction,
BD) erstrecken.

Porenanalyse

Bild 4b) zeigt eine fur die Porenanalyse prapa-
rierte Aufnahme der Oberflache einer as-built
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Figs. 4 a and b: a) Light microscope image of the martensitic microstructure of an additively manu-
factured Ti-6Al-4V sample in the as-built condition using a polarization filter. The dashed lines mark the
epitaxial growth of a 3 grain in the build direction (BD) of the SLM process; b) light microscope BF image
of the sample surface used to determine the porosity. The circles with solid lines mark gas pores, while
the dashed ellipse indicates a lack of fusion defect.

Bilder 4 a und b: a) Lichtmikroskopische Aufnahme der martensitischen Mikrostruktur einer additiv
gefertigten Ti 6Al 4V-Probe im as-built Zustand unter Verwendung eines Polarisationsfilters. Die ge-
strichelten Linien markieren das epitaktische Wachstum eines 3 Korns in Baurichtung BD des SLM
Prozesses; b) Lichtmikroskopische HF-Aufnahme der Probenoberfldche zur Bestimmung der Porositéat.
Die durchgehenden Kreise markieren Gasporen, die gestrichelte Ellipse zeigt einen Anbindefehler.

analysis at amagnification of 200x. Not only
gas pores (continuous red circles), but also
a lack of fusion defect (dashed red ellipse)
could be detected in this sample during the
2D pore analysis. It is important to make
sure the section’s surface is dust-free, es-
pecially when determining the porosity in
AM manufactured samples of a very high
density (> 99.95%), as otherwise the result
may be distorted. In addition to that, a pref-
erably large part of the surface should be
considered and evaluated in order to ensure
a statistically relevant result. The magnifica-
tion for the LM images should not be less
than 200x to ensure that smaller pores can
be detected. The porosity was evaluated by
phase fraction analysis using the software
Olympus Stream Motion 1.9.3. The pores
must additionally be manually sorted as a
function of the surface area, and smaller
pores (<5 um?) must be removed to avoid
that pixels appearing dark are erroneously
assignedto the pore fraction. By adhering to
the mentioned process steps, a very precise

64

Probe im LM unter 200-facher VergroBerung.
Im Rahmen der 2D-Porenanalyse konnten bei
dieser Probe neben Gasporen (durchgehende
rote Kreise) auch Anbindefehler (gestrichelte
rote Ellipse) detektiert werden. Speziell bei
der Bestimmung des Porenanteils von AM ge-
fertigten Proben, welche eine sehr hohe Dichte
(>99,95%) aufweisen, muss auf eine staub-
freie Schliffflaiche geachtet werden, da sonst
das Ergebnis verfalscht werden kann. Des
Weiteren sollte ein moglichst groBer Anteil der
Oberflache erfasst und ausgewertet werden,
um ein statistisch relevantes Ergebnis sicher-
zustellen. Die VergroBerung bei den LM-Auf-
nahmen sollte nicht kleiner als 200 sein, um
auch kleinere Poren detektieren zu konnen.
Die Auswertung des Porenanteils erfolgte mit-
tels Phasenanteilsanalyse der Software Olym-
pus Stream Motion 1.9.3. Bei der Auswertung
ist es Uberdies erforderlich, eine manuelle
Sortierung von Poren als Funktion der Flache
durchzufthren und kleine Poren (<5 um?) zu
entfernen, um zu verhindern, dass dunkel er-
scheinende Pixel falschlicherweise den Poren-

Pract. Metallogr. 58 (2021) 1 DE GRUYTER



Appendix | Article A

FleiBner-Rieger C. et al.: Additively Manufactured Ti-Alloy / Additiv gefertigte Ti-Legierung

and reproducible porosity can be represent-
ed. In this work, a surface area of at least
100 mm? covering different positions of the
section represented in different images was
accounted for during the pore analysis. For
this purpose, a section from the center of
the component was taken for examination.
Care should be taken that the examined
site is not located too near the compo-
nent’s edge, as, due to the high roughness
in the edge areas, a non-representative po-
rosity may be accounted for. A porosity of
0.028 vol.% was measured for the as-built
sample shown in Fig. 4b). By comparison,
the heat-treated variant has an even lower
porosity of 0.008 vol.%, i.e. the sample is
virtually completely dense.

Phase Analysis

One of the methods used to determine the
phases and phase fractions, is the X-ray dif-
fraction examination. As it is a surface sen-
sitive method, a deformed sample surface
may lead to distorted measurement results
and thus to misinterpretations. Turk et al.
[25] showed that preparation-related resid-
ual compressive stresses induced by the
grinding and polishing processes result in
shifted and broadened XRD peaks. Itis thus
indispensable to ensure a deformation-free
plane surface.

Fig. 5 shows an extract of XRD measurements
performed on laser melted samples and on the
powder sample. The solid material samples
were treated following the preparation method
presented in Tab. 2, removed from the mount-
ing material, and analyzed. The powder sam-
ples were poured on a monocrystalline Si wafer
plate for their examination and, as opposed to
the solid material samples, the measurement
was carried out without sample rotation.
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anteil zugerechnet werden. Bei Beachtung der
erwahnten Verfahrensschritte ist es maoglich,
einen genauen und reproduzierbaren Poren-
anteil wiederzugeben. Im Zuge dieser Arbeit
wurde durch mehrere Aufnahmen von unter-
schiedlichen Stellen des Schiliffes, eine Flache
von mindestens 100 mm? fur die Porenanaly-
se erfasst. Es wurde dazu ein Schliff aus der
Bauteilmitte fUr die Untersuchung herangezo-
gen. Es ist zu beachten, dass die Untersuchte
Stelle nicht zu nahe am Bauteilrand liegt, da es
aufgrund der hohen Rauigkeit an den Rand-
bereichen zu einem nicht reprasentativen Po-
renanteil kommen kann. Bei der in Bild 4b) ge-
zeigten as-built Probe wurde ein Porenantell
von 0,028 vol.% gemessen. Im Vergleich dazu
weist die warmebehandelte Variante einen
noch geringeren Porenanteil von 0,008 vol.%
auf, d. h. eine nahezu vollstandig dichte Probe
liegt vor.

Phasenanalyse

Die Rontgenbeugungsuntersuchung ist eine
Untersuchungsmethode, welche z.B. zur Be-
stimmung von auftretenden Phasen und Pha-
senanteilen eingesetzt wird. Da es sich hierbei
um eine oberflachensensitive Methode han-
delt, kann eine verformte Probenoberflache
zu einer Verfalschung der Messergebnisse
und somit zu einer Fehlinterpretation fuhren.
Turk et al. [25] zeigte, dass praparationsbe-
dingte Druckeigenspannungen, hervorgeru-
fen durch den Schleif- und Polierprozess, zu
einer Verschiebung und Verbreiterung der
XRD-Peaks fuhren, wodurch unbedingt darauf
geachtet werden muss, dass die Oberflache
verformungsfrei und plan ist.

In Bild 5 ist der Auszug aus XRD-Messungen
an lasergeschmolzenen Proben sowie an der
Pulverprobe dargestellt. Die Vollmaterialpro-
ben wurden nach der in Tab. 2 angegebenen
Praparationsmethode behandelt und im aus-
gebetteten Zustand analysiert. Die Pulver-
proben wurden fur die Untersuchung auf eine
einkristalline  Si-Waverplatte aufgeschuttet
und die Messung erfolgte im Gegensatz zu
den Vollmaterialproben ohne Probenrotation.
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Fig. 5: XRD diffraction spectrum of the laser-melted samples and the examined powder indicating the
angular range in which the 0002 o/o.” and the 110 B peak occur. The shift of the o/a” peak position
(dashed line) from the powder sample to the heat-treated sample and the formation of the bcc 3 phase
(dash-dotted line) indicate a phase transformation (o — a+p) towards the thermodynamic equilibrium [7].

Bild 5: XRD-Beugungsspektren der lasergeschmolzenen Proben sowie des untersuchten Pulvers. Dar-
gestellt ist der Winkelbereich, wo der 0002 o/o.’- und der 110 B-Peak auftreten. Die Verschiebung der
a/o.’-Peakposition (gestrichelte Linie) vom Pulver bis zur wdrmebehandelten Probe und die Entstehung
der krz B-Phase (strichpunktierte Linie) deuten auf eine Phasenumwandlung (o — a+p) in Richtung des

thermodynamischen Gleichgewichts hin [7].

The obtained diffraction spectra show that
the a/a’ peaks (dashed peak position) are
shifted from the powder samples to the
heat-treated sample via the as-built sam-
ple. The diagram furthermore reveals that
the bce B phase (dash-dotted position) oc-
curs in the heat-treated condition. The shift
of the hex 0002 peak and the precipitation
of the B phase are an indication of a phase
transformation towards the thermodynamic
equilibrium (" = a+p). The atomic radii of
Al (0.143 nm) and V (0.132 nm), smaller as
compared to those of Ti (0.147 nm), thus
lead to an increasing o lattice parameter
(decreasing 26 angle) for an enrichment of
Vin the B phase [7].
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Die erhaltenen Beugungsspektren zeigen,
dass es zu einer Verschiebung des a/a’-Peaks
(gestrichelte Peakposition) von den Pulver-
proben Uber die as-built Probe bis zur warme-
behandelten Probe kommt. Dartber hinaus
tritt im warmebehandelten Zustand die krz
B-Phase (strichpunktierte Position) auf. Die
Verschiebung des hex 0002 Peaks sowie die
Ausscheidung der B-Phase deuten auf eine
Phasenumwandlung in Richtung des thermo-
dynamischen Gleichgewichts (a” — a+f) hin.
Die kleineren Atomradien von Al (0,143 nm) und
V(0,132 nm) im Vergleich zu Ti (0,147 nm) fuhren
dementsprechend bei Anreicherung von V in
der B-Phase zu einem groBer werdenden a-Git-
terparameter (abnehmender 26-Winkel) [7].
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3.3 Enhanced Sample Preparation

Electrochemical Etching

Electrochemical etching is a corrosive
process generating a metallographic mi-
crostructural contrast based on a poten-
tial difference of different surface areas
[26]. Potential differences occur owing to
physical, structural, and chemical inho-
mogeneities such as those generated by
the presence of multiple phases of vary-
ing density, with varying crystallographic
orientations, or segregations [16]. At room
temperature, the hex a phase and the bcc
B phase are present in the thermodynamic
equilibrium in Ti-6Al-4V. A potential differ-
ence is already present here due to the
different chemical compositions of these
phases. An etchant frequently used for
Ti-6Al-4V is the so-called Kroll's reagent. It
contains hydrofluoric acid for a selective at-
tack of the less noble Al-rich a-phase, and
nitric acid to brighten the surface [16]. The
exact composition of Kroll's reagent is given
in Tab. 1. Fig. 6 is a LM image of a laser-
molten Ti-6Al-4V sample after ten-second
Kroll etching. For the purpose of repre-
senting this 3D cube, three metallographic

3.3 Erweiterte Probenpraparation

Elektrochemisches Atzen

Eine elektrochemische Atzung ist ein korrosi-
ver Prozess, in welchem durch eine Potential-
differenz verschiedener Oberflachenbereiche
eine metallographische Gefugekontrastierung
generiert wird [26]. Potentialunterschiede ent-
stehen durch physikalische, strukturelle und
chemische Inhomogenitaten, wie z.B. durch
Mehrphasigkeit  unterschiedlicher  Dichte,
unterschiedliche  kristallographische  Ori-
entierungen oder Seigerungen [16]. Im Fall
von Ti-6Al-4V liegt bei Raumtemperatur im
thermodynamischen Gleichgewicht sowohl
die hex a-Phase als auch die krz 3-Phase vor.
Hier besteht bereits ein Potentialunterschied
aufgrund der unterschiedlichen chemischen
Zusammensetzung dieser Phasen. Ein haufig
eingesetztes Atzmittel fur Ti-BAl-4V ist die
sogenannte Kroll-Atzung. Dieses Reagenz
enthalt Flusssaure zum selektiven Angriff der
unedleren, Al-reichen a-Phase und Salpeter-
saure zum Aufhellen der Oberflache [16]. Die
genaue Zusammensetzung des Kroll-Atz-
mittels ist in Tab. 1 angefuhrt. Bild 6 zeigt eine
LM-Aufnahme einer lasergeschmolzenen
Ti-6Al-4V-Probe nach einer 10-sekundigen

Fig. 6: Three-dimensional representa-
tion of a contrasted and laser-melted
Ti-6Al-4V sample etched using Kroll’s
etching solution, acquired in the LM

(BF mode). The dashed lines indicate
the epitaxial growth of a B grain, while
the black circles mark individual 3 grains
in the X-Y cross section. The Z direction
represents the BD of the SLM process.

Bild 6: Dreidimensionale Darstellung
einer mit der Atzlésung nach Kroll
kontrastierten lasergeschmolzenen
Ti-6Al-4V-Probe, aufgenommen im LM
(HF-Modus). Die gestrichelten Linien
zeigen das epitaktische Wachstum
eines B-Korns und die schwarzen
Kreise markieren einzelne B-Kérner im
X-Y-Querschnitt. Die Z-Richtung re-
prasentiert die BD des SLM Prozesses.
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sections were prepared, where the Z axis
represents the BD of the SLM process. This
three-dimensional representation provides
an overview of different areas of the addi-
tively manufactured components. The co-
lumnar grain structure (dashed lines) can
be recognized in the X-Z cross section,
while the B grain structure can be seen in
the X-Y cross section.

Another way of representing the micro-
structure is Weck’s etching [27]. Figs. 7a—c)
show the results of etching by immersion
according to Weck. During the test series,
it was found that an optimal microstruc-
tural contrast is achieved after a period of
35 seconds. Fig. 7a) shows the LM image
(BF mode) of an as-built sample. This mag-
nification reveals the layer structure (marked
by black arrows). Owing to their different col-
oration, columnar grain structures (dashed
lines) can also be observed normal to the
BD. Fig. 7b) is a light microscope image of
the same image detail at a higher magnifica-
tion. It is apparent that this etching method
provides an excellent contrast revealing the
martensitic o needles.

In order to compensate the microstructural
defects induced by the manufacturing pro-
cess, components are subjected to a heat-
treatment or to HIP [28]. HIP reduces the
porosity of the components and increases
their density. Fig. 7c) shows the structure
after Weck’s etching of a heat-treated sam-
ple (1-3 hours at 800-850 °C). Compared
to the as-built sample, the needles appear
broader, indicating a transformation of the
martensite towards the thermodynamic
equilibrium (a—a+p). The gray and black
appearance of the o’ needles in Fig. 7¢) in-
dicates, moreover, that the needles belong
to the former mother phase, the B phase.
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Kroll-Atzung. Zur Darstellung dieses 3D-Wiir-
fels wurden drei metallographische Schliffe
angefertigt, wobei die Z-Achse die BD im
SLM-Prozess reprasentiert. Durch diese drei-
dimensionale Darstellung kann ein Uberblick
Uber verschiedene Bereiche des additiv gefer-
tigten Bauteils geschaffen werden. Neben der
kolumnaren Kornstruktur (gestrichelte Linien)
im X-Z-Querschnitt ist auch die B-Kornstruktur
im X-Y-Querschnitt zu erkennen.

Eine andere Mdglichkeit um die Mikrostruktur
abzubilden ist die Atzmethode nach Weck
[27]. Die Ergebnisse der Tauchatzung nach
Weck sind in den Bilder 7a—c) dargestellt. Im
Rahmen der Versuchsreihe zeigte sich, dass
nach einer Dauer von 35 Sekunden die Mikro-
struktur optimal kontrastiert wird. In Bild 7a) ist
die LM-Aufnahme (HF-Modus) einer as-built
Probe dargestellt. In dieser VergréBerung sind
die Schichtstruktur (markiert durch schwarze
Pfeile) und, aufgrund unterschiedlicher Far-
bung, auch kolumnare Kornstrukturen (ge-
strichelte Linien) normal zur BD zu erkennen.
Bild 7b) zeigt eine lichtmikroskopische Auf-
nahme desselben Bildausschnitts bei hdherer
VergréBerung. Es ist zu erkennen, dass sich
diese Atzmethode durch eine deutliche Kon-
trastierung der martensitischen o’-Nadeln
auszeichnet.

Um mikrostrukturelle Defekte, hervorgerufen
durch den Herstellungsprozess, auszuglei-
chen, werden Bauteile einer Warmebehand-
lung oder HIP unterzogen [28]. Beim HIPen
wird die Porositat des Bauteils reduziert und die
Dichte erhoht. Des Weiteren ermdglicht HIPen
die Minimierung des Anteils an geschlossenen
Poren, welche durch Gaseinschlisse entste-
hen. In Bild 7c) ist die Atzung nach Weck an
einer warmebehandelten Probe (1-3 Stunden
bei 800-850 °C) gezeigt. Im Vergleich zur as-
built Probe erscheinen die Nadeln breiter, was
auf eine Umwandlung des Martensits in Rich-
tung des thermodynamischen Gleichgewichts
(o — a+B) hindeutet. Aufgrund der grau bzw.
schwarz erscheinenden a’-Nadeln in Bild 7c) ist
auch die Zugehorigkeit dieser zur ehemaligen
Mutterphase, der B-Phase, zu erkennen.
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Thermal Etching

Another possibility to visualize the micro-
structure is a thermal etching process.
During thermal etching, a physical etch-
ing method, an oxide layer is generated
on the surface by elevated temperatures.
In the LM, this layer appears in colors var-
ying as a function of the present phases
and their respective crystallographic ori-
entation. The colors vary from brown (for
shorter etching times) to red and blue (for
longer etching times) [29]. Fig. 8 shows
the result of a 120 min thermal etching
process at 540 °C in air atmosphere. The
image detail clearly shows the a needles.
Given that elevated temperatures are re-
quired to generate the oxide layers, it
must be noted at this point that thermal
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Figs. 7atoc: Lightmicroscopeimage (BF mode)
of the Ti-6Al-4V samples after Weck’s etching at
a) 50-fold and b) 500-fold magnification in the
as-built condition and c) after heat treatment. The
dashed lines in a) mark B grain boundaries and
the arrows indicate former molten pool boundaries
normal to the BD of the SLM process.

Bilder 7 a bis c: Lichtmikroskopische Aufnah-
men (HF-Modus) der Ti-6Al-4V-Proben nach einer
Weck-Atzung bei a) 50-facher und b) 500-facher
VergréBerung im as-built Zustand sowie c¢) nach
einer Wérmebehandlung. Die gestrichelten Linien
in a) markieren B-Korngrenzen und die Pfeile zei-
gen ehemalige Schmelzbadgrenzen normal zur
BD des SLM Prozesses an.

Thermisches Atzen

Eine weitere Moglichkeit die Mikrostruktur zu
visualisieren ist das Durchfuhren einer ther-
mischen Atzung. Bei dieser zu den physika-
lischen Atzungen zéhlenden Methode, wird
durch erhdhte Temperaturen eine Oxidschicht
auf der Oberflache erzeugt. Diese erscheintim
LM in verschiedenen Farben in Abhangigkeit
der auftretenden Phasen und deren kristallo-
graphischer Orientierung. Die Farben variie-
ren dabei von braun bei kiirzeren Atzzeiten
bis rot und blau bei langeren Atzzeiten [29].
Das Ergebnis einer 120 min andauernden
thermischen Atzung unter Luftatmosphére
bei 540 °C wird in Bild 8 gezeigt. In diesem
Bildausschnitt sind deutlich die a-Nadeln zu
erkennen. An dieser Stelle muss aber auch
darauf hingewiesen werden, dass bei An-
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etching may, however, bring about micro-
structural changes.

Electrolytic Preparation

Owing to a an electric current flow be-
tween the sample (anode) and the coun-
ter electrode (cathode) and the use of an
electrolyte, the surface is anodically dis-
solved during the electrolytic preparation.
In addition, the potential difference results
in precipitations and a varying surface
layer thickness caused by the electrolyte
[26, 30]. Fig. 9 shows the results of an
electrolytic sample preparation using the
electrolyte Ti Em3 on an as-built compo-
nent. Owing to the varying surface layer
coverage, the columnar B grain structure
is particularly well contrasted applying a
voltage of 100 V and a polishing time of
10 s. As shown in Fig. 9a), it is also pos-
sible to capture a large number of § grains,
thus subsequently allowing a quantitative
evaluation. The higher magnification of
Fig. 9b) furthermore reveals the marten-
sitic o’ needles, marked by arrows. They
appear considerably brighter.

As opposed to anodic etching, where a
surface layer is produced, a surface layer
formation must be suppressed in case of a
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wendung einer thermischen Atzung mikro-
strukturelle Veranderungen auftreten kdnnen,
da erhohte Temperaturen zur Erzeugung der
Oxidschichten notwendig sind.

Elektrolytische Praparation

Bei einer elektrolytischen Praparation wird auf-
grund eines Stromes zwischen Probe (Anode)
und Gegenelektrode (Kathode) und durch die
Verwendung eines Elektrolyten die Oberflache
anodisch aufgeldst. Wird bei diesem Ver-
fahren ein Elektrolyt verwendet, der zusatzlich
zur Aufldsung einen Niederschlag bzw. eine
Deckschicht verursacht, werden aufgrund
der Potentialunterschiede Kornflachen unter-
schiedlich stark belegt [26, 30]. Bild 9 zeigt
eine elektrolytische Probenpraparation unter
Verwendung des Elektrolyt Ti Em3 an einem
as-built Bauteil. Bei Anlegung einer Spannung
von 100 V und einer Polierzeit von 10 s kann
durch die variierende Deckschichtbelegung
besonders die kolumnare B-Kornstruktur kon-
trastiert werden. Wie aus Bild 9a) hervorgeht, ist
es hierbei moglich, auch eine groBe Anzahl von
B-Kornern zu erfassen, was in weiterer Folge
eine quantitative Auswertung zulasst. Des Wei-
teren zeigt eine hohere VergréBerung in Bild 9b)
die martensitischen o’-Nadeln, angedeutet
durch Pfeile, welche deutlich heller erscheinen.

Im Gegensatz zur anodischen Atzung mit
Deckschichtbildung muss bei der Prapara-
tion fur die Elektronenrtckstreubeugung eine

Fig. 8: Light microscope image

(BF mode) of an additively manufac-
tured Ti-6Al-4V sample thermally etched
at 540 °C for 2 hours (see text).

Bild 8: Lichtmikroskopische Auf-
nahme (HF-Modus) einer bei 540 °C fiir
2 Stunden wérmegedtzten additiv ge-
fertigten Ti-6Al-4V-Probe, siehe Text.

Pract. Metallogr. 58 (2021) 1 DE GRUYTER



Appendix | Article A

FleiBner-Rieger C. et al.: Additively Manufactured Ti-Alloy / Additiv gefertigte Ti-Legierung

Fig. 9 a and b: Light microscope images in the BF mode: a) 25-fold and b) 200-fold magnification of
an electrolytically polished as-built sample. The electrolyte Ti Em3 forms a surface layer as a function
of the grain orientations. It is thus particularly suited to reveal the columnar 3 grain structure, while also
contrasting the martensitic o’ needles (see arrows).

Bilder 9 a und b: Lichtmikroskopische Aufnahmen im HF-Modus: a) 25-fache und b) 200-fache Ver-
gréBBerung einer elektrolytisch polierten as-built Probe. Der Elektrolyt Ti Em3 bildet eine Deckschicht
in Abhdngigkeit der Kornorientierungen und eignet sich daher besonders gut zur Visualisierung der
kolumnaren B-Kornstruktur. Die martensitischen o’-Nadeln werden ebenfalls kontrastiert (siehe Pfeile).

preparation intended for electron backscat-
ter diffraction, as the layer acts passively
and impedes an emission of electrons from
the surface. When samples are prepared
for EBSD measurements, it should there-
fore be ensured that no surface layers are
present on the surface and that the material
removal process leaves a deformation-free
surface [15]. Polishing parameters such
as voltage, flow rate, and polishing time,
were therefore varied aiming at improving
the preparation result. Providing constant
environmental conditions in the SEM such
as sample type, accelerating voltage, sam-
ple current, and magnification, an average
Confidence Index, Cl, was determined for
the respective EBSD measured area using
the evaluation software OIM. The CI indi-
cates the level of accuracy of crystallo-
graphic orientation indexing. In this work,
this value is used as a reference value to
evaluate the preparation outcome. Given
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Deckschichtbildung unterdrickt werden, da
diese passiv wirkt und ein Austreten von Elek-
tronen aus der Oberflache erschwert. Bei der
Probenvorbereitung fur EBSD-Messungen
sollte deshalb sichergestellt werden, dass die
Oberflache frei von Oberflachenschichten
ist sowie eine durch den Materialabtrag ge-
schaffene verformungsfreie Oberflache ent-
steht [15]. In dieser Arbeit wurden deshalb
gezielt Polierparameter, wie z.B. Spannung,
Flussrate und Polierzeit, variiert, um das Pra-
parationsergebnis zu verbessern. Bei gleich-
bleibenden Umfeldbedingungen im REM, wie
Probentyp, Beschleunigungsspannung, Pro-
benstrom und VergréBerung, wurde mittels
der Auswertesoftware OIM ein durchschnitt-
licher Vertrauensindex (engl.. Confidence
Index, Cl) fur die jeweilige EBSD gemessene
Flache ermittelt. Der Cl ist ein Wert fur die
Richtigkeit der Indizierung einer kristallogra-
phischen Orientierung. In dieser Arbeit wird
dieser Wert als Vergleichswert fur den Prapa-
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the same environmental conditions, higher
Cl values indicate a better sample sur-
face quality. The preparation studies have
shown that the best surface quality could
be obtained using the electrolyte A3 at a
voltage of 30 V and a flow rate of 10 for a
polishing time of 40 s. The highest Cl val-
ues were reached based on these param-
eters for both, the as-built samples and the
heat-treated samples.

Vibratory Polish

Apart from the described electrolytic prepa-
ration methods, itis also possible to prepare
the surface of a sample for an EBSD meas-
urement by subjecting it to a vibratory pol-
ish. However, in this case, the polishing
rate is very low and the polishing process
generally takes several hours [16]. For vi-
bratory polishing, the mounted samples are
clamped into a sample holder, thus provid-
ing the required contact pressure on the
polishing disk. The holder is subsequently
placed on a polishing cloth moistened with
a polishing suspension and moved over the
cloth by vibrations. For the vibratory polish,
a chemically resistant MicroCloth polishing
cloth (Buehler) was used in combination
with an OPS. It was found that the highest
Cl index for as-built samples was obtained
after a polishing time of 8 hours. Owing to
their lower hardness, the vibratory polishing
time was reduced to 4 hours for the heat-
treated Ti-6Al-4V samples.

EBSD Examinations

Figs. 10 a) and b) show the grain orienta-
tion and the Image-Quality map (IQ) of an
EBSD measurement on an as-built sample
after 8 hours of vibratory polishing, respec-
tively. The Z axis of the EBSD coordinate
system runs parallel to the BD. The marten-
sitic microstructure’s o” needles and their
crystallographic orientations can clearly be
recognized, whereas, due to the heat-treat-
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rationserfolg herangezogen. Héhere Cl-Werte
stehen bei gleichen Umfeldbedingungen fur
eine bessere Qualitat der Probenoberflache.
Die Praparationsstudien ergaben, dass mit
dem Elektrolyt A3, unter Verwendung einer
Spannung von 30 V, einer Flussrate von 10
und einer Polierzeit von 40 s, die beste Ober-
flachenqualitat erreicht wurde. Sowohl die as-
built als auch die warmebehandelten Proben
zeigten bei diesen Parametern die hdchsten
Cl-Werte.

Vibrationspolitur

Neben den beschriebenen elektrolytischen
Praparationsmethoden besteht auch die
Maoglichkeit mit einer Vibrationspolitur die
Oberflache einer Probe fur eine EBSD-Mes-
sung vorzubereiten. Die Polierrate ist aber
sehr gering, was in der Regel zu Polierzeiten
von mehreren Stunden fuhrt [16]. Bei einer Vi-
brationspolitur werden eingebettete Proben in
einem Probenhalter eingespannt, welcher fur
die nétige Anpresskraft auf die Polierscheibe
sorgt. Der Halter wird anschlieBend auf ein
mit Poliersuspension befeuchtetes Poliertuch
aufgesetzt und durch Vibrationen Uber das
Tuch bewegt. Fur die Vibrationspolitur wurde
ein chemisch bestandiges Poliertuch vom Typ
MicroCloth der Fa. Buehler in Kombination mit
einer OPS verwendet. Es stellte sich heraus,
dass bei as-built Proben nach einer Polierzeit
von 8 Stunden der hochste Cl-Index erreicht
wurde. Bei den warmebehandelten Ti-6Al-4V-
Proben reduzierte sich die Vibrationspolierzeit
auf 4 Stunden, da diese Proben eine geringere
Harte aufweisen.

EBSD-Untersuchungen

Bilder 10 a) und b) zeigen die Kornorientie-
rungs- und Qualitatsindex- (engl.: Image-Qua-
lity, 1Q) Abbildung einer EBSD-Messung an
einer as-built Probe nach einer Vibrationspoli-
tur von 8 Stunden. Die Z-Achse des EBSD-
Koordinatensystems ist parallel zu BD. Es sind
deutlich die a’-Nadeln der martensitischen Mi-
krostruktur und deren kristallographische Ori-
entierungen zu erkennen. Im Vergleich dazu
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Figs. 10a to d: EBSD grain orientation image of a a) martensitic and c) heat-treated Ti-6Al-4V sample
with respective color coding according to the inverse pole figure; b) and d): EBSD IQ image (image

quality index) of the same image sections.

Bilder 10a bis d: EBSD-Kornorientierungsabbildung einer a) martensitischen und c) warmebehandel-
ten Ti 6Al 4V-Probe mit der zugehérigen Farbkodierung geméaB der inversen Polfigur; b) und d): EBSD-
Qualitatsindexabbildung (1Q) derselben Bildausschnitte.

ment, the microstructure inthe figs. 10 ¢) and
d) appears considerably coarser suggest-
ing a temperature-induced grain growth.
As opposed to the grain interior presenting
higher values, the areas in the 1Q images
appearing darker are grain boundaries with
low Cl values. The heat treatment induced
low B phase fraction (< 5 vol.%) is located
at the a grain boundaries. As the fraction
is too low and the spatial resolution of the
EBSD measurement is insufficient, it cannot
be imaged.

Applying the optimized sample preparation
procedure, itis now also possible to perform
EBSD measurements of larger areas. Fig. 11
shows the result of an EBSD measurement
of a heat-treated sample after 4 hour vibra-
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erscheint die Mikrostruktur durch die Warme-
behandlunginden Bildern 10 ¢) und d) deutlich
gréber, was auf ein Kornwachstum aufgrund
der verwendeten Temperatur schlieBen lasst.
Die dunklen Bereiche in den 1Q-Abbildungen
sind Korngrenzen, an denen die Cl-Werte, im
Gegensatz zum Korninneren, gering sind. Der
durch die Warmebehandlung entstandene ge-
ringe B-Phasenanteil (<5 vol.%) befindet sich
an den a-Korngrenzen und kann aufgrund des
geringen Anteils und einer zu geringen Orts-
auflésung der EBSD Messung bildlich nicht
erfasst werden.

Durch die optimierte Probenpraparation ist
es nun moglich, auch EBSD-Messungen an
gréBeren Bereichen durchzufuhren. Bild 11
zeigt das Ergebnis einer EBSD-Messung
einer warmebehandelten Probe nach einer Vi-
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Figs. 11a and b: a)  grain structure of a heat-treated Ti-6Al-4V sample with Y orientation calculated
using the software ARPGE [10, 11]; b) superposition of the calculated 3 grain structure and the respective
EBSD grain orientation image indicating the respective orientation legends.

Bilder 11a und b: a) Mit der Software ARPG!E [10, 11] berechnete B-Kornstruktur einer wdrmebehan-
delten Ti-6Al-4V-Probe mit Y-Ausrichtung; b) Uberlagerung der berechneten (-Kornstruktur mit der zu-
gehérigen EBSD-Kornorientierungsabbildung und der entsprechenden Orientierungslegenden.

tory polishing. As is apparent in Fig. 11a), the
columnar B grain structure could be recon-
structed based on the so-called Burger’s
orientation relationship using the software
ARPGE [10, 11]. b) presents a superposition
of the ARPGE file and the original file. This
superposition reveals the B grain structure
in the EBSD grain orientation image. In this
way, not only an image detail can be exam-
ined. Crystallographic information of individ-
ual B grains can also be obtained by singling
out and cutting along grain boundaries.

4. Conclusions

Inthis work, the sample preparation process
for additively manufactured Ti-6Al-4V com-
ponents was fundamentally analyzed. With
this in mind, the entire process chain, from
the preparation of powder samples to the
sample preparation of SLM manufactured
components, was outlined. An optimized
sample preparation not just allows stand-
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brationspolitur von 4 Stunden. Wie in Bild 11a)
ersichtlich, konnte mit der Software ARPGE
[10, 11] Uber die sogenannte Burgers Orientie-
rungsbeziehung die kolumnare -Kornstruktur
rekonstruiert werden. In b) ist eine Uberlage-
rung der ARPGE-Datei mit der Ursprungsdatei
dargestellt. Durch diese Uberlagerung wird
die B-Kornstruktur in der EBSD-Kornorientie-
rungsabbildung visualisiert. Diese Darstellung
ermoglicht es nun, neben der Untersuchung
eines Bildausschnittes, durch Herausheben
und Zuschnitt entlang von Korngrenzen auch
kristallographische Informationen Uber einzel-
ne B-Kdrner zu erhalten.

4. Schlussfolgerungen

In dieser Arbeit wurde grundlegend die
Probenpraparation far additiv gefertigte
Ti-6Al-4V-Bauteile untersucht. Hierfur wurde
die gesamte Prozesskette, beginnend bei
der Praparation von Pulverproben bis hin
zur Probenvorbereitung von SLM-gefertig-
ten Bauteilen, beleuchtet. Eine optimierte
Probenpraparation ermdéglicht, neben den
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ard examinations by LM and SEM. It also
permits further crystallography investiga-
tions by EBSD of additively manufactured
components. The preparations carried out
on Ti-6Al-4V powder samples and AM com-
ponents defined in this work lead to the fol-
lowing findings:

¢ During mounting, the hardness difference
between a SLM manufactured solid materi-
al sample and the mounting material should
be minimal in order to ensure an optimal
preparation including the surface layer.

* The parameters listed in Tab. 2 allowed
the manufacture of reproducible sections
providing an excellent surface quality — a
requirement and thus a precondition for a
variety of examination methods.

e The B grain structures formed during the
SLM process based on which the micro-
structural evolution can be interpreted
can be contrasted by selective etching
or electrolytic preparation methods. An-
other possibility to reveal the B grains is
using a polarization filter in the LM.

* Specificetching processes, such as etch-
ing by immersion according to Weck, do
not only reveal the microstructure. They
also visualize the layer structure and the
molten pool boundaries in the SLM man-
ufactured components.

* High-resolution EBSD analyses presup-
pose an artifact and a deformation-free
surface. Not only electrolytic polishing,
but also vibratory polishing can be car-
ried out to ensure a sufficient surface
quality.

e Superposing numerically calculated
B grain structures and EBSD measure-
ment data allows a targeted examina-
tion of the crystallography of individual
B grains.
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Standarduntersuchungen mittels LM und
REM, weiterfuhrende Untersuchungen der
Kristallographie mittels EBSD an additiv
gefertigten Bauteilen durchzufuhren. Die in
dieser Arbeit definierten Praparationen an
Ti-6Al-4V Pulverproben sowie AM-Bauteilen
fuhrten zu folgenden grundlegenden Er-
kenntnissen:

Beim Einbetten von SLM-gefertigtem Voll-
material sollte der Harteunterschied zwi-
schen der Probe und dem Einbettmittel
minimal sein, um eine optimale Praparation
bis zur Randschicht zu ermoglichen.

Mit dem in Tab. 2 beschrieben Verfah-
ren konnten durchwegs reproduzierbar
Schliffe mit hervorragender Oberflachen-
qualitat hergestellt werden, was fur eine
Vielzahl von Untersuchungsmethoden
notwendig ist und daher eine Vorausset-
zung ist.

Die zur Interpretation der Gefugeentwick-
lung wahrend des SLM-Prozesses entste-
henden B-Kornstrukturen kdnnen mittels
selektiven Atzungen oder elektrolytischen
Praparationsmethoden kontrastiert wer-
den. Eine weitere Moglichkeit, die B-Korner
zu visualisieren, ist die Verwendung eines
Polarisationsfilters im LM.

Mit speziellen Atzungen, wie z.B. der
Tauchatzung nach Weck, werden neben
der Mikrostruktur auch die Schichtstruktur
bzw. die Schmelzbadgrenzen in den SLM-
gefertigten Bauteilen sichtbar.

Hochauflosende EBSD-Analysen setzen
eine artefakt- und deformationsfreie Ober-
flache voraus. Neben einer elektrolytischen
Politur kann auch durch eine Vibrationspo-
litur fur eine ausreichende Oberflachen-
qualitat gesorgt werden.

Die Uberlagerung von numerisch berech-
neten B-Kornstrukturen mit EBSD-Mess-
daten ermoglicht es, die Kristallographie
einzelner B-Korner gezielt zu unter-
suchen.
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Selective Laser Melting of a Near-a Ti6242S Alloy for

High-Performance Automotive Parts

Christian Fleifiner-Rieger,* Tanja Pfeifer, Tanja Jorg, Thomas Kremmer,

Manfred Brabetz, Helmut Clemens, and Svea Mayer

This study aims to investigate additively manufactured Ti6242S specimens
compared with the widely used Ti64 alloy with a special focus on microstructure
and mechanical properties as well as the impact of subsequent heat treatments.
As the Ti6242S alloy, which belongs to the family of near-a Ti-alloys, is often used
at higher service temperatures, uniaxial tensile tests are performed at a room
temperature up to 500 °C. By means of optical and electron microscopy, it is
found that the as-built microstructure consists of acicular o’ martensite, which
decomposes to o + f§ during the subsequent heat treatment. A special focus
on the prior microstructure shows that the Ti6242S alloy has a small § grain
size, which influences the resulting oo’ microstructure after the § — o’ phase
transformation. Furthermore, the mechanical properties at room temperature as
well as elevated temperatures exceed the values for selective laser melted Ti64
and conventionally cast Ti6242 material. The heat-treated Ti6242S specimens
exhibit an ultimate tensile strength of about 1213 MPa including a ductility of
11.3% at room temperature. These values may path the way to a substitution of
the widely used Ti64 alloy by the near-o Ti6242S alloy, especially for highly loaded

improvements in terms of mechanical
and thermal properties as well as the rising
demand of the producing complex
parts, the property profile of Ti-based
alloys, especially for high-performance
parts, e.g., in the automotive sector, has
to be enhanced.

In contrast to the widely used o + f alloy
Ti—6Al-4V (Ti64) (m%, unless stated other-
wise), the near-a alloy Ti—6Al-2Sn—4Zr—
2Mo-Si  (Ti6242S) implies enhanced
mechanical properties, in particular an
improved creep behavior. Therefore, the
Ti6242S alloy is already used in high-
temperature applications up to 540°C,
whereas the Ti64 alloy can only be used
up to 400°C.2 Further key features of
Ti6242S are a low density, high specific
tensile strength combined with a good oxi-

components at elevated temperatures.

1. Introduction

During the last decades, the development of Ti-based alloys,
especially for powder metallurgical processing, has been of great
interest. Although such Ti alloy parts processed by powder met-
allurgy are already used, their potential applications are still
limited due to a small number of processable alloys.!"! Against
the background of weight reduction and overall performance

dation resistance.””! In general, near-a and
a+ P alloys contain two phases, namely,
the hexagonal a phase (space group
P6;/mmc™), which exhibits a higher
strength, but a lower ductility when com-
pared with the body-centered cubic (bcc) p phase (space group
Im3m*).”) Unlike the a4 f Ti64 alloy, in the near-a Ti6242S
alloy, the p stabilizing element V is replaced by Mo and limited
to <2 m%.1% In addition, Sn and Zr are added as the solid solution
strengthening elements of the a phase, and a minor amount of Si
enhances the high-temperature properties due to the formation of
{-(Ti,Zr)sSis silicides.®”! Besides standard production techni-
ques, such as casting or forging, additive manufacturing (AM)
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became a state-of-the-art production technique for Ti alloys.
Several research activities focused on AM of Ti64, particularly
on powder-bed fusion techniques, such as selective laser melting
(SLM) or electron beam melting (EBM).®~'? The near net-shape
manufacturing methods, such as SLM and EBM, provide multi-
ple advantages, such as design freedom with the possibility of
load-optimized geometries to increase the product customization
and environmentally friendly use of materials. Furthermore, a
decreasing material usage combined with reduced machining
costs leads to production savings, especially for Ti-based compo-
nents. Research results show that weight-optimized components
have a lower environmental impact due to the reduced fuel
consumption in the automotive sector as well as in aerospace
industry.[13 14 Based on these results, it can be deduced that there
is also a potential application field for AM Ti6242S in the auto-
motive sector, as the alloy is commonly used in a cast, forged, and
welded condition in the aerospace industry.'>'%

Nonetheless, only a few articles concerning AM of Ti6242S are
available to the best of authors’ knowledge. Cui et al.l’”! and
Fujieda et al."® managed to produce boron-modified Ti6242S
parts via EBM, whereas Fan et al.,[*! for the first time, success-
fully produced Ti6242 via SLM, resulting in a historically high
ultimate tensile strength (UTS) of about 1437 MPa as well as
1510 MPa for the as-built and aged (595 °C for 8 h) specimens.
These researchers also reported that this high UTS goes along
with a reduced ductility of about 5% or rather 1.4% for the
as-built and aged samples. The high tensile strength of the
Ti6242 samples in the as-built condition already exceeds the val-
ues for related SLM Ti64 (UTS = 1137 — 1267 MPal**%) and
cast Ti6242 specimens (UTS = 970 MPal?*). However, there is
still a lack of scientific research activities regarding SLM of
the Si variant Ti6242S together with appropriate post-process
heat treatments to enhance the ductility. In general, an SLM pro-
cess itself is associated with high cooling rates due to the small
volume of the melt pool and the 3D thermal connectivity to the
surrounding material.** High cooling rates, however, lead to
non-equilibrium phases, pronounced residual stresses, and a
diminished ductility. For example, in case of the a + f two-phase
Ti64 alloy, a solidification process with high cooling rate gener-
ates martensitic microstructures. During the SLM process, the
material experiences a liquid — f — o’ phase transformation
which leads to acicular o’ martensite embedded within the par-
ent B grains.” The parent f grains typically form as elongated
columnar grains in the SLM building direction (BD), resulting in
anisotropic tensile properties. In addition, the mechanical prop-
erties of the alloy are strongly influenced by the final martensitic
o’ microstructure, which has low ductility and reduced fracture
toughness. Accordingly, subsequent heat treatments are applied
after AM to transform the martensitic to an o+f

www.aem-journal.com

microstructure®*?*! with enhanced ductility and better fracture
toughness. The realization of an appropriate heat treatment
strongly depends on the required target properties. In many
cases, SLM produced Ti64 is further processed by a sub-transus
stress relief heat treatment in the temperature range of about
650-900 °C followed by air or furnace cooling to increase the duc-
tility. For instance, this sub-transus heat treatment on the as-built
samples lowers the UTS by about 20% and increases the elonga-
tion at fracture by about 43% on the other.>*”) The enhance-
ment of ductility properties is related to the precipitation of a
certain amount of p phase along with a thermodynamic equilib-
rium material condition.?

The present study aims to investigate the commonly used Ti64
alloy in comparison with the near-a Ti6242S alloy for AM appli-
cation. Among the automotive parts to be produced are turbo-
chargers, flanges, and elements in the exhausting system such
as manifolds, collectors, x-, and end pipes, which are exposed
to the temperatures of up to 500 °C and are produced in limited
quantities. Therefore, the determined tensile strength of the SLM
Ti64 specimens is used as a benchmark and serves as target prop-
erties that should be exceeded by the Ti6242S samples, whereas
the ductility of the newly produced Ti6242S samples has to be
comparable for a possible use for AM applications. Furthermore,
the microstructural evolution of the Ti6242S alloy based on SLM
and sub-p transus heat treatments is used to analyze the process-
ing-microstructure—property relationships to produce a high
quality, reliable component.

2. Materials and Methods

2.1. Starting Powder, SLM, and Post-Processing

The specimens investigated within this study were produced by
SLM at Pankl Systems Austria GmbH, AM Technologies, on an
EOS M290 AM facility. Besides Ti6242S specimens, also Ti64
reference specimens were produced. To achieve comparable
results, both alloys were manufactured with the same processing
parameters, ie., with a volume energy density of about
60 ] mm . These optimal production parameters, known as
the process window, were optimized in terms of short processing
times and a low porosity below 0.05 vol%.

The chemical composition of the gas atomized Ti6242S and
the Ti64 powder is listed in Table 1.

During the SLM process, the materials also pick up interstitial
elements, which resulted in an 0.03 m% and 0.01 m% increased
O and N content. The elements, such as Al, Sn, Zr, Mo, V, and
Fe, were determined via inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES), whereas Si, O, and N were deter-
mined via carrier gas hot extraction. The measurement of the

Table 1. Chemical composition of the investigated Ti6242S and Ti64 materials.

Element Al Sn Zr Mo Si \ Fe (¢] N
Ti6242S [m%)] Powder 6.4 2.0 4.2 2.0 0.05 0.02 0.13 0.002
As-built +0.03 +0.01
Ti64 Grade 23 ELI [m%)] Powder 6.3 39 0.20 0.08 0.002
As-built +0.03 +0.01
Adv. Eng. Mater. 2021, 2001194 2001194 © 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Table 2. Sample geometries produced by SLM and investigated conditions.

www.aem-journal.com

Components Build geometry [mm?] Investigated condition Heat treatment Atmosphere Cooling media
Tensile samples 212 x 70 SRA 800-850°C for 1-3 h Vacuum AC
Cuboid samples 22 x 22 x 25 As-built, SRA, and heat-treated Up to 1020°C Vacuum and air AC and WQ

particle size distribution was done by dynamic image analysis
using a CAMSIZER from Retsch Technology GmbH and yielded
D-values based on the volume (Qs) of about Djo=17.4 um,
Dso=31.1 pm, and Dgyy = 43.3 pm for the Ti6242S powder, com-
pared with Djo = 23.4 pm, Dso = 37.2 pm, and Dgo = 50.6 pm for
the Ti64 powder.

Table 2 shows an overview of the SLM manufactured samples,
which were built and prepared for tensile testing and microstruc-
tural analysis. In the course of this, 12 specimens were produced
for room temperature (RT) and high-temperature tensile testing,
and each specimen was machined according to ISO 6892
(@ 6mm inner sample diameter and a screw head M11).
All tensile samples were built in the z-direction; i.e., the longitu-
dinal axis was perpendicular to the building platform. To enable
a certain amount of ductility, a stress relief annealing (SRA)
heat treatment followed by air cooling (AC) was performed.
The cuboid samples were built for microstructural investigations
and were investigated in as-built and SRA sample condition.
To determine phase fractions and phase transformation
temperatures, additional isothermal heat treatments were per-
formed at the temperatures of up to 1020 °C followed by water
quenching (WQ).

2.2. Sample Preparation and Microstructural Investigations

The metallographic specimen preparation was performed by
means of standard metallographic methods.*® The etching pro-
cess was done using a Kroll’s reagent (100 mL distilled H,0,
2-6mL HNO;-65%, and 1-3 mL HF-40%)?% for 10-30s. For
transmission electron microscopy (TEM), the sample thinning
of the 3 mm (diameter)-sized platelets was conducted electrolyti-
cally using a Tenu Pol-5 and an electrolyte A3 from Struers.
Light optical microscopy (LOM) was performed on a Zeiss
Axio Imager.M2 equipped with a camera-based image acquisi-
tion program Zeiss AxioCam ICc5. Scanning electron micros-
copy (SEM) was done using a Versa 3D Dual Beam from
Thermo Fisher (formerly FEI) armed with a field-emission
gun dual focused ion beam device. For SEM microstructure anal-
ysis, secondary-electron (SE) and backscattered electron (BSE)
imaging were utilized. To analyze the solidification behavior,
the phase morphology, as well as the orientation relationship
(OR), electron backscatter diffraction (EBSD) was performed
on the previously mentioned SEM system with a Hikari XP
EBSD camera from EDAX. The EBSD data were recorded and
evaluated via TSL OIM Analysis 7. Besides low-angle grain
boundaries, which are marked in color within the single grains,
black lined high-angle grain boundaries reveal a grain deviation
of >15° to the neighboring grains. The EBSD measurement
parameters were 20 kV acceleration voltage, 350 nm step size,
a spot size of 7, and 4 x 4 binning mode. As the material shows

Adv. Eng. Mater. 2021, 2001194 2001194
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aliquid — p — o’ phase transformation sequence, it is important
to investigate the B solidification process from the liquid phase.
While the subsequent solid-state martensitic phase transforma-
tion conceals the parent f§ phase, the solidified microstructure
was reconstructed from EBSD data using the program
ARPGE from Cayron.>**! TEM investigations were performed
using an FEI Tecnai F20 G2 from Thermo Fisher with an accel-
eration voltage of 200 kV. The images were recorded using bright
field (BF), dark field (DF), or high-angle annular dark-field scan-
ning TEM (HAADF-STEM) mode.

2.3. Phase Transformation Studies

The p-transus temperature was determined via differential scan-
ning calorimetry (DSC) using a Labsys Evo from Setaram oper-
ating at the heating rates of 15, 20, and 30 Kmin~'. The X-ray
diffraction (XRD) measurements were performed on a D8
Advance diffractometer from Bruker using a Cu-K,, X-ray source
with a wavelength of 0.154 nm. The measurements were per-
formed in coupled 2-0 mode.

Thermodynamic simulations were performed using the
Thermo-Calc 4.1 software,*? utilizing the TCTI2 database.

2.4. Tensile Testing

The stress-relieved Ti6242S and Ti64 tensile specimens produced
by SLM were tested at RT in accordance with DIN EN 2002.% As
the target parts are exposed to the temperatures of up to 500 °C in
use, the tensile tests of the Ti6242S alloy were also performed at
these temperatures to gain knowledge of the mechanical proper-
ties under these circumstances according to I1SO 6892.5

The equipment used for tensile test was provided by
Messphysik, namely, Systems 167 and 301 at RT, and 1008
and 1013 at elevated temperatures. To strengthen the statistical
significance, all temperatures and sample conditions were tested
at least three times. At the beginning of the tensile tests, low
strain (LS) rates of about 0.85 x 10 *s ™! were applied until a cer-
tain strain (e > 0.2) was reached. Thereafter, the strain rates were
increased to 8.5 x 10 *s™! to speed up the tensile test.

3. Results

3.1. As-Built Microstructure

Figure 1 shows the LOM images of the etched as-built micro-
structure of a Ti6242S (Figure la,b) and Ti64 (Figure 1c,d)
sample for comparison. The marked BD in Figure 1a is perpen-
dicular to the building platform. Note that all following micro-
structure images were taken in the same orientation. It is
shown that the images of the Ti6242S specimen show horizontal

© 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 1. LOM images of the as-built microstructure of Ti6242S and Ti64: a,b) LOM images of the as-built microstructure revealing melt pool boundaries
for the Ti6242S specimen and vertically orientated prior § grains. The LOM images with a higher magnification show prior § grains, which contain acicular-
like martensitic «’ (encircled). ¢,d) The as-built microstructure of the reference Ti64 alloy is shown.

orientated dark bands. The occurrence of these so-called “layer
bands”, which represent melt pool boundaries, is also reported
in case of as-built Ti64 material by several authors.!*>*"
According to this, Thijs et al.,!' for example, measured an alter-
nating Al content over several layers, which can be assigned to
the cooling rate gradient within each melt pool. As a conse-
quence, the layer bands show different chemical attack by the
etchant. Figure 1a,b shows “layer bands” which typically occur
in all Ti-based alloys manufactured by SLM. The absence of these
layers in the images shown in Figure 1c,d can be attributed to the
choice of the etching times, which were too short to contrast the
slight chemical inhomogeneities of the Ti64 sample. The impact
of these “layer bands” on the mechanical properties is compara-
tively small due to the applied post-process heat treatment, which
reduces the inhomogeneities.

Prior B grain boundaries are indicated by dashed lines; see
Figure 1a,c. The size of these prior f§ grains in the Ti6242S speci-
mens as well as in the Ti64 material varies over a large scale, in
length and width. Even though both specimens are produced
with nearly the same processing parameters, the width of the
prior B grains, which were measured with LOM, ranges from
46 £ 25 pm for the Ti6242S specimen to 83 + 30 pm for the ref-
erence Ti64 material. More pronounced is the length deviation of
these grains, which can reach several hundred micrometers.
Within the prior f grains in case of the Ti6242S sample, acicu-
lar-like microstructural constituents occur (encircled in the
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enlarged image in Figure 1b), which represent the martensitic
a’ phase in the as-built condition. The martensitic o’ phase of
the Ti64 specimen is more visible in Figure 1d, where the acicu-
lar microstructure arises from the f grains.

Figure 2a shows an SEM image of the as-built microstructure
of the Ti6242S sample in BSE mode, revealing a fine acicular o’
microstructure. Furthermore, TEM investigations of the as-built
microstructure shown in Figure 2b stated a high density of lattice
defects and mechanical twins within the o’ needles. Such
internal twinning in o' is stated to occur during the martensitic
transformation induced by a series of sharp thermal cycles dur-
ing the SLM process.**! A clear validation of the presence of
mechanical twins is given in the selected area DF image of
Figure 2¢,d. It is shown that the selected spot (encircled in
red) of the hexagonal [1216], diffraction pattern only highlights
twin features.

To gain knowledge of the microstructure formation during
SLM, EBSD measurements were conducted on the as-built
Ti6242 (Figure 3a—c) and Ti64 (Figure 3d,e). Figure 3a,d shows
the inverse pole figure (IPF) maps of the fully hex SLM speci-
mens. All prior § grains in Ti6242S and Ti64 contain martensitic
o’ exhibiting an acicular-like morphology. A texture analysis
reveals the occurrence of a crystal orientation, namely, the
Burgers OR® for both, the Ti6242S and Ti64 samples.
Therefore, the underlying crystallographic orientations within
a single B grain are limited by this relationship, which governs

© 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 2. a) SEM image taken in BSE mode of the as-built Ti6242S microstructure showing the acicular a’ martensite. b) BF TEM image revealing a high
density of lattice defects as well as mechanical twins. c¢) BF and d) DF images confirming the occurrence of mechanical twins. The insert shows the
corresponding [1216], diffraction pattern of the hexagonal structure and the selected spot (encircled in red) for the DF image (see text).

acicular a’ L prior B grains prior B grains

\J
prior B grains Ly

acicular a’

Figure 3. a—c) Results of EBSD analysis for the Ti6242S specimens and d,e) the reference Ti64 sample. IPF maps of the as-built martensitic micro-
structure of the Ti6242S and Ti64 specimens showing hexagonal o’ martensite within the prior p grains. b,e) Reconstructed prior f§ grain structure
(with respect to the z-axis) of the area already shown using ARPGE,P%*" representing the epitaxial growth of the grains over several deposited layers,
where the thickness of the layers (Ly,) is drawn with dashed lines. c) Large-scale prior p grain structure (with respect to the z-axis) of the Ti6242S
specimen.

Adv. Eng. Mater. 2021, 2001194 2001194 © 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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the martensitic transformation § — a’. According to the Burgers
OR,'® the prior p grains of Figure 3b,c,e were reconstructed with
the software ARPGE and displayed as IPF-Z maps; i.e., the EBSD
maps were shown relative to the z-axis.*>*!! It appeared that the
prior B grains show epitaxial growth during the SLM process,
which occurs over several layers. Furthermore, the layer thick-
ness Ly, is related to the distances between the occurring layer
bands parallel on the BD, shown in Figure 1. The large scale
EBSD map in Figure 3c visualizes the dimensions of the growth
of the B grain growth which reach more than 0.5 mm in length.
This IPF-Z map (with respect to the z-axis) also shows the solidi-
fication direction of f grains. It can be shown that there is no
indication for an overall [100] growth of B grains, i.e., no fiber
texture, during the SLM process. Referring to Liu and Shin,*”)
the size and morphology of these prior § grains are connected
to anisotropic mechanical properties. These authors also
reported that the prior B grain morphology can be controlled
by the SLM process parameters.

Figure 4 shows the results of a’ grain size and grain morphol-
ogy evaluation of the Ti6242S and Ti64 specimens. Due to the
acicular shape of o/, it is appropriate that the EBSD grain shape
calculations via the TSL OIM Analysis 7 software are displayed as
major and minor axes, i.e., the length of the longitudinal and
lateral axis, as shown in Figure 4a. The density distribution g,
represents the fraction of grains within a class interval based
on the area, whereas the cumulated values are shown as the
cumulative distribution Q,. As shown in Figure 4b,c, the major
and minor axes of a’ in the Ti64 specimen are larger than those
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Table 3. Average grain size of martensitic o’ in Ti6242S and Ti64 samples.
The results shown in the following represent the dso values of the
cumulative fraction Q,, see text.

Alloy Type dso—major axis [um] dsg—minor axis [pm]
Ti6242S As-built 8.30 1.06
Ti64 As-built 16.13 1.53

of the grains of Ti6242S. A calculation of the average length of
the major and minor axes, conducted over all grains, is given in
Table 3. These results show that the average length of the major
axis of the Ti64 alloy is nearly twice as large as the average length
of the major axis of Ti6242S.

Moreover, the average length of the minor axis of the martens-
itic a’ in Ti6242S is about 1.06 pm when compared with the aver-
age length of the minor axis of 1.53 ym in the Ti64 reference
material. The grain shape aspect ratio, which is defined as the
length of the minor axis divided by the length of the major axis,
is shown in Figure 4d. The relation between minor and major
axes is more pronounced for the Ti64 material; i.e., the grain
morphology for Ti6242S is more elliptical in shape.

3.2. Heat-Treated Microstructure

Figure 5a,b shows the SEM-BSE images of the heat-treated

microstructures, which were exposed to an SRA process
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Figure 4. a) The acicular shape of a’ leads to the definition of major and minor axes as well as the aspect ratio as schematically drawn here. The EBSD o’
size evaluation shows that the length of the b) major and c) minor axes of the Ti6242S sample is smaller than that of the Ti64 reference material. d) The
grain shape calculation reveals a higher aspect ratio for the acicular «’ grains in the Ti6242S specimen when compared with the Ti64 specimen.
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Figure 5. SEM-BSE images of the SRA microstructures of the a) Ti6242S and b) Ti64 alloys showing an acicular microstructure. The precipitated p phase
appears bright due to the high content of the p stabilizing elements (see text). The image of the Ti6242S specimen with a higher magnification shows
small B precipitates (indicated by arrows) within the former o’ needles when compared with the Ti64 specimen in (b). c) Reconstructed prior p grain

structure using ARPG E,[3°'3”

(800-850 °C, 1-3 h). It is shown that the acicular-like appearance
of the martensitic o’ phase remains but coarsens during the sub-
transus SRA treatment. In addition, the SRA process leads to the
precipitation of the bce B phase according to o’ — o + f, which
appears bright due to the enrichment of heavier p stabilizing
elements. For the Ti6242S sample, the p phase is enriched in
Mo (see Chapter 3.4.) when compared with the V-enriched p
phase in the Ti64 material. This precipitated p phase occurs
mainly at a grain boundaries. A closer observation at the
higher magnification of Figure 5a reveals small rod-like p
precipitates within enlarged o grains, indicated by arrows.
Figure 5c¢ shows an overview image of the prior p microstructure
reconstructed via ARPGE.?**") It is shown that the elongated
parent microstructure still exists after the SRA treatment exhib-
iting similar sizes of prior p grains (47 £13 pm in width).
Figure 5b shows that for the Ti64 specimen, the p phase only
occurs at former o’ needle boundaries, when compared with
the Ti6242S sample.

To examine the characteristics of the present phases, TEM
investigations of the SRA Ti6242S sample were conducted.
Figure 6a shows an HAADF-STEM image of the microstructure
revealing lattice defects, e.g., former twins, which act as nucle-
ation sites for p phase precipitations within the hexagonal o
structure. The bright phase can be designated as § phase due
to the enrichment in heavy elements, such as Mo,?”! which
can be seen because of the atomic number (Z) contrast of the
STEM in HAADF mode. According to Haubrich et al.®® 1D
and 2D lattice defects act as potential sites for § phase nucleation,
which can be seen via the occurrence of rod-like precipitations
within the a phase boundaries in the TEM-BF image of
Figure 6b. The corresponding diffraction pattern, which is tilted
in [0001], zone axis of the matrix phase, reveals the reported
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showing an overview image of the SRA Ti6242S sample.

Figure 6. a) HAADF-STEM image of the SRA microstructure of the
Ti6242S sample showing an a needle and B precipitates forming along
a as well as lattice defects (twin boundaries). b) BF image of the SRA
microstructure tilted in [0001], zone axis of the matrix phase. The insert
shows the corresponding diffraction pattern and reveals the
{0001},//{110};, (1120),//{111); Burgers OR.® ¢,d) Show a micro-
structure image taken in HAADF-STEM mode and the associated TEM-
EDX map, respectively, which reveals a Mo enrichment in the f§ phase.

Burgers OR {0001},//{110},, (1120),//(111),/ between the
a matrix and the p precipitates of the Ti6242S alloy. In addition,
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Figure 7. a) XRD plot of the Ti6242S material in as-built and heat-treated (SRA) condition. b) Selected section of the XRD plot, which reveals that the o/’
peaks are shifted to lower 20 angles (indicated with dashed lines) in the cause of the heat treatment, which also causes the additional p peaks.

it has been shown that the density of lattice defects decreased
after the SRA process for the Ti6242S specimen. STEM
energy-dispersive X-ray spectroscopy (EDX) confirms the enrich-
ment of Mo in the p phase, which is shown using the example of
the HAADF-STEM image in Figure 6¢ and the associated STEM-
EDX map in Figure 6d.

3.3. Phase Analysis via XRD

The identification of the phases in the as-built and the SRA con-
dition was possible by means of XRD. The XRD pattern of as-
built Ti6242S, as shown in Figure 7a, gives evidence that there
is only a single hexagonal phase present. As both phases, « and
o', exhibit a hexagonal structure with almost similar lattice
parameters,*” it is not possible to distinguish between them,
and thus, the results are designated as a/a’. In comparison,
the SRA sample shows additional peaks linked to the bcc p phase.
The section of the XRD spectra shown in Figure 7b also reveals
that the peak positions of the SRA sample are shifted to lower 20
angles (indicated with dashed lines) when compared with the
as-built sample (dotted lines). According to Bragg’s law
(2-dpwa-sin(0) = n-4), the shift in peak position may be a conse-
quence of diffusion processes and changed lattice parameters,®
which will be discussed later in this article. An SRA treatment of
an as-built sample leads to a relaxation of printing-induced non-
equilibrium microstructures and associated microscale residual
stresses in general.®! Therefore, a smaller full width at half maxi-
mum in the SRA-treated condition is indicative of o’ decompo-
sition followed by « grain growth. As it is shown in the magnified
spectra in Figure 7b, there are additional Cu K, peaks*” in case
of the SRA sample, which result out of the high peak intensities
(>100 000 counts for the ar/a’-(101) peak). The Cu K, peak does
not appear for the f phase in the SRA sample as well as for the as-
built specimen due to the broaden peaks, which conceal the Cu
Ky, features.

3.4. Determination of the f-Transus Temperature

Before applying a post-process heat treatment on as-built
samples, it is of great importance to know the exact temperature
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Figure 8. a) Thermo-CalcP®? phase fraction diagram based on the chemi-

cal composition of the Ti6242S as-built material with additional indica-
tions of the experimental measured phase fractions of the heat
treatment study and DSC. SEM-BSE images of the microstructures after
a post-process heat treatment at b) 1020°C, c) 1015°C, d) 1002 °C, and
e) 980 °C with a dwell time of 8 h followed by WQ. The dark phase cor-
responds to the o phase, whereas the light phase is martensitic a’ phase
transforming from B during WQ (see text).

values of the occurring phase transformations, especially the
B-transus temperature. Therefore, DSC measurements were con-
ducted to determine this particular temperature of the AM
Ti6242S alloy. It was found that the p-transus temperature is
about 1017 4 3 °C, which matches with the results derived from
heat treatment studies as well as Thermo-Calc®? calculations;
see Figure 8. As shown in Figure 8a, the thermodynamic calcu-
lation, based on the actual chemical composition of the Ti6242S
as-built material, exhibits an equilibrium phase composition,
including «, B, silicides as well as a certain amount of the inter-
metallic «,-Ti;Al phase, depending on the temperature.
Furthermore, these generated data via Thermo-Calc revealing
a P-transus temperature, which is slightly higher, namely,
1030°C. Figure 8b-e shows the microstructures of the
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complementary heat treatment studies at 1020, 1015, 1002, and
980 °C, respectively, with a dwell time of 8 h, followed by WQ.
During heating, the p phase content increases until the p-transus
temperature is reached. Thus, microstructures exposed to the
heat treatment followed by WQ consist of the coarse a phase
(dark) and martensitic o’ phase (bright). The martensitic o'
phase, which formed from the p phase due to high cooling rate
during WQ, shows the same chemical composition as the parent
p phase. Increasing temperatures, from 980 °C up to 1020 °C,
raise the experimental measured f phase content (quantitative
phase content analysis via LOM) from 62vol% to 100 vol%,
respectively, with a proportion of 92vol% at 1002°C and
96 vol% at 1015 °C. Quantitative EDX-SEM measurements on
the sample (Figure 8c) show that the bright o’ phase contains
almost the entire content of the P stabilizing element Mo
(21m% in o’ compared with 0.5m% in «), whereas the dark
a phase is enriched with the a stabilizing element Al (5.9 m%
in o' compared with 6.9 m% in «).

©
L=

www.aem-journal.com

3.5. Mechanical Properties

Tensile tests were conducted to evaluate the mechanical proper-
ties of the Ti6242S material at RT as well as at high temperatures.
All tests were performed on tensile test specimens in the heat-
treated (SRA) condition. The stress—strain curves for the Ti6242S
tensile tests at RT and elevated temperatures are displayed in
Figure 9a. The results show that with increasing test tempera-
ture, the UTS and 0.2% yield strength (YS) decrease, whereas
the ductility increases when compared with RT. Rising temper-
atures result in activation of additional slip systems and the
reduction of the critical resolved shear stress (CRSS) as diffusion
processes start to play a significant role in plastic deforma-
tion.** A comparison of mechanical properties and reference
values from the literature®” of cast and heat-treated Ti-6Al-2Sn—
4Zr-2Mo is given in Figure 9b (right) and is summarized in
Table 4. In addition, the mechanical properties of the references
SRA Ti64 material are added for comparison. At RT, SLM

!
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Figure 9. a) Stress—strain curves from tensile tests conducted at RT, 250 and 500 °C on heat-treated (SRA) SLM Ti6242S specimens. The strain rates were
increased from LS rates, until a certain strain was reached, to high strain (HS) rates to accelerate the tensile test procedure. b) The mechanical properties
reveal an increase in the strength of SLM Ti6242S specimens when compared with the SRA reference Ti64 material and literature® values of cast and
heat-treated Ti6242. Moreover, at RT, SLM Ti64 specimens have the highest ductility followed by SLM Ti6242S and cast Ti6242.

Table 4. Mechanical properties of the investigated SLM manufactured Ti6242S and Ti64 specimens and values from reference studies for
[19.23]

comparison.

Specimen T[°C UTS [MPa] YS [MPa] Elongation at fracture As [%] Reference
SLM Ti6242S—SRA RT 1213+ 4 1126 £9 11.3+£0.6 Present study
SLM Ti6242S—SRA 250 1003 +1 8635 14.84+0.2 Present study
SLM Ti6242S—SRA 500 899 +£5 740 £18 13.8£1.0 Present study
Ti6242—cast + annealed RT 968 867 10.2 [23]
Ti6242—cast + annealed 250 776 607 12.8 [23]
Ti6242—cast + annealed 500 594 430 1.1 [23]
SLM Tie4—SRA RT 1061 +5 984 £10 14.6+0.3 Present study
SLM Ti6242—as-built RT 1381+£79 1293 +37 53 [19]

SLM Ti6242—annealed RT 1438 103 - 1.4 [19]
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Ti6242S specimens exhibit higher UTS (1213 MPa) and YS
(1126 MPa) values when compared with the reference SLM
Ti64 (UTS =1061 MPa, YS =984 MPa). The higher strength
of the SLM Ti6242S specimens goes along with a loss of ductility
(As=11.3%) compared with the reference Ti64 samples
(As = 14.6%). The differences are even more pronounced when
comparing with the cast and heat-treated Ti6242 from the litera-
ture.”? The SLM produced Ti6242S samples have a UTS of
about 899 MPa at 500 °C; see Figure 9b.

Donachie®! also showed a difference in tensile properties
between the Ti64 and Ti6242 alloys at elevated temperatures.
Increasing the temperatures of up to 400 °C leads to a similar
decrease in the tensile strength values for both alloys, T64
and T6242S. At the temperatures above 400 °C, a significant drop
of tensile strength was found only for the alloy Ti64, which
strongly limits the application potential at high temperatures.

4. Discussion

4.1. Evolution of the Microstructure

During SLM, the pre-alloyed powder is melted, solidified, and
exposed to a cyclic heating procedure several times until the
as-built sample obtains its final form.** As « + f alloys solidify
via the single § phase field region, size and morphology of the
prior B grains are of great interest. The EBSD measurements and
the following ARPGEP®*! calculations of the Ti6242S specimens
show an epitaxial growth of the polycrystalline material, which
results in elongated p grains over several layers. Orientation devi-
ations of the prior p grains are the result of heat dissipation
effects,*?) which are linked to processing parameters, such as
scanning speed or laser power. In addition, the elongated
grains might lead to a certain amount of anisotropy in terms
of mechanical properties, as reported in the literature for SLM
produced Ti64.”*! The f-transus temperature was determined
via DSC investigations and complementarily evaluated by heat
treatment experiments and thermodynamic calculations via
Thermo-Calc.?? The DSC obtained p-transus temperature
(1017 £3°C) fits very well with the complementary results of
the heat treatment study, where the dissolution of the Al-rich
o phase is reached at 1020 °C and the thermodynamically calcu-
lated temperature value.

Cooling rates up to 10*~10°Ks™" * lead to a martensitic
transformation (f — a’) of the § phase during SLM processing.
As it is hard to distinguish between o and o’ due to the similar
lattice parameters, a differentiation is only possible in an indirect
way. Therefore, SEM-BSE imaging and EBSD measurements
were used to obtain complementary information about the pres-
ent phases. The chemical homogeneity of the as-built Ti6242S
material and the absence of the f§ phase in the EBSD evaluations
leads to the conclusion that the hexagonal a/a’ phase is predom-
inant and supersaturated in the p stabilizing elements after the
SLM process. Several researchers studied the occurrence of
mechanical twins in Ti alloys produced via SLM.?”) They
reported that mechanical twins mostly occur in martensitic
microstructures, which were also observed in this study; see
Figure 2. This leads to the assumption that the investigated
SLM Ti6242S specimens consist mainly of o’ martensite.
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Furthermore, the as-built microstructure is far from thermody-
namic equilibrium when compared with the calculated Thermo-
Calc” simulation results.

Regarding grain size examinations, it was shown that the acic-
ular a’ microstructure is finer for the Ti6242S specimen, which
is believed to be a result of expansion limitations during the mar-
tensitic phase transformation (§ — a’) caused by chemical differ-
ences of the two investigated alloys."** According to Figure 1, the
prior p microstructure of the Ti6242S sample is smaller when
compared with the reference material. Bermingham et al.l*¥
reported that the growth restriction factor is higher for the
Ti6242S when compared with Ti64 and, thus, significantly influ-
ences the prior p grain size. As the prior p grain boundaries are
insuperable barriers for the growth of a’, a smaller parent p grain
results in smaller a’ martensitic features, which were measured
in this study; see Figure 4.

Texture analysis, which was also conducted by the evaluation
of the EBSD data, confirms Burger's OR {0001},//{110};,
(1120),// (111)[5,[6] which stands for the p to a’ transformation.
Therefore, it limits the possible orientations of the hexagonal
phase formed from a single parent § grain to 12 variants./”
As the whole specimen consists of several prior p grains compris-
ing similar crystallographic orientations, the behavior of the
material is predominantly affected by the appearance of the par-
ent f microstructure.

4.2. Heat Treatment

The requirement of a certain amount of ductility is often ensured
by subsequent heat treatments below the p-transus temperature.
It was shown that the acicular appearance of the « grains still
exists, after a sub-transus SRA process. Furthermore, the prior
B microstructure, i.e., elongated p grains along the BD, has not
changed in size during the heat treatment process. It can be
assumed that remaining o grains pin the p grain boundaries
and suppress B grain growth in the cause of the SRA process.!*”!
In addition, a heat treatment temperature of about 800-850°C
provides a rather small driving force for fast grain growth.
Nevertheless, a heat treatment of the martensitic o’ microstruc-
ture of the as-built specimens leads to the precipitation of the f§
phase, as shown in the XRD plot in Figure 7, and indicates the
decomposition of the martensitic microstructure according to
a’ — a+ P. During the decomposition process of the martensitic
a’ microstructure, Mo diffuses from the interior to the grain
boundary. Mo has a smaller atomic radius of 0.139 nm compared
with the atomic radius of Ti of 0.147 nm.[***”) The precipitation
of this Mo-enriched f phase shifts, therefore, the a peak to lower
20 angles due to the decrease in the Mo content in the « phase.
Besides the loss of Mo in the o phase, the reduction of residual
stresses and the reduced defect density due to the SRA process
might also be a consequence of the changing lattice
parameter.®!

Fundamental investigations in the past*”! reported a quiet dif-
ferent diffusion coefficient of Mo (2.64-10""° cm? s ") compared
with V (3.91-107° cm?s ™) in «-Ti at 600 °C. Based on that, the
occurrence of small p precipitates within a grains (Figure 5) can
be assigned to the lower diffusivity of Mo when compared with
the p stabilizer V (atomic radius of about 0.132nm) in the
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reference Ti64 specimens. Furthermore, the p phase precipita-
tion within the a grains occurs along lattice defects, such as twin
boundaries. Thermodynamic simulations predict a certain
amount of «,-Ti3Al phase as well as silicides. However, neither
a,-TizAl nor silicides were determined via XRD in the heat-
treated condition. The formation of the «, phase, with 26 super-
lattice diffraction positions at 26° and 31°, requires Al-rich areas,
which can be a result of diffusion processes during
sub-transus heat treatments in Ti alloys with an Al content
above 6m%.[! Nonetheless, the thermodynamic calculations
in Figure 8 suggest an ay-solvus temperature of about 540 °C,
which lies significantly below the applied SRA temperature.
Therefore, it is assumed that o, phase precipitation was sup-
pressed. Although thermodynamic simulations also suggest
silicides in Ti6242S even at the heat treatment temperatures
of about 800-850°C, there is no indication for the presence
of this phase in XRD. For XRD, however, a certain volume frac-
tion of a single phase is needed for detection. Therefore, it has to
be considered that the potential silicide content was too small to
be determined by means of XRD.

4.3. Mechanical Properties

Tensile tests were performed to investigate the mechanical prop-
erties of the SRA SLM Ti6242S alloy in comparison with the SRA
reference SLM Ti64 material and literature results.!'>** Figure 9
shows that the SLM Ti6242S alloy provides higher strength val-
ues than the SLM reference alloy Ti64 along with the Ti6242 cast
and heat treated material.*®! High-temperature tensile tests at
250 and 500 °C revealed that the tensile strength of SLM man-
ufactured Ti6242S also exceeded the values for cast and annealed
Ti6242 specimens with a good balance of ductility. No significant
drop in tensile strength was noted, as reported in the litera-
ture.””) The enhanced mechanical properties of Ti6242S can
be attributed to multiple reasons, such as grain refinement or
the influence of alloying elements, in particular interstitials.
The correlation between grain size and strength of polycrystalline
materials can be described using the empirical equation of Hall-
Petch according to ¢ « 1/+/D, ?%°Y where D is the grain diame-
ter. Thus, a decrease in grain size, as it was observed for SLM
Ti6242S, results in a higher strength level. Furthermore, the
alloying elements Sn and Zr are added, which both are solid solu-
tion strengtheners of the a phase and, moreover, the interstitials
O and N are also known to further strengthen the material./’ As
shown in the chemical composition, the Ti6242S alloy exhibits
almost twice as much O than the reference alloy Ti64.

In this study, it has been shown that the SLM Ti6242S speci-
mens reveal superior ductility properties than the literature val-
ues?® of the cast Ti6242S material. Increasing strength in
combination with increasing ductility is attributed to grain
refinement!"! and, therefore, may be an explanation as reported
for SLM Ti6242S material in this study.

5. Conclusion

This study pursued the opportunity to compare a commonly
applied Ti64 alloy via the near-a alloy Ti6242S, both produced
by the SLM process. Furthermore, it was aimed to obtain
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fundamental understandings regarding the processing—
microstructure—property relationship of SLM Ti6242S when
compared with the reference Ti64 alloy in the conditions
as-built as well as after a heat treatment. These results lead
to the following conclusion.

SLM manufactured Ti6242S specimens reveal a defect-rich
hexagonal a’ microstructure, which originated from the mar-
tensitic phase transformation (f— «') during solidification
and the associated rapid cooling of the melted alloy powder.
The microstructures in the as-built condition of both specimens,
the Ti6242S as well as the Ti64 alloy, are thus far from thermo-
dynamic equilibrium.

The prior p grain structure is smaller for the Ti6242S alloy
when compared with the reference Ti64 alloy, despite the use
of the same processing parameters as a volume energy density
of about 60 ] mm >, The smaller p grain might also be the reason
for the smaller acicular o’ grains, which are nearly half of the size
(8.3 pm major axis against 16.1 um) as observed for the Ti64 ref-
erence material.

The martensitic acicular o’ phase decomposes during a sub-
sequent sub-transus SRA heat treatment toward thermodynamic
equilibrium (" — o + p). The resulting microstructure of the
Ti6242S material contains a certain amount of f§ phase, precipi-
tated at o’ grain boundaries. In addition, rod-like p precipitates
occur along lattice defects, e.g., twin boundaries or dislocations,
within the o’ grains.

The B-transus temperature was measured via DSC and com-
plementary verified by heat treatment studies as well as thermo-
dynamic calculations and is about 1017 + 3 °C.

The SLM produced Ti6242S alloy provides a UTS of about
1231 MPa with an elongation at a fracture of about 11.3%
(As). However, there is an increase in strength in the case of
the SLM Ti6242S specimens when compared with SLM pro-
duced Ti64 samples (UTS = 1061 MPa, As = 14.6%) even though
a small loss of ductility has to be considered. The difference is
more pronounced when compared with cast Ti6242 and SLM
manufactured Ti64, which show a significant drop in tensile
strength at elevated temperatures. The high strength, especially
at 500 °C, in combination with an additional enhanced tensile
fracture strain is caused by an interplay of grain refinement along
with the influence of the alloying elements Sn, Zr, and Si as well
as the interstitials O and N.
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Additive manufacturing is a state-of-the-art production technology to produce tailor-made and highly
complex parts. Among various other alloys, Ti base alloys are frequently used in this manufacturing tech-
nique due to their well-balanced properties and their wide range of applications. Allotropic phases and the
occurrence of athermal phase transformations are the main reasons why these alloys hold a great devel-
opment potential and are the basis of extensive use. High cooling rates during manufacturing lead to
martensitic phases and the formation of nanometer-sized microstructures resulting in extraordinary
strength. Simultaneously, such high cooling rates cause a high amount of lattice defects and the occurrence
of residual stresses, which finally may result in delamination effects and cracks. Usually, a common ap-
proach to reduce residual stresses during additive manufacturing is to decrease thermal gradients by in-
creasing the heat input or preheating the building platform. Instead of applying the typical approaches to
lower thermal gradients, this study deals with the origin of the ‘softer’ orthorhombic martensite by ac-
celerating the solidification process. The implementation of the orthorhombic phase in bulk components
was inspired by a new phase transformation herein reported for the first time in the powder material,
which also validates the possible occurrence of two martensitic phases in the same alloy. Various sophis-
ticated characterization techniques like high energy and high-temperature X-ray diffraction, high-resolu-
tion transmission electron microscopy as well as atom probe tomography were applied to characterize this
softer orthorhombic martensitic phase in detail aiming to highlight the opportunities accompanied by this
new approach for additive manufacturing of titanium alloys.
© 2021 The Author(s). Published by Elsevier B.V.
CC_BY_NC_ND_4.0

Keywords:
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Titanium alloys
Orthorhombic martensite

produced via gas or plasma atomization [6]. The atomized particles
should be chemically homogeneous and spherical to enable the

1. Introduction

Additive manufacturing (AM) - or 3D printing - as a key tech-
nology in modern industries paved the way for the manufacturing of
complex structural parts faster and with less waste generation than
conventional manufacturing techniques [1,2]. These great ad-
vantages follow the challenge to adapt and/or modify already es-
tablished and well-investigated material systems, especially in the
metal industry. Due to the nature of AM techniques, i.e. the layer-by-
layer building of near net-shape components, it requires metallic
powder as the starting material [3-5]. Typically, these powders are
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formation of a homogeneous and dense layer and, subsequently, the
production of pore-free components by AM [7]. Especially laser
powder bed fusion (LPBF), is a state-of-the-art AM technique to
produce Ti base components with complex geometries for the
aerospace, automotive and biomedical industries, allowing the in-
corporation of inner channels for cooling fluids or topology opti-
mization for stress-adjusted applications [8].

Ti base alloys typically contain primary phases with a hexagonal
lattice structure which are designated as «-Ti. To enable a certain
amount of ductility, even at room temperature, alloying can be used
to stabilize the body-centered cubic (bcc) p phase, generally known
as the high-temperature phase of Ti and its alloys. The class of near-a
Ti alloys, characterized by a small amount of g phase, is already
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applied as lightweight materials for use at elevated temperatures,
combining excellent creep resistance and high strength [9,10].

It is well known that phase transformations can be influenced by
the cooling rate applied [11]. For near-a Ti alloys, relatively low
cooling rates, e.g. furnace cooling during heat treatment, lead to an
equilibrium microstructure consisting of a minor volume fraction of
# phase and the predominant a phase [9]. In contrast, high cooling
rates can lead to the formation of non-equilibrium microstructures.
During powder atomization, which generates high cooling rates,
small melt drops rapidly solidify and generate a hexagonal mar-
tensitic microstructure, whereby the extremely high cooling rate (up
to 108 K-s!) primarily depends on the particle diameter [12-14]. The
LPBF process also leads to a supersaturated martensitic micro-
structure due to fast cooling, e.g., in the case of the LPBF process with
cooling rates of ~ 10%-10° K s™' within the small metal pool during
solidification [15].

However, both production steps, powder atomization and LPBF,
result in a martensitic phase transformation which is known to
promote cracks and delamination during the additive manufacturing
process [7,16].

In this study, the martensitic transformation is examined in a
near-a Ti-6Al-2Sn-4Zr-2Mo-Si (Ti6242S, m.%) alloy used for additive
manufacturing. This industrially relevant alloy, mainly produced via
casting or forging, is already used in a variety of high temperature
applications due to its enhanced mechanical properties and higher
creep resistance in comparison to the commonly used Ti-6Al-4V (m.
%) alloy [17].

Recent investigations of the Ti6242S alloy show that this alloy
typically generates a o’ (hexagonal) martensitic microstructure as a
consequence of rapid cooling during electron beam melting [18] or
LPBF [19]. As both techniques require powder as starting material,
investigations on the powder condition mainly focused on the
sphericity and particle size distribution, which is why fundamental
changes to the phase transformations and the occurring phases
during rapid cooling may have been overlooked.

Consequently, within this study, we focus on the investigation of
the initial powder and we are able to provide the experimental proof
of a second type of martensite within one alloy system arising as a
result of direct solidification without element partitioning. As the
latter is an experimentally confirmation resulting from the atomi-
zation process, we also investigated new routes to implement this
type of martensite in a bulk sample by optimizing the LPBF process
parameters. Fig. 1 summarizes the major findings of this study and
shows, that the initial Ti6242S powder exhibits an orthorhombic
crystal structure, whereas the as-built microstructure normally
possesses a hexagonal crystal structure with respect to the fast
cooling from B to o'. By increasing the cooling rate during LPBF, the
transformation changes and a ‘softer’ orthorhombic «” type of
martensite occurs. The basal plane atoms of the orthorhombic and
hexagonal martensite in Fig. 1 are depicted as blue spheres, whereas
green and purple atoms indicate central plane atoms. The atoms of a
bce {110} plane, which form the basal plane of the orthorhombic and
hexagonal crystal structure during the phase transformation, are
also depicted as blue spheres. A post-processing heat treatment was
performed on the as-built samples, describing the evolution of the
system towards thermodynamic equilibrium.

Various sophisticated tools, such as scanning electron micro-
scopy (SEM), electron backscatter diffraction (EBSD), high-resolution
transmission electron microscopy (HRTEM), synchrotron high en-
ergy X-ray diffraction (HEXRD), differential scanning calorimetry
(DSC) and atom probe tomography (APT), helps to provide evidence
of two variants of martensite occurring in the Ti6242S alloy, de-
pending on the processing conditions and subsequent heat treat-
ment parameters. The study is an important step to foster
applications of Ti base alloys as-produced via AM processes.

93

Journal of Alloys and Compounds 897 (2022) 163155

orthorhombic martensite

body-centered cubic

additively
manufactured

~~
~~o
~.

% cooling rate

low high

orthorhombic
martensite

hexagonal
martensite

Fig. 1. Schematic representation of the powder-bed based additive manufacturing
process. The initial orthorhombic crystal structure of the Ti6242S powder forms via a
p—a” transformation pathway. During LPBF, the melted powder transforms due to
rapid cooling into either a hexagonal «’ or an orthorhombic «” martensite. The layer-
by-layer building strategy results in an acicular shaped martensitic microstructure
embedded in prior parent bcc f matrix grains.

2. Materials and methods
2.1. Material synthesis and heat treatment

The experimental investigations of the martensitic structures
were done on EIGA (Electrode Induction Melting Inert Gas
Atomization) atomized powder and as-built material of the Ti6242S
alloy. After the atomization of the pre-alloyed rod, the powder was
fractionated to a Gaussian particle size distribution between 15 and
45m with a particle size of dig =17.6 um, dsg =31.1pum and dgg
=433 um. The chemical composition of the powder is shown in
Table 2. The elements such as Ti, Al, Sn, Zr, Mo, Si and Fe were de-
termined via inductively coupled plasma atomic emission spectro-
scopy, and O and N via carrier gas hot extraction. The cuboid
specimens (20 x15x20 mm?>) were manufactured employing an EOS
M290 AM unit at Pankl Racing Systems AG, Austria, using a volu-
metric energy density (Eq) in the range from 35 to 110 J-mm™>, re-
sulting in test samples with a porosity of less than 0.5 vol%, i.e., an
absolute density of 99.5 vol%. The laser power during the process
was set between 150 and 400 W and the scanning speed was con-
tinuously decreased from 2000 to 800 mm-s™! for reducing the Eq
and thus generating high cooling rates. The building platform was
pre-heated to 100 °C and a 67° EOS scanning strategy was utilized. To
avoid oxidization of the material, the building chamber was flooded
by a constant Ar stream. The post-process heat treatment was per-
formed in a cold-wall vacuum furnace (HTM Reetz GmbH, Germany)
at 800 °C for 12 h followed by furnace cooling to RT.
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2.2. X-ray diffraction analysis

Synchrotron experiments were performed on the Synchrotron
experiments were performed at beamline P07 at the synchrotron
radiation source PETRA III at the Deutsches Elektronen-Synchrotron
(DESY), Hamburg, Germany [20]. The energy of the monochromatic
synchrotron beam was 70keV, corresponding to a wavelength of
0.1773 A and the beam cross-section was 1x1mm?2 Complete
Debye-Scherrer diffraction rings of cuboid samples (5 x 5x 9 mm?)
and powder were recorded in transmission geometry using a Perkin
Elmer X-ray diffraction (XRD) 1621 flat panel area detector. The
distance between the samples and the detector was 1564 mm, which
was calibrated using LaBg. The powder was enclosed in a custom-
made Al holder with a threaded hole of @ 4 mm, in which the
powder particles were initially mixed with isopropyl alcohol (that
evaporates after assembly). The resulting HEXRD patterns were
azimuthally integrated with the software program Fit2D [21]. The
phases occurring and their respective volume fraction and lattice
parameters were determined by Rietveld analysis of the integrated
diffraction data using the software program MAUD [22].

The high-temperature XRD (HTXRD) measurements and the
phase determination of samples manufactured with different Eq4
were performed on a D8 Advance diffractometer from Bruker AXS,
Germany, equipped with a Cu-Ka X-ray source with a wavelength of
0.154 nm. The measurements were performed in locked coupled

a) b
b m hexagonal o/a’
@ orthorhombic o™
A body-centered cubic
S5 A len ’:‘;
S . : ©
> N =
c 2
9 . . [0}
£ A N £
° ..
N\ N

3.0 3.5 4.0 45 5.0 55 6.0 6.5 7.0
2 6 (degree)

)

Journal of Alloys and Compounds 897 (2022) 163155

mode (coupled 6/20). For HTXRD, a vacuum chamber type HTK
1200N by Anton Paar, Austria, was used. The diffractograms were
recorded in 50 °C steps from RT to 800 °C with a heating rate of
about 7Ks™!. To reduce the time at elevated temperatures, i.e. to
suppress surface oxidation, the measurements were conducted in a
20 range between 34° and 36° in order to monitor the characteristic
peak splitting associated with the orth crystal structure, applying a
step size of 0.02° and a counting time of 2 s.

2.3. Microstructural characterization

The specimen preparation for SEM and EBSD analysis was carried
out by using standard metallographic methods [23]. The character-
ization of the microstructure was performed on a FEI Versa 3D mi-
croscope from Thermo Fisher Scientific Instruments, United States.
The microscope was equipped with a field emission gun and a gal-
lium focused ion beam. The EBSD measurements were carried out
with the HIKARI XP camera from EDAX, Germany. The EBSD data
were recorded and evaluated using TSL OIM Analysis 7. Black-lined
high-anlge grain boundaries in Fig. 4b indicate a grain deviation
of > 15° from neighboring grains. The EBSD parameters were 20 kV
acceleration voltage, 350 nm step size with a spot size of 7 and a
4 x 4 binning mode.

Transmission electron microscopy (TEM) lamellas were using the
focused-ion beam based preparation technique according to
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Fig. 2. Results of HEXRD experiments of the Ti6242S sample conditions. a) HEXRD pattern revealing the occurring phases in the alloy; b) Rietveld analysis of the heat-treated
sample (800 °C for 12 h followed by furnace cooling); c) HEXRD spectra proving the occurrence of the orthorhombic o” phase in the powder state and d) HTXRD measurements of
a selected angular section for various temperatures demonstrating the transition of the powder towards thermodynamic equilibrium via the transformation orthorhombic —

hexagonal.
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Table 1
Experimentally determined lattice parameters of the three sample conditions analyzed.
Sample Phase Space group a (nm) b (nm) ¢ (nm)
powder a’-orthorhombic Cmcm 0.296 0.505 0.468
as-built (std. parameter) o’-hexagonal P63/mmc 0.294 0.509" 0.469
heat-treated a-hexagonal P63/mmc 0.293 0.507° 0.469
p-bcc Im3m 0.325 0.460° 0.460°

@ Note: calculated positions with respect to the orthorhombic symmetry.

Thompson et al. [24]. For the TEM investigations, a JEOL JEM2200 FS,
Japan, with an acceleration voltage of 200 kV, was used. High-angle
annular dark-field (HAADF) images were recorded by a JEOL HAADF
TEM detector and the HRTEM images were taken with a TVIPS XF416
CMOS detector. Fast Fourier transformation (FFT) and inverse FFT
(IFFT) analysis were applied to the HRTEM images. To evaluate the
occurring phases and simulate their corresponding diffraction pat-
terns, the software programs CrystalMaker and SingleCrystal from
CrystalMaker Software Ltd, UK were used.

2.4. Phase transformation and chemical composition analysis

The DSC measurements were performed with a LABSYS Evo from
Setaram, France, by placing 50 mg of powder in an Al,03 crucible.
The sample was first heated up from room temperature to 1150 °C
and subsequently cooled down to 25 °C with a heating and cooling
rate of 40 Kmin™'. The procedure was repeated a second time on the
same and already heated powder material to study the phase
transformation of the powder material in thermodynamic equili-
brium.

To detect the elemental distribution at atomic scale, a local
electrode atom probe 3000X HR system (LEAP) from Cameca, France
was utilized. The APT tips were prepared by using the lift out
technique following the standard procedure [24]. The measurements
were performed in laser mode at 0.4 nJ, 40K and 250 kHz. The re-
constructions were done using IVAS 3.6.8 from Cameca.

2.5. Hardness measurement

To evaluate the micro-hardness of the as-built samples, a Qness Q
60 A+ measuring device equipped with a Vickers indenter tip was
used to carry out 30 single HVO.1 indents placed on a measure-
ment grid.

3. Results and discussion
3.1. Phase evolution by XRD: from powder to bulk samples

3.1.1. Determination of occurring phases

The main challenge of this study is the differentiation between
orthorhombic «” martensite and hexagonal o’ martensite. From the
employed complementary characterization techniques, XRD analysis
is the most promising approach to distinguish between these both
crystallographic structures, as their atomic positions are very similar.
That means neither TEM diffraction analysis nor EBSD is suitable to
distinguish both martensite phases due to low statistics in the case
of TEM and the insufficient software-based phase determination
with regard to EBSD.

For these reasons, HEXRD measurements were performed. This
technique has a higher peak resolution and a better signal-to-noise
ratio as well as more statistically relevant results, attributable to the
larger sample volume analyzed when compared to a laboratory XRD,
which is therefore needed for the present study [25]. The HEXRD
results of three different sample conditions of the Ti6242S alloy are
shown in Fig. 2a. The investigations were done on (i) as-atomized
powder, (ii) the as-built condition, i.e. immediately after the LPBF
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process, manufactured with standard process parameters and a vo-
lumetric energy density of about 60J-mm™~ and (iii) on the heat-
treated variant. The heat treatment at 800 °C for 12 h followed by
furnace cooling was conducted to bring the sample close to ther-
modynamic equilibrium. The Rietveld analysis was carried out using
MAUD [26] and is presented in Fig. 2b in terms of the integrated
intensities proportional to the calculated volume phase fraction. It
can be seen that all diffraction peaks were indexed to the present
phases and the refinement shows a good agreement [27] between
the calculated and experimental data (weighted profile R-factor,
Rwp =10.23%).

3.1.2. Orthorhombic martensite in the atomized powder

The HEXRD spectra depicted in Fig. 2c show a defined angular
range and the main peaks of the occurring orthorhombic, hexagonal
and bcc phases in detail for the powder, as-built and heat-treated
materials. By looking at the 20 position around 4.0°, the occurrence
of only one phase in the Ti6242S powder material, namely the or-
thorhombic o” is revealed. A characteristic of this phase is the oc-
currence of the {110}, and {020},. double peak when compared to
the single {100}, peak present in the as-built and heat-treated
sample conditions, where only the hexagonal phase occurs. Since the
hexagonal {100}, peaks of the as-built and the heat-treated spe-
cimens are located in between the peak positions of the orthor-
hombic {110}, and {020}, phase peaks, it can be concluded that the
powder does not reveal any o/a’ constituents. The reason for the o/a’
terminology is that o« and o' exhibit the same hexagonal crystal
structure with similar lattice parameters and only differ in their
thermal history [28]. Therefore, it is impossible to differentiate be-
tween a and o’ by means of XRD, so the peaks are designated as a/o'.
Fig. 2d shows the results of the in situ HTXRD experiments which
reveal the o” — afo’ transformation in the Ti6242S powder. The
HTXRD spectra selected points to a phase transformation tempera-
ture around 550 °C. Furthermore, the shift of the {110}, and {020},
peaks goes along with the atomic movement to form the hexagonal
crystal structure as the material approaches the thermodynamic
equilibrium.

3.1.3. Additive manufacturing and thermodynamic equilibrium

The as-built sample (produced using standard LPBF parameters)
[17] and the heat-treated sample, however, only show hexagonal o/a’
phases. Additionally, the heat-treated variant reveals 5.59 vol% bcc B
phase which occur due to the near-equilibrium material condition.
The smaller full width at half maximum (FWHM) noticed in the XRD
spectra of the heat-treated variant in Fig. 2¢ indicates a reduction in
residual stress [29,30] as well as a decreasing defect density, e.g.
dislocations, and larger grains when compared to the as-built
sample condition.

The calculated lattice parameters of the present phases are given
in Table 1. Due to symmetrical reasons, it is not necessary to assign
the hexagonal and bcc system with all three lattice parameters.
Nevertheless, atomic movements during the phase evolution can be
better understood if all values are shown (unnecessary parameters
are marked with a footnote an asterix). It can also be seen that the
lattice parameters for both the orthorhombic and hexagonal phases
are almost similar with respect to the resolution limit of the HEXRD
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bcc B
a=325A
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Fig. 3. Schematic representation of the p — « phase transformation. During fast solidification, as in the case of the atomized powder, the athermal shuffle of the basal plane atoms
results in a decrease of a and increase of b lattice parameters. The orthorhombic «” lattice structure represents an intermediate state (Unnecessary parameters, which are only
shown for a better understanding of phase evolutions, are marked with an asterix.) between the equilibrium phases.

measurement. The atomic positions follow a shift towards the
thermodynamic equilibrium. This shift in the lattice parameters
caused by the individual phase transformations (Fig. 1) can be better
understood from the evolution of the lattice parameters given in
Table 1.

3.14. p-a"-a phase transformation pathway

The allotropic phase transformation of the Ti6242S powder re-
quires atomic movement from the bcc lattice structure to finally
match the equilibrium hexagonal lattice structure, as schematically
shown in Fig. 3. The athermal martensitic phase transformation in-
volves a compression of the lattice cell along the a axis and an ex-
tension along the b axis in the basal plane. Furthermore, as long as
the hexagonal equilibrium structure (induced by heat input) is not
perfectly matched, the atoms are located in positions between the
equilibrium crystal structures of the a and § phase. The intermediate
phase condition, i.e. the orthorhombic lattice structure, results in
degenerated diffraction peaks according to Bragg's law (2-djy-sin(0)
=n-A) and the periodic long-range order of the atoms along these
lattice planes. The difference between the p—a”—a and the p-a’'—a
pathways is that for the latter one, the atomic movement from p—ao’
is completed and a hexagonal crystal structure occurs.

3.2. Characterization of the Ti6242S powder material

3.2.1. Microstructure

The results of the microstructural investigations conducted on
the Ti6242S powder material are summarized in Fig. 4. As depicted
in the SEM image of Fig. 4a, taken with the secondary electron (SE)
detector, the EIGA powder is of spherical shape and only few satellite
particles are observed.

The crystallographic analysis of these particles is shown in
Fig. 4b, where an EBSD assessment shows the nanometer sized
martensitic microstructure. This EBSD measurement is displayed as
an inverse pole figure (IPF) - X map, i.e. a map relative to the X-axis,
thus making the acicular shape of the primary o, and secondary o’
plates visible. In Fig. 4b, the IPF map is overlaid with the image
quality of the EBSD measurement to enable a better look at other
lattice defects, e.g. a twinning substructure, occurring within the o”
plates of the martensitic microstructure. Corresponding to the EBSD
map, Fig. 4c shows the crystal orientation legend along with the
{001}, pole figure and intensity legend. The distribution of crys-
tallographic orientations is clearly visualized in the EBSD pole figure
and indicates the presence of six crystallographically preferred
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{001}, orientations in the powder particle. In general, the occur-
rence of these preferred orientations in Ti alloys is often seen
for {0001}, pole figures as a consequence of the p - « transfor-
mation and, therefore, this is linked to the parent g phase [31]. The
crystal orientation relationship (OR) of the o” and the parent g phase
obtained in this study was determined to be {110}s//{001},~ and
(111)3//(101),» and agrees with results previously reported in lit-
erature [32]. According to the OR herein estimated, one can notice
that all «” grains in the investigated powder particle are linked to
one parent B grain, ie. the solidification took place by forming a
single bcc crystal representing the whole powder particle studied.

HAADF scanning-TEM (STEM) image in Fig. 4d shows the micro-
structure in more detail and reveals the presence of a hierarchical
structures. During the initial stage of the martensitic transformation,
the «”,, structure forms, followed by thin «’s constituents that are nu-
cleating in or adjacent to o’,. Area A marks a position with twin
boundaries in which a follow-up HRTEM investigation was carried out
later in Fig. 5. The enlarged area in the inset of Fig. 4d also reveals dark
contrasted lines in the grain interior. These lines indicate the presence
of lattice defects at specific lattice planes in the o” crystal.

Fig. 5a displays a detailed image of these features conducted in
TEM-SAED (selected area electron diffraction) mode by selecting a
single spot indicated by the white circle in Fig. 5b. The imagae with
B = [0T0] and g = [002] shows that the lattice defects are allocated
at (002),- basal planes and according to Ref. [33], have been already
validated as dislocations. These dislocations, arranged on the (002)
basal plane, occur in o”p and «’s plates in a periodic way and at
spacing distances of ~15nm. It is assumed that these dislocations,
which also occur in bulk samples [17,34], act as nucleation sites for p
phase precipitates. Fig. 5b also shows that, in contrast to the o”p
plates, o’ plates are separated by twin boundaries.

The TEM results, as presented in Fig. 5¢, indicate the atomic con-
figuration of the Ti6242S in form of powder. The HRTEM image of the
[101],~ zone axis shows a sequenced, twinned «” structure with a twin
thickness of approximately 8-16 nm. The red and cyan lines show the
twinning direction, i.e. the deviation of twins and the matrix along the
(020), lattice plane. The FFT pattern of the corresponding detailed area
(d) demonstrates, that in the case of the powder material, a (111),
type twin is observed, which is in accordance with the results obtained
on related alloys [35-37]. Fig. 5d shows an inverse FFT image and fo-
cuses on the internal structure of the twinned microstructure. The
lattice plane distances of the (020), 1 and (111), v 1 marked in red
and cyan are diozoym,r = 0.256 and d(111)m,r = 0.225nm, respectively.
The results agree with the obtained HEXRD values of about
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max. = 26
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Fig. 4. Microscopic characterization of the Ti6242S powder material. a) showing an SEM image (SE mode) of the analyzed powder. b,c) EBSD investigations revealing the internal
acicular «” microstructure including primary «”, and secondary «’ plates and the presence of mechanical twins. d) TEM analysis showing an HAADF image of the microstructure.
Area A represents a position with twin boundaries in which a follow-up HRTEM investigation was conducted.

Fig. 5. TEM analysis of lattice defects in the Ti6242S powder material. a) TEM-DF image with B=[010] and the corresponding SAED diffraction pattern in b) showing the
orthorhombic «” microstructure and revealing dislocations allocated at (002) basal planes and separated by twin boundaries. c) HRTEM investigation of twins displayed in the
previous figure (Area A) and corresponding FFT observation. The (111),~ type twins are confirmed and the twinning sequence along the (020),- lattice plane is displayed with red
and cyan dashed lines. d) IFFT observation focusing on the atomic configuration of the mechanical twins occurring.
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Fig. 6. TEM-BF image revealing the acicular «’ microstructure of the as-built component made by standard LPBF parameter (E4 of about 60 ]-mm™) in a) and the equilibrium

microstructure of the heat-treated sample (800 °C - 12h - FC) in b).

d(0z0) = 0.252 and d(111)m,r = 0.224nm. The occurrence of (111), type
twins can be ascribed to the fundamental mechanism of a martensitic
formation [31,38] to generate an invariant plane for the shear process.
In addition, mechanical twinning is important for  phase precipitation
because these interfaces also act as nucleation sites, as reported in
Ref. [17].

The microstructures of the samples investigated with HEXRD are
depicted in Fig. 6 and are presented as a bright field TEM image of
the as-built sample in a) and a backscattered electron (BSE) - SEM
image of the heat-treated specimen (800 °C - 12 h - FC) in b). The as-
built component, produced with standard parameters and an E4 of
about 60]-mm™>, reveals similarities with the powder material and
reveals an acicular microstructure showing hierarchical o’ sub-
structures. The heat-treated sample demonstrates the occurrence of
equilibrium p phase constituents (bright phase) at « grain bound-
aries and within larger o grains, as reported in Ref. [17].

3.2.2. Phase transformation and elemental distribution

Fig. 7 shows the DSC measurement of the Ti6242S powder sample
recorded during continuous heating. Phase transformations are in-
dicated with square and circles for the respective exothermic and en-
dothermic reactions. The measurements were performed starting with
40Kmin™! and repeated a second time with the same and already
heated powder material. The heat flow curve of the first heating cycle
reveals an exothermic phase transformation at lower temperatures,
suggesting the tempering of the martensite towards thermodynamic
equilibrium («”—a). Moreover, the temperature for the martensite re-
laxation of about 600 °C is in accordance with the HTXRD experiment

04—+ +
—— 40 Kmin™! (1)

----- 40 K min™ (2")

"= o
a—>p

400 500 600 700 800 900 1000
Temperature (°C)

Fig. 7. DSC analysis. The heat flow curves of the Ti6242S powder are recorded during
continuous heating at 40 K-min~". Only the heat flow of the first heating experiment
with the virgin powder reveals an exothermic reaction during the martensite re-
laxation indicating the o” — o transformation. The second heating experiment was
performed on the already heated powder material.
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shown in Fig. 2c. The second heating cycle only shows the a—f phase
transformation and, therefore, confirms a thermodynamic equilibrium
material condition of the powder after the first DSC heating cycle.

In general, a martensitic phase transformation in Ti base alloys
depends on the chemical composition. The generated martensite
with hexagonal lattice structure, designated «’, appears in lean Ti
base alloys with a certain amount of p stabilizing elements, e.g.
V<9m.% or Mo < 4m.% [39,40]. As the fraction of f stabilizing
elements - which can be summarized as Mo equivalent (or simply
[Mo]eq) - increases, the transformation to the hexagonal o’ cannot be
fulfilled and the orthorhombic «” martensite forms during
quenching or deformation via stress-induced martensitic transfor-
mation [34,41-46]. Therefore, the orthorhombic structure represents
an intermediate phase between p and o phases. According to lit-
erature, the minimum amount of g stabilizing elements to generate
an orthorhombic structure in the binary Ti-Mo system is 6-8 m.% Mo
[47] or rather an [Mo]eq of 4.45 m.% [34] in Ti base alloys quenched
from the single g phase field region.

The chemical constitution of the Ti6242S alloy investigated is
shown in Table 2 and displays a [Mo]eq of about 2.05 m.%, which is
significantly below the lowest value published in literature to generate
martensite exhibiting a conventional orthorhombic structure. Previous
experimental results reflect the occurrence of an orthorhombic o”
martensite in Ti alloys due to a heat treatment, i.e. enrichment of the g
phase at high temperatures in p stabilizing elements, followed by
quenching [46]. By increasing the solute content in the p phase, the
hexagonal symmetry cannot be reached and the crystal gets distorted
which is why the orthorhombic structure forms instead [9,48]. To ex-
clude the hypothesis of elemental segregation, and thus a locally higher
[Mo]eq in the powder material, known to promote the orthorhombic o”
phase transformation, APT was performed. The results are presented in
Fig. 8a and b. The region displayed measures 60 x60x100nm> and
contains 6.8 -10° atoms. It can be seen that the elemental distribution
for the powder material is homogeneous. For better visualization of the
elemental distribution a video of the cylinder is shown in a Supple-
mentary Movie. Fig. 8b presents a quantitative cluster analysis. The
result confirms the homogeneous elemental distribution in the powder
due to the almost perfect covering of the normal frequency distribution
and the calculated cluster values (see Table 3) of the alloying elements
Ti, Al, Sn, Zr, Mo and Si. The binomial distribution represents an ideal
distribution within a homogenized alloy [49]. In addition, the homo-
geneous distribution of the powder indicates an athermal phase
transformation, i.e. no diffusion has taken place during the atomization
process.

Table 2

Chemical composition of the Ti-6Al-2Sn-4Zr-2Mo-Si powder investigated.
Element Ti Al Sn Zr Mo
m.% bal. 6.4 2.0 4.2 2.0
Element Si Fe (o] N [Mo]eq
m.% 0.05 0.02 0.13 0.002 2.05
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Fig. 8. APT analysis. a) APT elemental map in atomic scale showing a homogeneous
distribution of the elements in the as-atomized powder; cluster analysis in b) reveals
a normal distribution, i.e. ideally homogenized alloy composition in the powder
condition.

Table 3

Quantitative cluster estimation of the as-atomized
powder material investigated. The cluster value p
(n=yx?/{yn +x?) describes whether the elements
are randomly distributed (u=0) or accumu-

lated (n=1).
Element 1 (Powder)
Ti 0.190
Al 0.060
Sn 0.029
Zr 0.036
Mo 0.030
Si 0.100

Supplementary material related to this article can be found on-
line at doi:10.1016/j.jallcom.2021.163155.

3.3. Orthorhombic martensite in additively manufactured samples
As the orthorhombic type of martensite was found for the first

time in the as-atomized Ti6242S powder in this study, we also in-
vestigated the opportunity to generate an orthorhombic martensite
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Fig. 9. XRD analysis of as-LPBF Ti6242S samples manufactured with varying Eg4. The
spectra reveal the occurrence of hexagonal ofo’ martensite for higher Eq4 values. A
reduction of Eq to 35]-mm™ leads to the formation of orthorhombic «” martensite.

phase in a bulk sample manufactured by LPBF. Since standard LPBF
process parameters lead to hexagonal martensite, as seen in Fig. 2,
and a variety of Refs. [19,50-52] report only the appearance of
hexagonal martensite in the Ti6242S alloy, the LPBF parameters had
to be changed accordingly. Gas atomization for producing metal
powder involves cooling rates up to 108 Ks™ [12-14] when com-
pared to slightly lower cooling rates of 104-10° Ks™! in the case of
the LPBF process [15]. Thus, it is obvious that higher cooling rates are
needed to generate the orthorhombic «” martensite.

The most important LPBF process parameter to be changed is the
volumetric energy density Eq4, which connects the main process
variables like laser power and scanning speed. These parameters can
also be stated as heat input during the manufacturing process.
Decreasing the heat input leads to a finer microstructure and smaller
melt pool as well as an increeased cooling rate, needed for and also
an increased cooling rate needed for the required adaptions of the
additive manufacturing process [7]. Concerning the knowledge
above, bulk components were manufactured by using different LPBF
process parameters to increase the cooling rate and study the phases
occurring. It should be addressed here, that a reduction of the heat
input represents the direct opposite of the common knowledge to
reduce thermal residual stresses by heat storage (reduction of
thermal gradient) via preheating of the building platform or a higher
heat input [7]. Inspired by the powder material in this study, higher
cooling rates, however, lead to the formation of a different marten-
site with phase-specific benefits.

The results in Fig. 9 show the XRD spectra of as-built samples as a
function of E4. Here, the sample with the lowest E4 of about
35)-mm>, ie. the highest cooling rate, clearly exhibits the orthor-
hombic o” martensite. However, from XRD, it is not possible to ex-
clude the simultaneous presence of o' martensite constituents. A
closer look at the peaks around 35.5° shows the broadening and final
splitting of the peak with decreasing Eq, marking the change in the
lattice structure from hexagonal o’ to orthorhombic «”. It has been
reported that only one type of martensite, either the hexagonal o’ or
the orthorhombic «”, can occur for a certain chemical composition of
Ti base alloys [53] and both types cannot coexist in the same alloy.
The XRD results in this study demonstrate that there is a possibility
for controlling the occurrence of orthorhombic martensite by
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changing the manufacturing parameters during the LPBF process,
which had not been evidenced so far. Furthermore, the most sig-
nificant difference in the martensitic transformation upon fast
cooling to generate o” orthorhombic is the softening of the material
and increase in ductility as described in Refs. [46,54]|. Softening of
Ti6242S material during the LPBF might help to reduce residual
stresses, which are known to promote cracks and delamination
during the additive manufacturing process [7,16]. Hardness mea-
surements of the as-built samples confirm the predicted softening of
samples containing o” martensite. The sample which was manu-
factured with an Eq of 35]-mm™ and clearly reveals orthorhombic
martensite that exhibits a reduced hardness of 423 + 16 HVO0.1
compared to 456 + 11 HV0.1 for samples produced via standard
LPBF parameters (Eq =60 J-mm3).

4. Conclusion

Phase transformations in a near-« titanium base alloy for additive
manufacturing applications were investigated in this study using
cutting-edge HEXRD and a wide variety of electron microscopy char-
acterization techniques to determine key constituents from micro to
nanometer scale. A major discovery in the present work is the evi-
dence of two types of martensite, namely orthorhombic «” and hex-
agonal o/, which are a function of the cooling rate for the same
chemical composition of the engineering alloy Ti6242S and for Ti base
alloys in general. Both martensitic phases are far from thermodynamic
equilibrium due to the high cooling rate during the gas atomization
and LPBF. The appearance of equilibrium phases can be controlled by
transforming the metastable martensite into stable phases by a heat
treatment subsequent to the LPBF process, which enables the sy-
nergistic interplay of high strength o and ductile g phases.

HRTEM investigations in this work present the nanometer mi-
crostructure, governed by a hierarchical acicular martensite micro-
structure containing primary and secondary «” constituents. The
occurrence of lattice defects, such as mechanical twins and dis-
locations at the closed-packed lattice planes, may play a significant
role in the precipitation morphology of the equilibrium o+ mi-
crostructure in both the powder and as-built material.

The importance of this study can be better understood con-
sidering the softer nature of orthorhombic o” martensite discovered
in the Ti6242S alloy, which is important to addressing a long-
standing problem of additive manufactured alloys, i.e. the vulner-
ability for cracks due to less residual stresses and enhanced ductility.
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Titanium base alloys are frequently used in laser powder bed fusion manufacturing processes and enable the pro-
duction of lightweight and complex components. This study describes the influence of the heat input and various
post-process heat treatments on the martensite formation and its decomposition in an additively manufactured
Ti-6Al-2Sn-4Zr-2Mo-Si alloy. The change of the martensite crystal structure from orthorhombic to hexagonal,
caused by additional heat input, was proven by high-energy X-ray diffraction. It is shown that the heat input of

the laser affects the diffusion of alloying elements such as Mo and Si. This behavior was investigated by atom
probe tomography, which confirms clustering of Mo and Si at dislocations and grain boundaries, and allows for
linking the heat input during the manufacturing process with the morphology of the observed clusters. More-
over, particular emphasis is laid on explaining the formation mechanism of (Ti,Zr),Si; silicide particles during a

subsequent heat treatment.

In general, near-a Ti base alloys are used for applications at elevated
service temperatures up to 600 °C in the automotive and aerospace in-
dustry. This class of alloys combines a high creep resistance of « alloys
and the strength of a+p alloys, such as the Ti-6A1-4V (m.%) alloy [1,2].
Although near-a Ti alloys had already been invented in the 1970s, up
until today only a few research groups have focused on the processing
of this alloy group by laser powder bed fusion (LPBF) additive man-
ufacturing (AM) [3,4]. In contrast to traditional process routes such as
casting and wrought processing, LPBF generates small melt pools, which
undergo a martensitic transformation after solidification due to cooling
rates of up to 104-10°Ks™! [5], thus leading to a non-equilibrium mi-
crostructure. Besides the «’ (hexagonal) or «” (orthorhombic) marten-
site, near-a alloys also exhibit small amounts of the body-centered cubic
f phase [6]. In contrast to the a’/a” phase, the formation of # phase is
related to additional heat input during AM after solidification or post-
process heat treatments [7,8]. Ti-6Al-2Sn-4Zr-2Mo-Si (Ti6242S, m.%)
contains low amounts of Si, which enhances the creep resistance by
means of forming silicide particles [2]. While the effect of Si alloying
on the creep resistance is well understood, no investigations of the pre-
cipitation behavior of silicides in additively manufactured Ti6242S have
been conducted thus far. Furthermore, the impact of heat input during

LPBF and post-processing on the f phase evolution has not been thema-
tized for the near-a alloy Ti6242S.

This study deals with the investigation of LPBF manufactured
Ti6242S by means of the correlative high-resolution methods atom
probe tomography (APT), high-energy X-ray diffraction (HEXRD) and
transmission electron microscopy (TEM). Particular emphasis is placed
on determining the occurring phases as well as on the evolution of
the sub-microstructure during the decomposition of the martensitic mi-
crostructure in the course of post-process heat treatments.

The initial Ti6242S powder material reveals a chemical composition
of 6.4 m.% Al, 2.0 m.% Sn 4.2 m.% Zr, 2.0 m.% Mo, 0.05 m.% Si, and
0.13 m.% O. The Al, Sn, Zr, Mo, and Si contents were determined via
inductively coupled plasma atomic emission spectroscopy, whereas the
O content was determined via carrier gas hot extraction. The investi-
gated cubic bulk specimens of the dimensions 20 x 15 x 20 mm? were
manufactured with an EOS M290 LPBF unit utilizing an energy density
(E4) employing the range of 35 to 110 Jmm~3. The AM process was pet-
formed under constant Ar shielding gas environment and the building
platform was pre-heated to 150 °C.

To assess local variations of the chemical composition, APT was per-
formed on tips prepared via a standard focused ion beam technique
[9] in a Versa 3D DualBeam workstation (FEI, OR, USA). The APT mea-
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Fig. 1. (a) APT tips of the as-built samples fabricated with varying E; (35, 60 and 110 Jmm~2), depicting the 2 at.% Mo and 1 at.% Si isosurfaces; (b) proxygrams
of the 2 at.% Mo and 1 at.% Si isosurfaces of the three tips; (¢) azimuthally integrated HEXRD curves of corresponding specimen conditions.

surements were conducted using laser mode in a local electrode atom
probe LEAP 3000X HR (Cameca, France). All tips were measured at a
cryogenic temperature of 60 K, a laser energy of 0.4 nJ and a laser fre-
quency of 250 kHz. For data evaluation, the APT reconstruction software
IVAS 3.6 from Cameca was used.

Fig. 1(a) depicts three APT tips with 1 at.% Si and 2 at.% Mo isosur-
faces, showing the as-built sub-microstructure of Ti6242S manufactured
with E4 values of 35, 60 and 110 Jmm™3, respectively. In the as-built
condition, only Si and Mo were inhomogeneously distributed. An E4 of
35 Jmm~3 leads to linearly aligned slight segregations of Si, whereas Mo
shows clustering and no significant segregations. This is assumed to be
linked to the low solubility and the high diffusivity of Si when compared
to Mo in the matrix phase [10,11].

An E4 of 60 and 110 Jmm~3 results in plate- and rod-like Mo segre-
gations in the o’ matrix phase. It can be assumed that a higher E; leads
to longer times at higher temperatures and, consequently, provides suf-
ficient heat input to overcome the activation energy for Mo diffusion
[10,11]. Fig. 1(b) provides the corresponding proxygrams, which show
the change of the elemental concentration of the 2 at.% Mo and 1 at.% Si
isosurfaces in the three tips. For a low E4 of 35 Jmm™3, the Si isosurfaces
are smaller, yet more enriched in Si. For higher E4 of 60 and 110 Jmm3,
the Si isosurfaces are larger, but exhibit a lower core Si content (see Xg;-
positions=0 nm). However, an E; increase from 60 to 110 Jmm~3 does
not further decrease the core Si content. Similar to the Si isosurfaces,
the mean size of the 2 at.% Mo isosurfaces also increases and the core
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Mo content decreases substantially with higher Eq (see x| _-positions=0
nm) In addition, the Si and Mo segregations are not congruent. While
all Mo segregations are enriched in Si, the Si segregations do not con-
tain Mo in a similar manner. Areas where Mo and Si are present (Mo
segregations) are considered to be an early stage of the § phase, while
the areas solely enriched in Si (Si segregations) may be an early stage
of silicide formation.

Fig. 1(c) depicts the HEXRD spectra for the samples manufactured
with different energy densities. The HEXRD measurements were con-
ducted at the beamline P07 at the synchrotron radiation source PETRA
III at Deutsches Elektronen-Synchrotron (DESY, Hamburg, Germany).
A Perkin Elmer X-Ray area detector 1621 (detector-specimen distance
1500 mm) and a radiation energy of 73.6 keV were used. Due to the high
cooling rates, an orthorhombic a” martensitic phase occurs when a low
E4 of 35 Jmm™3 is applied (see additional peaks marked with red arrows
in the HEXRD spectrum). The presence of orthorhombic a” martensite in
the Ti6242S alloy manufactured by LPBF was recently proven and out-
lined in Ref [6]. Higher E4 of 60 and 110 Jmm~3 lead to the formation
of hexagonal a’” and early stages of § phase.

The following investigations concentrate on specimens manufac-
tured with an intermediate Eq4 of 60 Jmm~3. Fig. 2(a) shows the HEXRD
pattern with the respective a’/a and f# peaks of the Ti6242S specimen
in the as-built condition and after various subsequent heat treatments,
revealing the decomposition of the martensitic microstructure. All heat
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Fig. 2. (a) Azimuthally integrated HEXRD pattern of the microstructure in the as-built condition and after various heat treatments showing hexagonal «’/a and
small bee f peaks; (b) a section of the same HEXRD diffractograms revealing (Ti,Zr)¢Si (silicide) peaks as well as the evolution of the  phase during various heat

treatments.
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Fig. 3. STEM images taken in HAADF mode of the microstructure in (a) as-built
600 °C, (d) 2 h at 800 °C, and (e) 12 h at 800 °C followed by furnace cooling.

treatments were carried out in a cold-wall vacuum furnace (HTM Reetz
GmbH, Germany) followed by furnace cooling.

As both the martensitic o’ and the equilibrium a phase possess a
hexagonal lattice structure, they cannot be distinguished and are there-
fore designated as a’/« in terms of HEXRD. Besides a’/a, heat treatments
at increasing temperatures lead to higher g phase fractions according to
the a’—a+p decomposition. Furthermore, the full width at half maxi-
mum (FWHM) decreases with higher heat treatment temperature and
longer holding time, indicating a reduction of the defect density as well
as an increase in grain size [12,13]. The sections of the same HEXRD
diffractograms in Fig. 2(b) reveal that already in the as-built condition,
a small fraction of § (< 1 vol.%) is present. With increasing heat treat-
ment temperature, the position of the f—200 peak shifts to higher Bragg
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HAADF

condition and after subsequent heat treatments of (b) 2 h at 400 °C, (c¢) 2 h at

angles as the g-lattice parameter a,; decreases, indicating changes in the
chemical composition. Additionally, the p/—200 peak changes from as-
built to 400 °C-2 h, which is typical for a+p alloys and, for example,
was experienced with an LPBF manufactured Ti-6Al-4V alloy [8]. The
Rietveld analysis, performed with the software MAUD [14], revealed a #
phase fraction of 7.5 vol.% for that sample condition, which was closest
to thermodynamic equilibrium (800 °C-12 h). The samples heat-treated
at 800 °C show slight amounts of an additional phase, identified to be
silicides with an S2 type (Ti,Zr)¢Si; crystal structure [15-18].

Fig. 3(a) and (b) display scanning transmission electron microscopic
(STEM) images of the microstructure recorded in bright-field (BF) mode
and (c) to (e) display high-angle annular dark-field (HAADF) mode im-
ages of the as-built condition and after a heat treatment at 400, 600
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Fig. 4. APT tips of the (a) as-built condition with 1.5 at.%. Mo isosurfaces, (b) after a heat treatment of 2 h at 600 °C with a 5 at.% Mo isosurface and (c) after heat
treatment of 12 h at 800 °C with a 12 at.% Mo isosurface. (d) BF-TEM image of the microstructure in as-built condition and the corresponding diffraction pattern
taken in [010] zone axis; (e) 1D-concentration profiles along the ROI of the 1.5, 5 and 12 at.% Mo-isosurfaces of the three tips, displaying changes of the Ti, Mo, Al,

Sn, Zr and Si concentrations.

and 800 °C followed by furnace cooling. The images were recorded us-
ing the previously mentioned Versa 3D DualBeam workstation operating
with a STEM detector. In the as-built condition (Fig. 3(a)) and after 2 h
at 400 °C (Fig. 3(b)), the microstructure appears acicular and is fine-
grained (~50-100 nm grain width). In addition, the «’ grains exhibit
contrast variations in the form of lines perpendicular to the major grain
axis, which are related to lattice defects as reported in [6,19]. Due to its
low phase fraction, § is not visible in the STEM images although it has
been confirmed by HEXRD. After 2 h at 600 °C, Fig. 3(c), the grain size
is still small and, due to the increased phase fraction, thin g films are
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visible along the grain boundaries. Due to the fineness of the structure,
STEM does not enable a distinct differentiation between f and possi-
bly present nanometer-sized (Ti,Zr)Si; silicides. The heat treatments at
800 °C (Fig. 3(d) and (e)) cause severe coarsening of the microstructure
(~500-1000 nm grain width) and the formation of continuous # films
along a boundaries. Furthermore, § precipitates and silicide particles
with up to 250 nm in diameter are visible at the dislocations in the «
grains. In HAADF mode, the silicides appear brighter than # and quali-
tative EDS measurements of these particles confirmed enrichment of Zr
and Si as well as a depletion in Mo.
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Fig. 5. (a) APT tip of the microstructure in 600 °C-2 h condition with 5 at.% Mo and 5 at.% Zr isosurfaces and (b) 1D-concentration profile along the ROI z-axis

through a Zr isosurface.

Fig. 4(a) to (c) show APT tips with 1.5, 5 and 12 at.% Mo isosur-
faces of the specimens in the as-built condition and after 600 °C-2 h and
800 °C-12 h heat treatments. The as-built APT tip in Fig. 4(a) displays
Mo segregations along a’ grain boundaries as well as parallel rod-like Mo
segregations within o’ grains . The Mo segregations are surrounded by
a Mo depleted zone, respectively. The width of the o’ grains correlates
with the grain size of the microstructure shown in Fig. 3(a) and the dis-
tance 6 between the rod-like Mo segregations in Fig. 4(a) is ~20-50 nm,
which corresponds to the dimensions of the defect structure depicted
in a corresponding bright-field (BF) TEM image in Fig. 4(d). This BF-
TEM image was recorded on an FEI Tecnai F20 G2 (Thermo Fisher, MA,
USA) with an acceleration voltage of 200 kV. The respective diffraction
pattern, with B = [010] and g = [100], reveals a ~20-60 nm distance be-
tween the dislocations situated on the prismatic (100) slip planes of the
hexagonal lattice [2]. It is tempting to speculate that this dislocation
structure acts as a nucleation site for g precipitates, which results in the
occurrence of # within « grains shown in Fig. 3(d). This effect is more
pronounced for specimens investigated in a previous work [4], pointing
out that air cooling reduces Mo diffusion further and leads to a substan-
tial accumulation of periodic f precipitates within the grain structure.
In contrast to commonly used Ti-6A1-4V components, the occurrence of
B precipitates within the grain structure leads to the enhanced tensile
strength of the Ti6242S alloy reported in a previous study [4].

Fig. 4(e) shows the 1D-concentration profiles along regions of inter-
est (ROI) through the Mo enriched regions of the three APT tips. The
Mo concentration in Mo enriched zones increases from ~2 at.% in the
as-built condition to ~12 at.% in the heat-treated 800 °C-12 h condition
and explains the peak shift as observed in Fig. 2. A higher Mo concen-
tration in f leads to a reduction of the lattice parameter caused by a
difference in the atomic radii [20,21] and, consequently, an increase
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in the Bragg angle. It can be derived from Fig. 4(e) that a broaden-
ing of the 1D-concentration profile was recognized after the heat treat-
ment and the transition of the Mo enriched zones to the matrix became
more defined. This indicates that the Mo enriched zones in the as-built
condition are an early state of g, while in the 800 °C-12 h condition,
the g phase is in stable equilibrium. The gradual transition of the Mo
curve in the 600 °C-2 h condition is related to the ongoing Mo diffu-
sion into # in order to reach the equilibrium composition. The depletion
of the «-stabilizing element Al in g is qualitatively similar to the en-
richment of Mo, but the 4.5 at.% Al equilibrium concentration in g is
already reached at the 600 °C-2 h condition. The equilibrium concentra-
tion of Si (2.5 at.%) is already fulfilled in the as-built sample condition
(early stage of ) due to the higher diffusivity of Si compared to other al-
loying elements [10,11]. Independent of the sample condition, the Mo
enriched zones show no significant enrichment in Zr and Sn and are
depleted of Ti.

Fig. 5(a) shows the same APT tip of the sample in the 600 °C-2 h
condition showing 5 at.% Mo and 5 at.% Zr isosurfaces. The Zr en-
riched zones are closely arranged to g, indicating the precipitation of
silicide particles at a/p boundaries. The 1D-concentration profile along
the ROI, provided in Fig. 5(b), reveals a Zr concentration of maximum
10 at.%, an enrichment in Si and a depletion in Al. Furthermore, the
Mo content is significantly lower than in f. This assumes that already in
the condition 600 °C-2 h, fine (Ti,Zr)¢Si; silicides with a few nm in di-
ameter are present, whereas no silicides were detected during multiple
APT measurements of the as-built and 400 °C-2 h condition. Although
Si clustering was already detected in the as-built (see Fig. 1(a)) and the
400 °C-2 h condition, the diffusivity of Zr was insufficient for the forma-
tion of silicides. According to literature, the enrichment of Zr [16], the
lattice structure and lattice parameters [15], as well as the presence of
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the p stabilizing element Mo [15] confirm the occurrence of a S2 type
(Ti,Zr)¢Sis in the investigated alloy.

In conclusion, the chosen E4 during LPBF significantly affects the Mo
diffusion and, in further consequence, the martensite type and morphol-
ogy, ranging from orthorhombic «” martensite with Si segregations at
35 Jmm~3 to hexagonal o’ and early stages of # phase formation at 60
and 110 Jmm~2. The application of a low Eg, i.e., a high cooling rate, is
determined as the key parameter for the formation of an orthorhombic
crystal structure instead of the typically hexagonal one.

Investigations of specimens manufactured with an intermediate E4
of 60 Jmm3 revealed that the nanometer-sized heterogeneities in the
material affect the microstructure evolution during subsequent anneal-
ing. The p phase precursors with body-centered cubic structure precipi-
tate along o’ grain boundaries and at dislocations on (100) prismatic slip
planes of the a’ grains. Subsequent post-process heat treatment leads to
coarsening of these § constituents and shifts the chemical composition
of the segregated areas to equilibrium by means of Mo enrichment and
Al depletion until stable g precipitates have formed. Silicide precipitates
form at «/p phase boundaries and exhibit sizes ranging from a few nm
to 0.25 um. Although Si was found to segregate already during LPBF, it
takes an additional heat treatment at temperatures of minimum 600 °C
for the formation of (Ti,Zr)¢Si; particles. This is assumed to be linked
to the comparably low diffusivity of Zr atoms in the Ti6242S alloy.
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Abstract: During the last decades, titanium alloys have been of great interest for lightweight ap-
plications due to their high strength in combination with a low material density. Current research
activities focus on the investigation of near-« titanium alloys produced by laser powder bed fusion
(LPBF). These alloys are known for their superior tensile strength and high creep resistance. This
study focuses on the optimization of post-process heat treatments and the impact on tensile and creep
strength of a LPBF produced Ti6242S alloy. Therefore, a variety of annealing steps were conducted to
gain knowledge about the decomposition process of the non-equilibrium as-built microstructure and
the arising influence on the mechanical properties. Components made of Ti6242S and produced by
LPBF reveal an extraordinarily high ultimate tensile strength of about 1530 MPa at room temperature,
but show a low elongation at fracture (As = 4.3%). Based on microstructure-property relationships,
this study recommends precise heat treatments on how to improve the desired mechanical properties
in terms of strength, ductility as well as creep resistance. Moreover, this study shows a triplex heat
treatment, which enhances the elongation at fracture (As) to 16.5%, while the ultimate tensile strength
is still at 1100 MPa.

Keywords: titanium alloys; additive manufacturing; characterization; electron microscopy; hardness;
X-ray analysis; phase transformation

1. Introduction

Titanium base alloys are frequently used in the aerospace, automotive and medical
sectors due to their beneficial strength-to-weight ratio, excellent corrosion resistance, bio-
compatibility, and high fatigue strength [1-4]. In particular, the group of the « + 3 alloys
is of great interest because of their well-balanced properties and the already available
know-how in terms of producibility [5-7]. Recent research activities have focused on the
investigation of near-« titanium base alloys, which reveal similarities to the popular & + 3
alloys such as Ti-6Al-4V (m.%, Ti64), yet containing a lower fraction of {3 stabilizing ele-
ments [7-10]. Especially the near-« Ti-6Al-25n-4Zr-2Mo-Si (in m.%, Ti6242S) alloy produced
by LPBF has gained attention due to several advantages such as higher tensile strength
and superior creep resistance in comparison to the Ti64 alloy [11]. Additive manufacturing,
e.g., LPBE is regarded as a promising technology when compared to conventional manu-
facturing techniques, which is caused by less material waste via the direct production of
highly complex geometries [12]. For example, titanium alloys are a popular choice for LPBF
in industrial applications for producing biomedical implants [13], lightweight aerospace
parts [14], as well as complex parts of the exhaust system in the automobile sector [11].
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Choosing LPBF as a manufacturing technique can significantly improve the mechanical
properties of components. Conventionally manufactured Ti6242S samples (casting and an-
nealed) reveal an ultimate tensile strength (UTS) of 1000 MPa and an elongation at fracture
of 10% [15]. The LPBF manufacturing process of Ti62425 components causes high cooling
rates, leading to a martensitic microstructure and, in further consequence, to a significantly
higher UTS of 1380 MPa and comparably low elongation at fracture of 5.3% [8]. The high
cooling rates of this manufacturing process evoke a non-equilibrium material condition
and promote a high density of lattice defects and residual stresses, which may lead to the
formation of cracks and delamination during the LPBF process [16,17]. The microstructure
of the Ti6242S components consists of long columnar parent 3-grains (~83 pm width),
several hundred um length which contain fine acicular «’ martensite (~1 pm minor axis
length and ~8 um major axis length) as recorded in [11].

The martensitic microstructure is far from thermodynamic equilibrium and, therefore,
unfavorable for industrial application as it causes low ductility and fracture toughness.
Therefore, post-process heat treatments are well established for LPBF-produced titanium
alloys [8,18]. These treatments focus on the reduction in residual stresses and enhancement
of ductility. Simultaneously, the heat-treated specimens’ tensile strength drops due to the
change of a fully martensitic «’ microstructure into an o +  microstructure which is closer
to the thermodynamic equilibrium [19,20].

Fundamental investigations [21] on an LPBF-manufactured titanium base alloy show
that the decomposition of the fully martensitic microstructure already begins at 400 °C.
Annealing at this relatively low temperature increases the hardness in comparison to the
initial sample condition. It is assumed that the presence of the intermetallic «,-TizAl
phase and nanometer-sized 3 precipitates causes this hardness increase [16,22]. In contrast,
heating to temperatures above 650 °C results in a higher 3 phase fraction as well as
coarsened grains, leading to a hardness decrease [22]. After initial annealing, a final
aging (stabilization) step is performed for elemental redistribution in the supersaturated
phases, shifting the microstructure towards the thermodynamic equilibrium. For most
Ti alloys, aging is typically performed in a temperature range of 500-600 °C, leading to
a decomposition of unstable phases and a microstructure with enhanced hardness [23].
Furthermore, aging also promotes the formation of a, precipitates, which are known
to further strengthen the material by means of stabilizing the dislocation structure by
dislocation pinning [23,24].

Recent investigations on an-LPBF manufactured Ti6242S alloy have shown that the
heat treatment response led to the precipitation of 3 particles at x-grain boundaries and
within « grains. This behavior was ascribed to the low diffusivity of the (3-stabilizing
element Mo in this alloy [11]. The Ti6242S alloy is also known for its high creep resistance
caused by its low self-diffusion coefficient [5,7]. Moreover, the alloying element Si promotes
the formation of stable (Ti,Zr)4Si3 silicide particles, which further decrease the dislocation
movement [25].

This work aims to optimize the post-process heat treatment strategy of LPBF-
manufactured Ti6242S samples with regard to balanced mechanical properties. Depending
on the operating conditions, single or multi-step heat treatments are preferable. If the mate-
rial is used at the upper-temperature limit (long term) at about 550 °C, then enhanced creep
strength is required. In contrast, well-balanced ductility and strength are essential for room
temperature (RT) application. Since the Ti6242S alloy was manufactured by LPBF for the
first time only recently [8], appropriate annealing strategies have not yet been investigated
in detail. Besides the impact of the heat treatment on the mechanical properties, additional
focus is placed on the microstructural changes during the different steps of the post-process
heat treatments. Particularly, the microstructure-property relationships concerning the
tensile and creep strength will allow for identifying the proper heat-treatment strategy
depending on the required mechanical properties. This may pave the way for a successful
and more widespread use of the Ti6242S alloy produced by LPBE.
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2. Materials and Methods

Microstructure analysis and mechanical testing were conducted on cylindrical speci-
mens with a diameter of 15 mm and 85 mm length produced at Pankl Racing Systems AG,
Additive Manufacturing Technologies, Kapfenberg, Austria on an M400 LPBF facility from
EOS, Munich, Germany utilizing Ar shielding gas. The chosen volumetric energy density
of the LPBF process was about 60 ] mm ™~ to ensure a high material density with a reduced
pore content. The chemical analysis of the Ti6242S powder used for the manufacturing pro-
cess was: 6.4 Al, 1.9 Sn, 3.9 Zr, 2.0 Mo, 0.09 Si, and 0.01 O (m.%). The chemical analysis of Al,
Sn, Zr, Mo, Si was done via inductively coupled plasma atomic emission spectroscopy (ICP-
AES), and the O concentration was determined via carrier gas hot extraction. Investigations
on samples directly after the LPBF manufacturing process, i.e., on “as-built” samples, were
conducted to analyze the reference condition and shed light on the starting microstructure.
Dwell times, heat treatment temperatures and cooling conditions (air cooling, AC, furnace
cooling, FC) were varied in order to learn about the microstructural evolution during
the post-process treatments. Figure 1 displays the investigated one-step (3-annealing),
two-step (duplex annealing) and three-step (triplex annealing) heat treatments investigated
within this study. Based on thermodynamic calculations as reported in reference [11], a
schematic diagram of the rising 3 phase fraction at higher temperatures is shown on the
right of Figure 1.

Duplex Annealing Triplex Annealing

112

L LA A ...
@.. sub-critical 1-2h .
B-annealing | 900-950 °C H AT
AC =
FC AC 550600 °CE
4hi
¢« 2
Partly- . AC
Globularization, saturating Aging
> > >

Phase content

Figure 1. Schematic visualization of the investigated one-step, two-step and three-step post-process
heat treatments conducted on as-built Ti6242S samples. The variation of temperatures, holding
times and cooling conditions in terms of AC and FC was carried out to gain knowledge about the
decomposition of the disequilibrium microstructure and to establish the optimum heat treatment
parameters for the subsequent application. Additionally, schematically the course of the 3 phase
fraction as function of temperature in thermodynamic equilibrium [11] is provided on the right side.

The 3 phase fraction is of great importance due to the differences in solubility of chem-
ical elements in the & and 3 phases [5]. Moderate annealing temperatures between 700 °C
and 900 °C, which are significantly below the 3-transus temperature (T for this alloy is
1017 °C, [11]), are commonly used in the industry to reduce residual stresses and enhance
ductility [11]. For this purpose, this investigation focuses on the differences in mechanical
properties caused by the varying temperatures and holding times during the duplex anneal-
ing treatment. A (3-annealing treatment was executed to investigate the high temperature
properties. Furthermore, a novel three-step triplex annealing treatment was designed to
test the fracture at elongation limits of this alloy. All heat treatments were conducted in
temperature-calibrated Nabertherm N 11/HR box furnaces. The sample preparation of
the metallographic specimens was performed using standard preparation techniques for
titanium alloys according to reference [26]. X-ray diffraction (XRD) investigations with a D8
Advance diffractometer from Bruker, Billerica, USA in coupled 2-0 mode using a Cu-Ky X-
ray source with a wavelength of 0.154 nm were carried out to identify the occurring phases
and the according volume fractions. Rietveld analysis [27] with the software TOPAS from
Bruker was performed to analyze the phase fractions and lattice parameters of the phases
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present. Light optical microscopy (LOM) with an Axiolmager.M2 LOM from Zeiss, Jena,
Germany was performed to determine the pore content of the as-built samples according
to reference [26]. Fractography was conducted on a stereo-microscope, type DiscoveryV20
from Zeiss. Scanning electron microscopy (SEM) was done on a field-emission device Versa
3D Dual Beam from Thermo Fisher, Waltham, USA. This SEM was also used to investigate
the specimens’ phase morphology and grain size via electron backscatter diffraction (EBSD)
analysis using a Hikari XP EBSD camera from EDAX, Mahwah, USA. The determination of
the elemental composition of the individual phases was performed via energy-dispersive
X-ray spectroscopy (EDS) on an Oxford Instruments Xmax 80 mm? EDS detector, which
was mounted on a Clara SEM from Tescan, Brno, Czech Republic. Transmission electron
microscopy (TEM) investigations were carried out on an FEI Tecnai F20 G2 TEM from
Thermo Fisher by using an acceleration voltage of 200 kV. Micro-hardness measurements
were performed to examine the influence of the various heat treatment parameters on the
specimens’ hardness. Therefore, a Qness Q 60 A+ measuring device from ATM Qness,
Mammelzen, Germany equipped with a Vickers indenter tip was employed to perform
30 single HV0.1 indents per sample arranged on a measurement grid. Quasi-static tensile
tests were conducted on heat-treated and machined tensile samples with gauge diameter
of & 6 mm and a gauge length of 30 mm. The tensile specimens were mounted with a
metric M10 screw head in accordance with DIN EN 2002 and deformed with a strain rate
of 0.8 - 10~* s~! on tensile test equipment provided by Messphysik. The listed elongation
at fracture values A5 within this study were determined according to DIN EN 2002. All
temperatures and sample conditions were tested at least two times. Uniaxial creep testing
was carried at a temperature of 550 °C under an applied load of 210 MPa, using TC30 and
TC50 creep testing equipment of AET Technologies, Troy, MI, USA. The cylindrical samples
used for creep testing had an inner sample diameter of & 6 mm and a gauge length of
30 mm. During the experiment, two extensometer bars were attached to the specimens
for creep strain determination. The temperature was monitored and controlled via three
thermocouples along the specimens’ longitudinal axis.

3. Results
3.1. As-Built Microstructure

The results of the electron microscopic investigations of an as-built sample are shown
in Figure 2. Figure 2a displays the EBSD image quality (IQ) and inverse pole figure (IPF)
map. The image reveals the acicular morphology of the as-built microstructure. As the
material fulfills a B — « phase transformation after solidification of the melt pool, grain
boundaries of the parent 3 grains are still visible and marked with a dashed line. According
to reference [11], the crystal orientation of the & grains, located within the 8 grains, is linked
to the Burgers orientation relationship. The pore analysis of the as-built samples reveals a
very high density of the LPBF manufactured samples with a pore fraction of <0.05 vol.%.

Figure 2b shows a bright-field TEM (TEM-BF) image of the microstructure, which
reveals a very fine «’ microstructure and a high density of defects like mechanical twins
(red arrow).

3.2. Transformation during Duplex Annealing

Figure 3 shows SEM images of the microstructure recorded with a backscatter electron
(BSE) detector to display the impact of different heat treatment temperatures and times on
the evolution of the microstructure during the duplex annealing heat treatment. The images
show the microstructure of the stress-relief annealed (SRA) samples at 700 °C, 800 °C and
900 °C from top to bottom and for dwell interval times of 0.5-8 h from left to right. Different
cooling conditions in terms of AC and FC as well as a final aged microstructure are also
added for comparison. As shown, the acicular morphology of the initial as-built sample
condition remains for low annealing temperatures and short dwell times. Due to the
decomposition of the supersaturated o’ martensite (&' — o + ) closer to thermodynamic
equilibrium, 3 precipitates have formed in all heat-treated specimens. The appearance
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of the 3 phase is bright in BSE contrast due to the enrichment with heavier elements
like Mo [11]. An increase in the temperature to 900 °C and longer dwell times result in
significant growth of oc and (3 grains as well as a globularization of the whole microstructure.

Figure 2. (a) EBSD IPF map with an IQ overlay shows the acicular morphology of the hexagonal

martensitic microstructure after LPBE. A former parent 3 grain boundary is marked with a dashed
line; (b) the TEM-BF image displays a high density of defects like mechanical twins (red arrow) in the
nanometer-sized o microstructure of the as-built sample.

800°C | _700°C

900 °C

A%

10 pm mo-phase 0 -phase 2 pm 101

Figure 3. SEM images taken in BSE mode of the microstructure of LPBF-produced Ti6242S samples
at different stages of the duplex annealing. Higher temperatures and longer dwell times lead to
a significant increase in grain size. The additional aging treatment at 600 °C for 4 h results in a
bi-lamellar morphology (see text).

In particular, the FC sample, which was annealed at 900 °C, reveals a much coarser
microstructure originating from the low cooling rate. The 3 phase fraction in the FC samples
is lower than in the AC condition, caused by the equilibrium condition of the material.

The effect of final aging (600 °C for 4 h) is visible when comparing the 3 phase before
and after the aging treatment for the 8 h-AC sample in Figure 3. The aging step causes
precipitation of fine & phase within former (3 areas. This so-called bi-lamellar microstructure
originates as the supersaturated {3 phase shifts to thermodynamic equilibrium. The aging
effect is evident, especially for high temperatures where large 3 phase areas exist. For
lower annealing temperatures, e.g., 700 °C, the microstructure consists of sub-pum-sized 3
precipitates surrounded by « constituents.

114
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EBSD investigations were performed to analyze the influence of the dwell time on
the microstructure during the 900 °C annealing treatments (Figure 4). The upper areas in
the EBSD maps in Figure 4a show the IPF + IQ information of the hex « phase, whereas
the lower areas depict phase maps with an IQ overlay. The « phase is colorized in grey,
whereas the 3 constituents are highlighted in red. The acicular appearance of the fine grains
coarsens with increasing dwell times and larger « grains begin to split (white arrows).
Furthermore, small 3 phase precipitates, as seen in the 1 h sample, accumulate and generate
larger {3 grains in the 8 h treated samples. The EBSD grain size analysis in Figure 4b shows
that an extension of the dwell time from 0.5 h to 8 h causes an increase in grain size. The
average grain diameter dsp almost triples from 2 pum (as-built) to 5.9 um (8 h-AC) due to the
dissolution of smaller grains and the growth of the larger ones during the holding sequence.
The evaluation of lattice parameters and phase fractions of the hexagonal (hex) & and body-
centered cubic (bcc) 3 phase was done via XRD measurements and is depicted in Figure 5
for the samples heat-treated at 900 °C. The results of the AC samples reveal an increase
in the 3 phase fraction already after a dwell time of 0.5 h and an almost steady volume
fraction of about 10 vol.% after 1 h. The evaluation of the lattice parameters shows that the
hex o lattice parameter (4, and cq) and the bee f lattice parameter (a5) remain unaltered
after the SRA-AC treatments. Final aging at 600 °C for 2 h was conducted on 1 hand 8 h
SRAAC samples, which showed a decrease in the 3 phase fraction after the aging treatment
as well as for lower cooling rates (FC), when compared to the AC treatment. A lower 3
phase fraction is also visible in the microstructure images of the samples heat-treated at
900 °C as shown in Figure 3.

(@) (b)

( ; : ‘ == as-built 4 h-AC
= 0.5h-AC == 8h-AC
= 1h-AC = 8 h-FC

__ =™ 2h-AC
2 100 7w 025 &
3 =
‘B 80+ 1020 8
£ |
& 60 10.15 =2
< 3
I 40 1010 ©
[ ]
= o
g 20 1005 Z
O , £

04 0.00 (5

100

Grain size (pm)

Figure 4. EBSD maps depicted as IPF + IQ maps on the upper side and as phase + IQ maps on the
lower side of (a) showing the microstructure of the 900 °C heat-treated Ti6242S samples for different
dwell times and cooling conditions. The EBSD grain size analysis in (b) reveals that the increasing
grain size is linked to the prolonged dwell-time.
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Figure 5. XRD results of the sample heat-treated at 900 °C showing the 3 phase volume fraction and
lattice parameter of the « and (3 phase for different SRA dwell times and cooling conditions. The final
aging step (600 °C for 24 h) was carried out on 900 °C-1 h-AC and 900 °C-8 h-AC samples.

Moreover, from Figure 5 it is evident that only the lattice parameter of the bec 3 phase
decreases during aging or FC. The change in the 3 lattice parameter results from differences
in chemical composition. As shown in Figure 6, EDS measurements reveal nearly constant
Al, Sn and Zr concentrations in the « phase, whereas the elements Mo and Fe completely
diffuse into the  phase during the heat treatments. Obviously, the cooling rate severely
influences the chemical composition of the 3 phase. While the FC sample is shifted closer to
the thermodynamic equilibrium due to the lower cooling rate, the 3 phase is supersaturated
in Al and depleted in Mo and Fe after the AC treatment. This is accompanied by a lower 3
phase fraction obtained in the specimens closer to equilibrium. The XRD diffractograms
also suggest that no intermetallic x,-TizAl phase occurs in any of the investigated samples.

B AC [ FC

Q1

= =
o

S Ol

Al|Sn|Zr Mo| Fe [ Al|Sn|Zr [Mo| Fe
a phase  phase

Chemical
composition (m.%)

Figure 6. EDS measurements reveal the element partitioning between the « and 3 phase depending
on the applied cooling rate.

3.3. B-Annealing and Triplex Annealing

As a lamellar microstructure results in improved creep resistance of Ti base alloys [5],
a [3-annealing treatment above the 3 transus temperature was utilized to diminish the
as-built morphology and generate a more coarse-grained and lamellar microstructure. The
impact of this treatment on the microstructure is shown in Figure 7a. The microstructure
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consists of large primary « colonies (&), grain boundary « (xgp) and a slight amount of
basketweave substructures (encircled yellow) within a single parent 3 grain.

g _; Pha$e+IQ
50 um Oacmp 25 um

Figure 7. (a) SEM-BSE image shows the microstructure after -annealing of an as-built Ti6242S
sample. (b,c) demonstrate the effect of the triplex annealing heat treatment on the microstructure
displayed in an SEM-BSE image and an EBSD map, respectively.

Triplex annealing was performed to enhance the ductility of the as-built condition. An
SEM-BSE image of the microstructure after the triplex annealing is depicted in Figure 7b.
It consists of darkly contrasted, partially globularized primary « () grains and coarse
op lamellas which formed during the first stage of the three-step heat treatment, i.e., sub-
critical annealing slightly below (3-transus. In the second stage, the saturation annealing
leads to approximately 30 vol.% of supersaturated 3 phase caused by the rapid cooling
process. The black arrows indicate the splitting of o, grains, which originated during the
first two annealing steps, better visible in the EBSD map shown in Figure 7c. In the third
step of the triplex annealing, aging promotes secondary o («s) and fine {3 precipitation.
Here, the IPF + IQ map on the upper side shows these small s constituents in between
the o« grains. In the enlarged box, the grain size analysis reveals an « grain size of about
1.0 pm when compared to the overall grain size of the triplex annealed sample of about
13.6 um. Regarding the crystallographic orientation, oy, and o are both linked to the parent
[ phase via the Burgers orientation relationship [11]. Moreover, the EBSD Phase + IQ map
on the lower side of Figure 7c presents the (3 phase (red arrow) occurring in the vicinity of
o grain boundaries.

3.4. Impact of the Heat Treatments on the Mechanical Properties

The results of the micro-hardness tests of the duplex-annealed Ti6242S samples are
displayed in Figure 8. The hardness of all AC samples decreases as both heat treatment tem-
perature and time increase. The high hardness value of the as-built condition (486 HV0.1)
significantly drops in the early stages of the heat treatment, which is more pronounced
for the samples annealed at temperatures of 800 °C and 900 °C when compared to the
700 °C samples. In addition, the steady-state hardness is reached after a dwell time of
2 h for the investigated SRA temperatures in the range of 700-900 °C. The effect of the
final aging treatment (600 °C) during the last step of the duplex annealing is visible in the
hardness depicted on the right of Figure 8. Aging was done on 1 h-AC (short SRA dwell
time) and 8 h-AC (long SRA dwell time) samples and reveals an increase in micro-hardness,
which is more pronounced for shorter SRA dwell times. It can be assumed that longer
SRA dwell times lead to a more stable phase composition and, therefore, less pronounced
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hardening during aging. Higher aging times (4 h — 8 h — 24 h) are also more effective for
shorter SRA dwell times, whereas longer dwell times are not as favorable with regard to the
obtained micro-hardness. Lower cooling rates, such as FC, result in an increase in hardness,
especially for lower SRA temperatures. During the FC process, the microstructure shifts
towards thermodynamic equilibrium when compared to AC, and the 3 phase fraction,
which is lower after FC, is enriched with {3 stabilizing elements. Furthermore, the increased
« phase fraction also contributes to a higher micro-hardness after the FC process as, in
general, the & phase possesses higher strength than the 3 phase [28,29]. FC might also have
a similar effect on the microstructure, especially at lower SRA temperatures, as seen for the
aging treatment which leads to sub-um sized {3 precipitates.

SRA SRA 1h-AC 8h-AC
-AC . + aging
500 SN —500
480 : 1 480
5 4
S 460 ' /L4 o 1460
T \{ } 700°C % H
2 440- \{ } | 440
c P
e
5 420 H ! % L™ 1420
i | 800°C &

ey

4001 M| 4 900°C

+400

0 L1380
012345678 8 4 82448 24
Heat treatment time (h) Aging time (h)

Figure 8. Micro-hardness tests performed on heat-treated Ti6242S specimens show a decreasing
hardness with increasing heat treatment temperatures and times (left). Low cooling rates, such as FC
and final aging at 600 °C, promote the hardness (right).

Tensile testing was conducted to validate the performance of samples with selected
heat treatments, having a special focus on the elongation at fracture. The results of the
tensile tests are compiled in Figure 9a and Table 1. They confirm that the UTS is highest for
the as-built sample condition of around 1525 MPa. During the low-temperature duplex
annealing (“duplex low” = 700 °C + aging), the strength and, interestingly, the strain to
rapture decreases when compared to the as-built samples. Fractography analysis on the
duplex low samples reveals crack initiation sites at LPBF typical defects, such as pores. As
shown in the microstructure images, these duplex-annealed samples consist of a very fine
« + (3 microstructure with sub-um-sized {3 precipitates and, thus, are severely influenced
by the possible movement and pile-ups of dislocations [8]. Therefore, stress concentrations
at defects lead to cracks and cause early fracture events compared to the “duplex high”
samples (=900 °C + aging). These samples show an elongation at break (As) of about 16.0%,
although the UTS is still at 1155 MPa. The « + (3 microstructure within these samples can
store continuously formed dislocations and offers sufficient space for dislocation movement
in large o grains leading to enhanced ductility. The triplex heat treatment leads to a slight
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improvement of the ductility to 16.5 = 0.3% (As), caused by a microstructure almost
composed of large o, grains.
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Figure 9. (a) Stress-strain curves obtained at RT show the tensile mechanical properties of the LPBF-
produced Ti6242S specimens in as-built and heat-treated sample conditions; (b) creep strain as a
function of time, which reveals the creep resistance as a function of the applied heat treatment. The
cross (x) marks the time when the minimum creep rate (éy,;,) was reached.

Besides the tensile properties, additional focus is placed on the impact of the heat
treatment on the creep resistance of the LPBF-manufactured Ti6242S components. Therefore,
creep tests were conducted at 550 °C under an applied load of 210 MPa on all variants.
Figure 9b displays the creep strain as a function of the time as well as the minimum creep
rate values (¢min). The cross marks the time when the sample reached the minimum creep
rate, also provided in Table 1. The as-built sample, which exhibits the highest tensile
strength, reaches a creep strain ¢ > 1% already after 26 h and reveals a &nn Of 51108571
after 85 h. The minimum creep rate decreases for the duplex annealed samples with
increasing annealing temperatures from €min 5.0-10 8571 (duplex low) to émin 2010 8s71
(duplex high). The respective ¢ > 1% creep strain is reached after 37 h and 120 h under the
applied load of 210 MPa. The triplex annealed sample shows a further improvement of
creep resistance and a &pj, min of 1.2-:10-8 s~1. For this sample condition, a creep strain
of ¢ > 1% is only exceeded after 218 h. During -annealing, the very fine o martensite
transforms into a lamellar « + 3 microstructure which is favorable for high creep resistance.
This sample condition reveals the highest creep resistance, where én, of 0.5108 s 1is
reached after 200 h, and the € > 1% creep strain was not reached until the end of the creep
test, in this case after 350 h.
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Table 1. Comparison of mechanical properties and the influence of heat treatments on LPBF manu-
factured Ti6242S material.

Min. Creep

Sample Heat Treatment UTS (MPa) YS (MPa) As (%) Rate ¢min (h)Tsln;elo/ Reference
(10-8s-1) ’
as-built - 1526 £ 6 14(1)? + 4'5’ Si 5.1(85h) 26 this study
700 °C-1 h-AC 1390 £ 09+ .
duplex low 600 °C—24 hoAC 1421 £5 5 03 5.0 (56 h) 37 this study
. 800 °C-1 h-AC .
duplex middle 600 °C—24 h-AC 1263 1172 6.5 - - this study
. 900 °C-8 h-AC 1075 + 16.0 &+ .
duplex high 600 °C—t hoAC 1155 £ 7 1 01 2.0 (127 h) 120 this study
sub-critical
. -annealing-FC 1018 + 16.5 + .
triplex 900-950 °C—1-2 h-AC 1098 £ 4 5 03 1.2 (170 h) 218 this study
550-600 °C-2-4 h-AC
B-annealed 1025 °C-1 h-AC - - - 0.5 (200 h) >350 this study
as-built - 1381 1293 53 - - 8]
cast + annealed - 1006 910 10 - - [15]

120

4. Discussion

The combination of the beneficial properties of Ti base alloys with the LPBF manufac-
turing process allows the production of light-weight structural parts with highly complex
geometries. However, LPBF requires comprehensive know-how in the field of processing
and in-depth knowledge of material-specific characteristics. Parts produced by LPBF reveal
a non-equilibrium martensitic o’ microstructure, including a high amount of lattice defects
and residual stresses [11]. Therefore, sub-transus post-process heat treatments are an ef-
fective way to shift the microstructure and the chemical composition of the constituting
phases towards thermodynamic equilibrium, i.e., o’ — « + . Due to the relationship
of mechanical properties and microstructural features, the applied heat treatments must
be chosen carefully and should be explicitly adapted to the requirements for the final
application. Concerning the wide range of available heat treatments for Ti base alloys, the
following findings provide a guide for setting up a tailor-made heat treatment strategy:

4.1. Heat Treatment to Achieve Higher Tensile Strength

In order to adjust a high tensile strength in a Ti6242S alloy, the as-built condition
or duplex annealing is recommended. The tensile tests of the as-built samples show
extraordinarily high tensile strength values of UTS = 1526 MPa, although the elongation
at fracture As is still at 4.3%, see Table 1. Therefore, the use of as-built samples should be
considered if applications primarily focus on strength and low operating temperatures.
It should be noted that as-built samples additionally reveal melt pool borders, which
occur normal to the building direction and are caused by element segregations during the
LPBF process. These melt pool borders, however, are of minor importance for mechanical
properties as the total difference of element concentrations is comparably low [11].

Duplex annealing is recommended for applications with a need for well-balanced
properties in terms of fracture at elongation and strength. During SRA, the overall decreas-
ing hardness is determined by an interaction of decreasing defect density, grain coarsening
and fine 3 phase precipitation. Additional aging is essential to increase the strength via
element partitioning and precipitation of secondary o features [23,24,30]. It is noteworthy
that aging is only possible if the « and 3 phases are not stable and under- or supersaturated
in alloying elements. After AC, the 3 phase is supersaturated in Al and depleted in Mo
and Fe and tends to shift towards thermodynamic equilibrium during aging. This leads to
the precipitation of secondary o and to a decrease in the 3 phase fraction. As a result, the
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remaining (3 phase is heavily stabilized and a solid solution hardening with Mo and Fe is
expected [5].

Regarding the SRA temperatures, duplex annealing at 700 °C causes sub-pum-sized
-precipitates in combination with very fine o constituents. This results in high strength
but significantly decreases the ductility due to the lack of large plastic zones and dislocation
pile-ups. Therefore, higher SRA temperatures, such as 800 °C and 900 °C, are favorable. The
extension of SRA dwell times from 2 to 8 h does not affect the hardness, yet is important if
an additional aging step is conducted. While shorter SRA dwell times lead to an increase in
hardness during aging from 4 h to 24 h for the “duplex low” (700 °C) and “duplex middle”
(800 °C) samples, the “duplex high” (900 °C) sample is not affected by longer SRA and
aging dwell times. To summarize, the duplex annealing should either be performed with
short dwell times for “duplex middle” treatment to the benefit of the strength enhancement
during aging (800 °C-1 h-AC-600 °C-24 h-AC) or with a longer dwell time for “duplex
high” heat treatment to gain additional ductility (900 °C-8 h-AC-600 °C-4 h-AC). The
hardness of FC samples, in contrast, cannot further be enhanced by aging as these samples
are already in thermodynamic equilibrium.

4.2. Triplex Annealing to Obtain High Ductility

In general, a fine grained equiaxed microstructure is beneficial for higher ductility and
can be achieved by thermo-mechanical processing (TMP) [5]. As TMP is not possible for AM
components, a proper heat treatment strategy must be developed. Triplex annealing consists
of a globularization treatment slight below {3-transus followed by FC. During this stage,
the globularization of primary o grains occurs due to grain growth and so-called grain
segmentation. The segmentation of primary grains results from the formation of subgrain
boundaries caused by the minimization of the total free energy and the rearrangement
of tangled dislocations into dislocation arrays as described in reference [31]. The large
globularized o grains contribute to the ductility and reveal enhanced local plasticity as
they are capable of containing a large number of slip and shear bands and elongate under
external load. The follow-up annealing between 900 and 950 °C generates approximately
30 vol.% of supersaturated 3 phase. This phase shift towards thermodynamic equilibrium
during the final aging step and generates very fine secondary o, contributing to the
strength by hindering the dislocation motion via generation dislocation pile-ups at the &/ 3
phase boundaries. In addition, slip bands and dislocation walls in primary o, also enhance
the strength by providing an effective barrier against dislocation movement [31].

In this context, it should be mentioned that also proper duplex annealing leads to
enhanced fracture at elongation during tensile testing. In addition, duplex annealing would
not need a third annealing step when compared to triplex annealing. On the downside,
however, increasing dwell times at high temperatures must be considered as they are
essential for superior ductility after duplex annealing.

4.3. Enhanced Creep Resistance by Means of p Annealing

The Ti6242S alloy is known for a superior temperature resistance when compared to
the Ti64 alloy, especially at temperatures above 500 °C [15]. To enhance the creep resistance
in the Ti6242 alloy, a minor amount of Si is added, which results in the precipitation of
(Ti,Zr)¢Si3 silicide particles which decelerate the dislocation motion substantially [7,25,32].
According to previous investigations on a related alloy [33], creep in this alloy is governed
by lattice diffusion-controlled dislocation climb. The coarse lamellar microstructure is
beneficial for use at elevated temperatures [5], which was also confirmed in the creep
investigations within this study. Therefore, this treatment should be used if applications
primarily focus on temperature resistance. Unfortunately, the 3-annealing treatment has
to be performed above the -transus temperature (Tg = 1017 °C). However, these high
temperatures diminish the typical LPBF microstructure and, in further consequence, de-
crease the superior tensile properties resulting from the LPBF process. Moreover, the newly
formed o phase at grain boundaries influences the mechanical properties negatively [5].
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It is noteworthy that triplex annealed samples also show enhanced creep properties.
With regard to the excellent creep resistance of the triplex annealed material, in combi-
nation with the well-balanced mechanical properties in terms of strength and ductility,
this heat treatment strategy might also be applicable for the multifunctional usage of
LPBF-manufactured Ti6242S parts.

5. Conclusions

This study sheds light on the process-microstructure-property relationship of an
LPBF-manufactured Ti6242S alloy and provides recommendations for specific anneal-
ing strategies. The mechanical testing, in combination with a detailed microstructure
investigation, utilizing a variety of high-resolution characterization techniques, led to the
following conclusions:

e  For high strength applications, it is recommended to use: (i) the as-built or (ii) the
duplex annealing heat treatment (well balanced ductility-strength ratio).

e Engineering applications that require high ductility can be fulfilled if triplex or du-
plex annealing is performed. These treatments lead to a significant increase in the
elongation at fracture.

e Annealing above the 3-transus temperature T is recommended for long-term operat-
ing temperatures above 500 °C.
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