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Abstract

The Ti-6Al-4V (Ti64) alloy is a well-established material to be processed via laser powder bed fusion (LPBF). Recently,
other o+ f titanium alloys are receiving attention, such as Ti-6Al-2Sn—4Zr—6Mo (Ti16246). Their typical industrial fields of
application (aerospace, automotive), often require critical design choices, such as low wall thicknesses and hollow channels.
Thus, a comparative analysis between these two competitor alloys in terms of processability was conducted in this work.
To do so, specific sample designs were developed. The specimens were analyzed in terms of geometrical compliance with
the initial design, porosity, and microstructure. A correlation between the width of the specimens and their porosity, micro-
structure and hardness was found. Overall, both the alloys proved to be well processable, even for very low wall thickness
(300 pm) and channel diameter (1 mm) values. Nevertheless, the Ti6246 alloy seemed to behave better in specific scenarios.
For instance, some Ti64 specimens provided delamination. The hollow channels proved to be challenging for both materi-
als, mainly due to the high amount of residual powder particles adhered to the upper part of the holes. This works aims at
giving a materials perspective on process-related issues, considering the LPBF-induced defectology and microstructural
variations in these Ti alloys.

Keywords Additive manufacturing - Laser powder bed fusion - Design - Titanium - Thin wall - Processability

1 Introduction

Additive manufacturing (AM) technologies are a hot topic
nowadays due to numerous reasons, such as low materials
waste, high customizability of components and the potential
to manufacture very intricate shapes. Among these technolo-
gies, laser powder bed fusion (LPBF or PBF-LB) has been
a well-established technique for a decade. LPBF techniques
are very promising when dealing with complex and minute
designs, mainly due to the low particle size of the feedstock
powder and the possibility to generate very small melt pools
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[1]. However, the avoidance of process-related defects (e.g.,
distortion, porosity) requires a strict optimization of the pro-
cess parameters (e.g., laser power, scanning speed).

Since intricate designs are one of the most important
advantages granted by the LPBF technology, the relative
limitations of the manufacturing process are fundamental to
assess. This is particularly important considering that light-
weight structures are usually very complex from a geometri-
cal point of view [2]. One of the most complex geometries
to handle are usually parts characterized by a very low wall
thickness. Wu et al. [3] investigated this limitation in differ-
ent LPBF-processed materials, concluding that the minimum
thickness achievable is severely limited by the typical high
colling rates developed during the process, which result in
thermal shrinkage and residual stress accumulation, thus
making the outcome alloy-dependent. Moreover, the process
parameters optimization is usually carried out on bulk parts.
Thus, the resulting process maps are not applicable for thin-
walled structures, due to the different thermal conditions
locally occurring. These conditions can cause variations in
the consolidation (pores, cracks, geometrical accuracy) and
microstructural features and properties. Chen et al. [4] used
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an analytical and experimental approach to investigate the
geometrical compliance of LPBF-produced Ti64 structures.
The authors found that the maximum displacement can be
found at half the height of the thin wall. However, a stable
shape is achieved after a threshold height is reached, due to
the combined contributions of the material contraction and
constrain from the baseplate. Recently, Kushwaha et al. [5]
investigated the microstructure, hardness and wear behavior
of thin-walled LPBF-manufactured Ti64 specimens. Signifi-
cant material inhomogeneity was observed, resulting from
the microstructure being significantly coarser in the bottom
region of the parts.

Parts with horizontal channels are also problematic to
manufacture. This is mainly due to possible local collapse
of the upper part of the hole, related to the lack of material
underneath to sustain the weight of the upper layer. Fur-
thermore, the geometrical accuracy of such parts is usually
rather low because of the thermal shrinkage [6]. Avoiding
in-process failure and improving the geometrical accuracy
of the parts are the reason why several design guidelines
specific for AM exist. For instance, Kranz et al. [7] sug-
gested the necessity to adopt support structures inside
holes > 12 mm to prevent the collapse of Ti64 structures,
but no recommendations regarding small channels were
provided. In fact, most literature focuses on the maximum
size achievable in bulk parts [8, 9]. Nevertheless, the lower
dimensional limit of horizontal channel in LPBF-processed
parts is also a critical aspect to consider. In fact, these fea-
tures show a tendency to clog with residual/partially sin-
tered powder. This phenomenon might be critical in terms
of design constraints and de-powdering operations [10].
However, most literature on the subject deals with non-bulk
structures [11]. For instance, Noronha et al. [12] investigated
the geometrical accuracy of the holes in Ti64 lattice struc-
tures, observing that channels with a diameter of 400 pm or
less are occluded by the powder.

Titanium alloys are a class of materials greatly appreci-
ated in the aviation, chemical and biomedical fields. This is
mainly related to their high specific strength [13], chemical
resistance [14] and biocompatibility [15]. The application of
AM technologies to process titanium alloys is very promising,
due to the high costs and materials wastes associated with the
conventional manufacturing techniques. Moreover, the typi-
cal industries that deploy these materials are usually charac-
terized by small-lot productions and intricate designs [16].
Ti—6Al4V (Ti64) is an a+ f alloy, that shares the vast major-
ity of the titanium market. However, most recently researchers
began to focus their attention on alternative titanium alloys,
more suitable for specific applications that require superior
properties with respect to Ti64. One of these is the a+f (or
near-f3) alloy Ti-6Al-2Sn—-4Zr—6Mo (Ti16246), characterized
by interesting mechanical properties and higher maximum
temperatures of application. Recently, Carrozza et al. [17]
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demonstrated the suitability and versatility of LPBF processes
to manufacture this material. In fact, very promising combina-
tions of mechanical properties were achieved via proper post-
processing heat treatments. Peng et al. [18] demonstrated that
exceptional hardness values can be achieved via short one-
step heat treatments in the LPBF-processed material, further
confirming the recent interest towards this material for AM
applications [19]. Moreover, Ti6246 is characterized by a very
ductile behavior in the as-built state, unlike Ti64 [20]. This
feature might possibly result in easier handling of the parts
and possibly improved processability.

Most of the works available in the literature focused on
the assessment of the manufacturability limit of complex
geometrical features via optimization of the design and/or
process (e.g., support addition, scanning strategy variation).
In this work a different approach was considered instead:
two titanium alloys (Ti64 and Ti6246) were processed using
the optimized combination of machine parameters for bulk
parts, in order to manufacture specimens characterized by
low thicknesses and small hollow horizontal channels. The
final goal was to determine whether one of the two alloy is
more suitable to manufacture intricate parts. In this study,
process parameters optimized for thin parts production were
not considered. In fact, the analyses conducted were aimed
at investigating the processability of critical features of
complex parts, made of bulk areas and thin/intricate parts
simultaneously. In this framework, the adoption of a single
combination of process parameters is mandatory. The com-
parative analysis presented in this work has a material-driven
approach to the topic. The specimens were analyzed in terms
of geometrical compliance, porosity, microstructure and
hardness. Great attention was given to the process-generated
defects, by deploying in-depth characterization techniques.

2 Materials and methods
2.1 Manufacturing Process

Spherical argon-atomized Ti64 and Ti6246 extra low inter-
stitials (ELI) powders, supplied by TLS Technik GmbH,
were used as feedstock material to manufacture the speci-
mens investigated in this work. These two powders had simi-
lar particle sizes and low porosities (see Table 1; Fig. 1). The
relative chemical composition is reported in Table 2.

Table 1 Geometrical descriptors and porosities of the powders

Alloy D, (um) D5, (um) Dy (um) Powder
porosity
(%)

Ti64 259 39.5 56.1 0.19

Ti6246 24.1 38.0 54.7 0.22
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Bulk and tap densities were evaluated according to
ASTM B527. The Hausner ratio and Carr Index were also
calculated to compare the flowing/packing behavior of the
two powders [21], as reported in Table 3.

Both powders were processed using a LPBF EOS M270
Xtended machine equipped with a Yb-fiber laser, charac-
terized by a spot size of 100 pm and a maximum power of
200 W. A different set of optimized parameters was adopted

Frequency (%)

0+

0 10 20 30 40 50 60 70 80 90
Particle size (um)

Frequency (%)

0 1
e e R A B A Bl e

0 10 20 30 40 50 60 70 80 90
Particle size (um)

Fig. 1 Representative scanning electron microscope images of the Ti64 (a) and Ti6246 (b) powders. Particle size distribution curves of the Ti64

(c) and Ti6246 (d) powders

Table 2 Chemical compositions

Alloy Composition (Wt%)
of the powders, as measured by
the supplier Ti N C Fe (6] Al v Mo Zr Sn Other
Ti64 Bal. 0.003 0.01 0.002 0.183 0.083 586 399 - - - -
Ti6246 Bal. 0.005 0.01 0.002 0.031 0.118 596 - 589 367 185 <03
Table 3 Rheological parameters . 3 - 3 - - - -
Alloy Bulk density (g/cm”)  Tap density (g/cm’) Hausner ratio  Carr index Flowing behavior
of the feedstock powders
Ti64 2.24+0.01 2.61+0.01 1.16+0.01 14.18+0.80 Good
Ti6246  2.27+0.02 2.67+0.01 1.18+0.01 15.57+1.09 Good
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for each alloy, as reported in Table 4. The downskin and con-
tour parameters cannot be disclosed due to a non-disclosure
agreement with the producer of the machine. Nevertheless,
these were kept the same for both materials, so that the com-
parative analysis would be consistent.

Two different groups of samples per material were manu-
factured with the aim to evaluate separately the effect of
the wall thickness and the presence of horizontal channels.
The former group consisted of six 10 mm X 13 mm thin
wall specimens, characterized by progressively increasing
thickness values, ranging from 0.3 to 5 mm, as schematized
in Fig. 2. Additionally, a 10 mm X 13 mm X5 mm “hollow
channels” specimen was built. This was characterized by 3
vertically aligned through holes of 1, 2 and 3 mm in diam-
eter, respectively. Each group of specimens per alloy was
produced twice to provide statistically more relevant results.

2.2 Metallographic Analyses

All the specimens were cut along the building direction,
mounted in conductive resin, ground using progressively
finer SiC papers (up to 2400 grit) and then polished using
a synthetic cloth paper and a suspension of colloidal SiO,,
water and H,0,. Microstructural assessments were con-
ducted after chemically etching the specimens with a Kroll
solution (93% H,0, 5% HNO;, 2% HF). The specimens were
observed by means of optical microscope (OM) and scan-
ning electron microscope (SEM) imaging. The instruments

adopted were a Leica DMI 5000 M OM and a Phenom-XL
SEM.

The average porosity was assessed by processing at least
20 optical micrographs (200x magnification) per specimen
with the software ImageJ. A relatively high magnifica-
tion and number of images were used in order to provide a
high degree of representativity. Moreover, this methodol-
ogy allowed a precise quantification of the pores <5 pm. In
general, a less time-consuming approach can be adopted by
using lower magnifications, as performed by Karimi et al.
(22]

A similar methodology was adopted to assess the dimen-
sional compliance of the thin wall specimens with the origi-
nal 3D design. The width of the samples was measured by
crossing the cross-sectioned material with a grid of horizon-
tal lines. A similar methodology was already successfully
applied by Wu et al. [3].

Phase identification was performed by means of X-ray
diffractometry (XRD), using a PANalytical X-Pert Philips
diffractometer in a Bragg—Brentano configuration. The
instrument deployed a Cu K, radiation and operated at
40 kV and 40 mA. A step size of 0.013° and a 260 range of
30-100° were considered.

Hardness was assessed via Vickers microhardness analy-
ses, using a Leica VMHT hardness tester set to work with
a load of 300 g applied for 15 s. A number of indentations
ranging from 10 to 50 were performed on each specimen,
depending on its size.

Table 4 Process parameters

. Alloy Laser Scanning Hatching Platform Layer Scanning strategy
ac.lopted to process the Ti64 and Power speed distance temperature  thickness
Ti6246 allOyS (w) (mm/S) (mm) (oc) (“m)
Ti64 170 1250 0.1 100 30 Standard 67° EOS strategy
Ti6246 190 1250 0.1 100 30 Standard 67° EOS strategy
Wall thickness effect Hole effect

0.3mm 0.6mm 1mm 2mm

Fig.2 3D designs of the specimens and relative nomenclature
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2.3 X-ray Computed Tomography

Micro computed tomography (microCT) analyses were per-
formed on the hollow channels specimens in order to further
assess the geometrical compliance with the initial 3D design
and the spatial distribution of the pores. The samples were
inspected on a custom-developed X-ray microCT system
consisting of a micro-focus X-ray tube (XWT-190-TCNF,
X-RAY WorX), a 4000 x 4000 px? digital X-ray detector
(XRD 1611 CP3, Perkin Elmer), and air-bearing motion
axes. Further details on the system are available elsewhere
[23]. The X-ray tube was operated at a voltage of 180 kV and
10 W target power using a 0.2 mm copper filter to harden
the spectrum. 5001 projections with an integration time of
5.0 s each were recorded on a helical trajectory (500° scan
angle, 19 mm pitch). Projection data were corrected for
beam hardening and reconstructed into a volume consist-
ing of 1750 % 1700 % 1950 voxel with a voxel size of 7.1 pm
using Siemens CERA 5.1. Data analyses were performed
in VG Studio MAX 3.4 (Volume Graphics). To assess the
geometrical compliance with the original 3D design, the
outer surface of the CT data was segmented using a gra-
dient based surface determination and registered to the
CAD model using a best fit algorithm. Subsequently, the
deviations between the CT data and the CAD model were
assessed by a nominal-actual comparison. For porosity
analysis, volume data were filtered with a 3 X3 X 3 median
filter. Subsequently, porosity analyses were performed using
the VGEasyPore module with sub-voxel accuracy, a relative
threshold of 50% and a local area size of 10 voxel (diam-
eter of the search area around each voxel to determine the
local contrast). To render the analysis less prone to noise,
defects were omitted if either the probability threshold (a
non-disclosed quality metric) was below 0.1% or the defect

140
120
100

80

Relative width (%)

60

40

04—
o t+r 2 3 4 5

3D design wall thickness (mm)

(b)

3D design w'dthmeasured (mm)

width

size below 8 voxels. Pore parameters, such as position and
equivalent diameter were exported for further analysis.

3 Results and Discussion

3.1 Effect of the Wall Thickness

The geometrical compliance with the original 3D design was
evaluated in all the thin wall specimens via width measure-
ments, as illustrated in Fig. 3. Overall, most of the speci-
mens provided a slightly lower thickness with respect to the
nominal values (up to 17% less). The only notable exception
lied in the Ti64 0.3 mm specimen, that presented in-process
delamination of the lower layers, resulting in a significant
enlargement of the lower portion of the thin wall (Fig. 3a),
and consequent growth of the relative error bar. This is a
very common issues when processing titanium alloys via
LPBF, mainly due to the high amount of residual stress that
accumulates in the material. Machirori et al. [24] simulated
the spatiotemporal evolution of temperature during the pro-
cess to estimate the localization of the defects generated.
The authors assessed that the bottom region is usually char-
acterized by intense tensile stresses, possibly resulting in the
delamination of the specimens in extreme conditions. In the
specific case presented in this work, the possible cause for
the geometrical degradation of the Ti64 0.3 mm specimens
might have been caused by the high concentration of internal
stress in a very confined volume, due to the reduced wall
thickness. In general, the geometrical accuracy is somewhat
dependent on the particle size distribution of the feedstock
powder in LPBF-processed alloys [25]. Hence, the differ-
ences between the average widths and their nominal val-
ues were compared to the Dy, D5, and Dy, values of the

0.7 4
& Ti64 _
06 | @ Ti6246 ¢
0.5
0.4 4
03 b4 ¢
0.2 B ¢ L4
17 ¢ *
0.1+
1 D,
et » Do D,
0.0 T T T T T T T T T o
PN 1 2 3 4 5
0.1 3D design wall thickness (mm)

Fig.3 Relative geometrical compliance with the original 3D design (a) and width difference with the nominal values (b) in the thin wall speci-
mens. The D, D5, and Dy, reported were averaged between those of the Ti64 and Ti6246 alloy, since their values were very close
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powders used during the process, as illustrated in Fig. 3b. It
is evident that the dimensional variation from the 3D design
increases with the nominal width of the thin wall specimen.
The values achieved were significantly greater than the par-
ticle size for most specimens. Additionally, the feedstock
powders showed very similar flowing behaviors. Therefore,
the influence of the powder can be considered secondary in
this evaluation.

One of the most common process-related defects in
LPBF-processed materials is porosity. Pore formation is
particularly critical in thin sections, due to the unique ther-
mal phenomena and cooling paths that occur with respect
to bulk parts. Moreover, conventionally small pore sizes
(= 10 pm) might be critical in thin specimens, due to the
void being a significant portion of the width of the sample.
Hence, the average porosity was evaluated in all the thin
walls and reported according to the thickness of the speci-
mens, as provided in Fig. 4. Overall, an increase in porosity
was detected in correspondence of the thinner samples for
both alloys. Furthermore, the Ti64 alloy showed signifi-
cantly lower relative densities (97%—99%) for the smaller
samples. Acceptable values were achieved for a thickness
of 3 mm or more. This result in in good agreement with the
consideration made by Wu et al. [3], who stated that higher
porosity values can be expected in thin Ti64 structures. In
fact, the melt pool shape is very different and hard to pre-
dict in this context, thus resulting in a possible higher insur-
gence of process-related defects. Conversely, the Ti6246
alloy proved to be significantly less porous, achieving in
the worst case a value <0.2%. It is also worth mentioning
that the maximum porosity detected in the Ti6246 samples
(0.3 mm) overlapped with the minimum one in the Ti64
samples (3 mm). Since both the sets of parameters adopted
to process the two materials can be considered as optimized,
the lowest porosity achieved by the Ti6246 alloy might be
due to its different alloying elements, hence composition.

It is worth mention that the gas inclusions than enrich the
molten material during LPBF processing can originate from
pre-existing pores in the powder or directly being engulfed
by the atmosphere of the process chamber. Nevertheless,
no preferential gas entrapment was expected by neither of
the two alloys, due to the same machine being used and the
powder porosity values being very similar (Table 1).

The different porosity values might be related to the dif-
ferent solidification behavior of the two alloys. The melting
range for the Ti6246 alloy is approximately 80 °C, whilst it
accounts approximately 50 °C for Ti64 [26]. In general, a
narrow melting range indicates a shorter solidification time.
This affirmation is supported by the results obtained by Yu
et al. [27] on laser-processed Ti—Zr congruent alloys, charac-
terized by a very small solidification range, well comparable
with other conventional Ti alloys (e.g., Ti64). In alloys with
a short melting range, the gas bubbles in the molten mate-
rial can hardly escape. This concept was validated in wire
arc additive manufacturing processes by Hauser et al. [28],
who found that very short solidification times can result in
an increase of the retained porosity, due to the engulfed bub-
bles not being able to be released faster than the solidifica-
tion front propagation. Nonetheless, this approach can be
also used to evaluate the phenomena occurring in LPBF-
processed titanium alloys.

In general, a wider solidification range is detrimental in
terms of laser processing, due to the possible insurgence
of solidification cracks, derived from a residual liquid film
in correspondence of the grain boundaries. This is a well-
known phenomenon in Al alloys [29]. However, this effect
was not encountered in this case.

The correlation between a wider solidification range and
a lower solidification time is acceptable if the difference in
terms of cooling rates developed during the process can
be considered comparable. In fact, the two alloys were
processed using slightly differing laser powers (Table 4).

Fig.4 Porosity trends of the 10 5
Ti64 and Ti6246 thin wall '
specimens

0.1

Average porosity (%)

AT e

& Tie4
@ Ti6246
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Notwithstanding that, such a small difference was consid-
ered negligible due to the relatively small dependence of
the cooling rate with respect to small laser powder varia-
tions (=~ 10%). This is supported by the findings obtained
by Calta et al. [30], which estimated the correlation
between laser power and cooling rate in LPBF-processed
titanium alloys via in situ high speed X-ray imaging.

In terms of pore morphology, representative micro-
graphs are reported in Fig. 5. In general, most of the pores
in all the specimens were rather spherical and relatable to
entrapped gas. The number of defects with an irregular
shape (e.g., lack of fusion) (as in Fig. 5a) was very low.
No preferential accumulation of the defects in a specific
area was detected in any sample.

A further assessment of the process-related defects was
performed by evaluating the equivalent diameter of the
pores in each condition and comparing their relative volu-
metric distributions (Fig. 6). For brevity purposes, only
three specimens per alloy were considered (0.3 mm, 1 and
5 mm). These were chosen in order to represent low, inter-
mediate and high wall thickness values.

In general, the Ti64 specimens provided a significant
decrease in terms of pore D5, with increasing wall thick-
ness. This value went from approximately 20 pm in the
0.3 mm specimens to 3.5 pm in the 5 mm specimens. Con-
versely, the Ti6246 samples had a low-varying pore Ds,
ranging between 5 and 7 pm. In both the alloys a certain
increase in the maximum pore size detected was recorded
for larger specimens, probably due to the coalescence of

Fig.5 Representative micro-
graphs of the pores found in the (@)
Ti64 0.3 mm (a), Ti64 5 mm
(b), Ti6246 0.3 mm (c¢) and

Ti6246 5 mm (d) specimens

smaller gas bubbles. The low pore size measured allows
to exclude the influence of spattering phenomena [31].

When two different alloys are compared, the effect of the
different alloying elements must be taken into consideration.
In fact, very high temperatures are achieved during LPBF
processes. This phenomenon might lead to selective dealloy-
ing of some elements. This is a very well-known phenom-
enon in Al alloys [32]. The elements more prone to undergo
selective evaporation are characterized by a high vapor pres-
sure. The evolution of this parameter for a wide temperature
range was investigated for the main elements found in the
Ti64 and Ti6246 alloys (Ti, Al, V, Sn, Zr, Mo) (Fig. 7). The
most critical (volatile) elements are Al and Sn. The former
is contained in both alloys in the same amount, whilst the
latter appears exclusively in Ti6246. Consequently, even if
selective dealloying phenomena took place during LPBF
processing, these were not a key factor in determining the
final porosity of the material. In fact, the Ti6246 alloy would
be more susceptible than Ti64 to the evaporation of alloying
elements. Nevertheless, the Ti6246 alloy provided signifi-
cantly lower porosity values.

The microstructures of the Ti64 and Ti6246 specimens
are illustrated in Figs. 8 and 9a and b. The typical colum-
nar prior-f3 grains were detected in both alloys (Fig. 8).
This feature is the result of the epitaxial growth of the
high temperature f} grains, occurring during solidification
due to the very directional cooling nature of the LPBF
process. Needle-like laths were detected in both materi-
als (Fig. 9a,b). These were assessed to be o’ and a”” mar-
tensite via XRD (Fig. 9¢) in the Ti64 and Ti6246 samples,

(b)

200 pm
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Fig. 10 Martensite width distribution for the Ti64 (a) and Ti6246 (b) alloys. Different scales and step sizes were adopted to improve readability

of the martensite width in all the thin wall specimens. A
progressive enlargement of the o’ lath population, hence
microstructural coarsening, is evident in the Ti64 samples
(Fig. 10a). The values obtained are coherent with data from
the literature [34]. Conversely, a narrowing distribution for
increasing wall thickness, hence microstructural refining,
was assessed in the Ti6246 samples (Fig. 10b). This result
is corroborated by the evaluation of the mean values, pre-
sented in Fig. 11. It is clear that o’ and o are character-
ized by an opposite behavior with respect to the size of the
specimens. In general, larger martensitic needles (o) can
be found in samples that underwent higher cooling rates
during solidification. This behavior is in good agreement
with a work from Yang et al. [35], where the o” width of

@ Springer

LPBF-processed Ti—-6A1-4V samples was correlated to dif-
ferent process parameters (e.g., scanning strategy, speed).
Conversely, Afonso et al. [36] reported that the size of the o”
martensite in a Ti—Nb alloy for biomedical implants refines
at higher cooling rates. Therefore, the results of this study
seem to be in good agreement with the literature. Under this
consideration, higher cooling rates can be assumed for the
thicker specimens in this work. This is probably linked to
the bigger amount of material surrounding a newly deposited
track, thus resulting in more intense conductive cooling.
Hardness measurements were also carried out, as sum-
marized in Fig. 12. The Ti64 specimens provided higher
hardness with respect to the Ti6246 ones in all conditions
considered. This is due to the different type of martensite in
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Fig. 11 Martensite width trends 1.0
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the two alloys. It is well-known that o’ martensite (Ti64) is a
moderate hardener and strengthener in titanium alloys [37].
Oppositely, a”” martensite has a softening effect and usually
results in a decrease in hardness [20].

The influence of the samples thickness on the hardness
of the two alloys was similar, as in both scenarios an initial
decrease was encountered up to reaching a minimum in the
Imm specimens. Then a progressive increase was measured
for increasing thickness values. This effect is not directly
relatable to the martensite width (Fig. 11). Probably other
factors influenced the behavior of the specimens, such as
internal stress accumulation and porosity. Width variations
in the columnar prior-§ grains might be another phenomenon
influencing the hardness variations. The clear mechanism is

Sample thickness (mm)

still not completely understood. Nevertheless, the authors
suggest a clear influence of multiple phenomena. It is pos-
sible that at lower sample thickness values (<2mm) the pre-
dominant factor might be the variation in martensite size,
providing a hardening effect for o’, and vice versa for a”.

3.2 Effect of the Hollow Channels

The geometrical compliance of the hollow channels speci-
mens was investigated by means of microCT analyses
and compared with the initial 3D design (Fig. 13). This is
becoming a standard practice in order to reconstruct the vol-
ume of AM-processed specimens [38], particularly interest-
ing when dealing with lattice structures [39]. For instance,
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Fig. 13 Geometrical compliance evaluation via microCT 3D reconstructions of the Ti64 and T16246 hollow channels specimens

Vilardell et al. [40] adopted this technique to optimize the
topology of Ti64 structures for biomedical applications. In
this work, both the alloys considered provided a good fit
with the original shape in the lateral sides. A negative vari-
ation was found in correspondence of the edges of the sam-
ples. Conversely, the upper surfaces were characterized by a
deviation of up to + 100 pm, probably due to the roughness
granted by the laser scanning lines. These results are in good
agreement with the surface characterization performed by
Cabrini et al. [15] on LPBF-produced Ti64 specimens via
confocal imaging. In fact, the specimens analyzed in that
work provided a variation of up to 80—100 pm, due to the
visible marks left by the laser tracks.

The analysis of the hollow channels (Fig. 14a,b) proved
to be more complex. Moreover, significantly higher devia-
tions from the original design were found. The analysis of
the deviation distribution curves (Fig. 14c) highlighted
three main peaks of interests for both alloys. A first peak,
corresponding to very negative deviations (I), correspond-
ing to the lower surfaces (bases). This effect was linked to
the mechanical removal of the specimens from the build-
ing platform, resulting in material loss. This is a necessary
operation, thus its influence on the overall dimensional
accuracy will not be discussed. A second peak of good
compliance (II), varying from — 0.1 to a+ 0.1 mm, cor-
responds to the lateral and upper surfaces, as evidenced
before. A third peak (III), characterized by significant

@ Springer

positive variations is related to the hollow channels, where
the greatest differences from the original geometry were
detected. In general, the lowest compliance was found
in the upper parts of each channel, probably due to the
lack of a local solid substrate to support the weight of
the material. In fact, when the layer is melted, the newly
generated solid metal is directly located on a portion of
unmelted powder, which might locally collapse, resulting
in the typical U-shaped regions clearly visible in Fig. 13.
Another possible cause for the low geometrical accuracy
of the through holes might be related to the presence of
partially sintered powder and/or stress-induced deforma-
tion. These are well-known phenomena in overhanging and
lattice structures’ design [41].

Overall, the Ti64 alloy provided a slightly better dimen-
sional accuracy inside the holes. In fact, the surface frac-
tion> 0.6 mm was approximately 0.5%, whilst it accounted
for 1.25% in the Ti6246 alloy. It is also worth mentioning
that the lack of compliance appeared to be more critical in
the smaller (1 mm) channels.

In terms of porosity, the microCT analysis was adopted
to investigate the spatial arrangement of the macro-pores
(>20 pm) (Fig. 15). The micro-pores were not consid-
ered due to the resolution limits of the instrument. In fact,
microCT techniques are better suited to investigate lack of
fusion defects in AM-processed materials, as gas porosities
are usually too small to be detected. Notwithstanding this
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Fig. 14 Representative 2D slices of the Ti64 (a) and Ti6246 (b) specimens obtained via microCT, the lengths of the deviation vectors are exag-
gerated for better visibility. Relative deviation distribution from the original 3D design (c¢)

limit, these types of measurements are very popular in AM
research [42].

In this work, the maximum size detected was approxi-
mately 200 pm in both materials. Overall, the vast majority
of such defects was found in correspondence of the hollow
channels, as reported in Fig. 16, where each point repre-
sents a pore (detected via microCT), described according
to its location along the Z axis and the relative equivalent
diameter. By comparing the Z values where most of the
bigger pores are accumulated with the design of the com-
ponent (right part of Fig. 16), it is evident that most of the
macro-pores were concentrated both on the upper and lower

regions of the holes. In the former case, this is probably due
to the lack of a solid substrate, as discussed before. Instead,
the higher porosity found in the lower region was probably
caused by the lack of remelting, given the presence of the
channel directly above.

The majority of the macro-pores of both materials were
located in the 20-50 pm size range (Fig. 17). The maxi-
mum size pores were found in the Ti6246 alloy. Neverthe-
less, the distribution of the pore equivalent diameters was
more shifted towards lower values for this material, whilst
the Ti64 alloy distribution appeared more evenly distributed
towards a large range of sizes. Therefore, it seems that the
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Fig. 15 Porosity distribution in the Ti64 (a) an Ti6246 (b) hollow channels specimens

lack of fusion defects generated in the hollow channels are
on average smaller in the Ti6246 alloy. Furthermore, the
macro-porosity accounted for 0.036% and 0.028% in the
Ti64 and Ti6246 specimens, respectively.

SEM observations of the hollow channels’ areas
(Fig. 18) seem to confirm the previous hypotheses. In fact,
the macro-pores detected in correspondence of the lower

(a) (b)

half of the horizontal struts presented the typical irregular
morphology, linked with the lack of appropriate remelting
of the layer (Fig. 18a). This is typically recognizable by
the lack of sphericity of these defects [43]. The analysis of
the upper part of the channels evidenced the presence of
equiaxed prior-f grains, instead of columnar, suggesting
a lower and non-directional cooling rate (Fig. 18b), due to

13
¢ Ti64

12
@ Ti6246

11 4

10 4

Z (mm)

0 d—+—1——T1——11

Pore equivalent diameter (pm)
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Fig. 16 Macro-pores represented as a function of their location height (Z) and size in the Ti64 (a) and Ti6246 (b) hollow channels specimens. A
representation of the design of the specimens in presented on the right for reference
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Fig. 17 Pore size distributions 30
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the lower thermal conductivity of the powder with respect
to the bulk material. In fact, equiaxed prior-p grains do
not form in standard conditions in LPBF-processed Ti64.
This is the result of epitaxial growth, given by the very
high directional cooling rates achieved, headed towards the
baseplate, acting as a heat sink [44]. This very high solidi-
fication rate also induces massive martensite formation,
as discussed before [45]. In this case, the directional com-
ponent of cooling disappears, due to the powder having a

B Tic4
B Tic246

‘ 0.036% porosity

0.028% porosity

—ln

T T
180 200 220

1
60 80 100 120 140 160
Pore equivalent diameter (um)

significantly lower thermal conductivity with respect to
the bulk material [46]. Therefore, solid state conduction
occurs more homogeneously, from a directional point of
view, leading to the formation of equiaxed grains. This
surely results in a slightly lower cooling rate. Neverthe-
less, this is still high enough to provide martensite for-
mation. Moreover, several unmelted particles were found
(Fig. 18c). This phenomenon, caused by the powder
engulfment due to the contact of the liquid metal with the

Fig. 18 Representative SEM micrographs of the hollow channels
specimens in both alloys, highlighting the different features observed:
macro-defects in correspondence of the channels (a), equiaxed grains

above the channels (b) and unmelted particles in the upper part of
the channels (c¢). A schematic representation of the location of each
micrograph is provided for each image
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particles underneath, surely contributed to the exacerba-
tion of the geometrical compliance of the specimens. This
defect is commonly found in these types of structures, as
reported by other authors [11, 47].

4 Conclusions

In this work, a well-established titanium alloy (Ti—-6A1-4V)
and a newly processed one (Ti—-6Al-2Sn—-4Zr—6Mo) were
comparatively investigated with the aim of evaluating their
behavior when dealing with critical-to-manufacture LPBF
geometries, such as thin walls and hollow channels. Process
parameter combinations optimized for bulk parts production
were considered, so that this analysis can be extended to
large parts with small features. This comparison is indus-
trially relevant, due to both these alloys being applied in
industrial fields — i.e., aerospace — where these complex
geometries are fundamental. Additionally, the LPBF-pro-
cessed Ti6246 alloy is rather new and no current record of
its investigation in terms of manufacturability of complex
geometries is available in the literature. The following main
results were obtained:

e Both materials proved to be suited for fabrication at low
wall thickness values, reaching values as low as 300 pm.
In this case, the Ti6246 alloy had a good geometrical
compliance with the original design, whilst the Ti64
alloy showed delamination phenomena occurring in cor-
respondence of the lowest layers.

e Overall, porosity increased as the thickness of the speci-
mens decreased. Furthermore, the Ti6246 alloy was
always characterized by significantly lower porosity val-
ues with respect to Ti64. This last effect was correlated
to the different solidification ranges.

e In terms of microstructure, both materials were charac-
terized by the massive presence of a’ or a”” martensite in
Ti64 and Ti6246 respectively, due to the different alloy-
ing elements. o’ laths became increasingly larger as the
thickness of the samples increase. Conversely, a” pro-
vided an opposite trend.

e The analysis of the specimens with horizontal hollow
channels demonstrated that these geometrical features
are critical for geometrical compliance, mainly due to
the significant amount of rough surfaces and residual
adhered powders developed in the inner part of the chan-
nels.

e In correspondence of the channels, a significant number
of lack of fusion porosities was found in both materials.
These defects appeared to be slightly more frequent in
the Ti64 alloy. Their size was comparable in both alloys.

@ Springer

In general, the Ti6246 alloy appeared to be more suited
for thin features fabrication in bulk components and poros-
ity minimization, whilst the Ti64 alloy provided a superior
geometrical compliance in the hollow channels.
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