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Additive manufacturing (AM) of metal components is increasingly used in high performance
applications, especially in the aerospace industry. Laser powder bed fusion (L-PBF) of metals is the
most widely used and mature process for this purpose, but it comes with some challenges. One of
these challenges involves manufacturing quality and associated mechanical properties that can be
negatively influenced by the presence of process-induced porosity, directional microstructure, residual
stress and more. Hot isostatic pressing (HIP) has emerged as a key technology for post-processing such
components, acting to improve the mechanical properties and especially the fatigue properties. This
process is often required as a routine and mandatory step to ensure metal AM components can be
used for critical applications and to mitigate potential manufacturing problems. It has recently been
demonstrated that metal AM components can be manufactured through printing of a shell only —
therefore with process powder remaining enclosed in the part — whereby the subsequent HIP cycle
fully densifies the material. This approach has some advantages, including primarily a reduction in laser
processing time during the L-PBF process, acting to reduce total costs. In this present work, the fatigue
performance of this hybrid L-PBF and HIP process is investigated, in comparison to the equivalent solid
processing route.
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1. Introduction

Metal additive manufacturing (AM) has emerged as a key manufacturing technology for the production
of high-performance components in aerospace, automotive, medical and other industries [1-3]. Laser
powder bed fusion (L-PBF) is the most widely used metal AM process for this purpose, and allows
highly complex components to be produced with short lead times [4]. The design freedom allows
unique structures to be manufactured with optimized geometries and improved properties compared
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to traditionally manufactured components. Other advantages include the ability to minimize the
number of components by combining or consolidating different parts and in the process reducing
brazed/welded joints and material use. The short lead times are beneficial for low-volume production
and for design iterations. High volume production is also possible, with advantages of unique
geometries and material properties.

The quality of metal parts produced by L-PBF is influenced by many user-defined process parameters
and potential external influences, which can potentially lead to reduced performance in the produced
part/s. An example is the formation of porosity, especially when this is clustered in specific locations
in the parts. The formation of porosity in L-PBF has been widely studied and is now well understood,
including its effect on mechanical performance, acting as crack initiators in fatigue loading [5-8].
Unique microstructures may develop due to the repeated heating and cooling cycles, combined with
the rapid solidification process. This typically leads to fine microstructures with elongated grains
following the build direction, leading to anisotropy. Other important effects may include excessive and
varied residual stress, micro-crack formation, oxidation, or unique surface roughness conditions
varying across the part_[9,10]. These issues can all be solved by careful process optimization, quality
control and appropriate post-processing tools. For example, stress-relief heat treatment is widely
acknowledged for its removal of residual stress of parts produced by L-PBF. Further heat treatments
may improve the microstructure, by offering a path to recrystallize the grain structure while removing
the directionality and hence reducing anisotropy [11].

If processes have been optimized and sufficient effort was made in quality control, the produced parts
can reach mechanical properties the same or better than traditionally manufactured parts [2,12].
There has been a lot of concern in the past with respect to fatigue performance of AM parts due to
high scatter in the results of reported research efforts [7,12-15], but by minimizing defects and
optimizing microstructure and surface conditions, high fatigue performance can be achieved [7,13]. In
order to ensure these properties, various qualification efforts have been reported with standards
under development [16,17].

Despite the qualification efforts, there remains some possibility for reduced performance due to
unexpected errors in the process. In order to safeguard against this possibility, hot isostatic pressing
(HIP) has been widely adopted as a post-processing method for AM parts when their properties are
critically important_[7,18,19]. HIP is a process that combines a heat treatment with high applied
pressure of an inert gas [11]. This serves to simultaneously close porosities, remove residual stresses,
mitigate anisotropy and improve the microstructure and thereby improve the properties of the
material [20-26]. Effectively, HIP acts to mitigate possible errors while having a beneficial impact on
the properties of the parts. For example, for Ti6Al4V produced by L-PBF, the ductility increases from
5-10% (as built or stress relieved state) up to 15-20% (after HIP) with only a small reduction in yield
strength [27]. Considering the internal defects as stress raisers in the fabricated part, their elimination
or reduction of size directly impacts the fatigue properties of the L-PBF parts. Significant improvement
of fatigue properties after HIP treatment has been reported in the literature by reducing the data
scatter and thus increasing the design allowables [28-30]. It should be stated that this process targets
the fully enclosed pores within the material and does not affect the surface defects or sub-surface
defects connected to the surface (open porosities), therefore, in cases with as-built surface conditions
where the fatigue crack initiates from the surface defects, removal of the internal defects using HIP
will only have a minor or negligible impact on the fatigue properties_ [31-33]. On that account, the HIP
process is recommended for cases where other surface treatments are used for elimination of surface
defects. Nevertheless, there is an interest in utilizing as-built surface conditions for complex parts
where some surfaces are not easily reached for processing, hence the interest and need to understand
the properties of material in the as-built surface condition (with rough surfaces).
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With the wide adoption of the HIP process subsequent to L-PBF, a new opportunity emerged to reduce
the total manufacturing time and thereby reduce costs. One such approach has been demonstrated
recently whereby fast scanning during the L-PBF process reduced the manufacturing time of
components, with the associated lack of fusion porosity being healed by the subsequent HIP cycle [34].
This simple solution allows increased productivity, but excessive porosity is formed due to the high
scan speed, and especially those connected to the surface are not healed by HIP as demonstrated in
[21]. In addition, such process parameters reduce the surface quality which have a detrimental
influence on the fatigue performance. Another approach was demonstrated in [35], where it was
shown that it is possible to manufacture shelled geometries (dense shells with entirely enclosed
powder), and a subsequent HIP cycle fully densifies this structure. This method was first demonstrated
in 1999 in a proof of concept with 2.5 mm shell thickness for a small cylindrical component [36]. Other
researchers have used the concept of manufacturing a shell or “can” and then removing powders and
adding different powders for HIP processing, to create multi-material composites or new alloys [37].

In the present approach, the same powder used in the L-PBF powder bed_(the unmolten powder) is
elesedinte-the-entirely enclosed by a L-PBF manufactured shell and subsequently subjected to HIP for
densification. The densification is associated with some shrinkage, which can be pre-compensated by
simulation. The main advantage is the L-PBF processing time that can be reduced by an order of
magnitude for large bulky parts. The quasi-static mechanical properties of this hybrid L-PBF and HIP
process is identical to that of the regular L-PBF and HIP combination as demonstrated in prior work for
Ti6Al4V [35]. The current work extends this evaluation to the fatigue performance of this material, and
the shell is key to this performance as near-surface pores (in shell region) are more likely stress raisers
than internal pores. This study includes microstructural and fracture surface analysis and discusses the
reasons for the observed properties.

2. Materials and methods

Specimens were manufactured in Ti6Al4V using L-PBF, in vertical orientation and evaluated without <
surface post-processing, in other words the as-built surface condition was evaluated here. The
reasoning behind this is to motivate for the use of such parts with complex geometries which cannot
always be surface-processed. Ti6Al4V (ELI) powder (grade 23) from EOS with particle size distribution
values of Dig =18um, Dso =38um and Do =50um was used. The L-PBF process was used to with-a-B90
value-of S0pm-powderwas-used-to build the specimens under inert conditions on an EOS M290
system using the following optimized process parameters (EOS recommended parameters): laser
power 280 W, scan speed 1.2 m/s, 0.03 mm layer height, hatch spacing 0.14 mm with 67 degrees
rotation of hatch direction on each layer. The specimens were prepared using Materialise Magics
software and sliced using EOSPRINT software. Three identical sets of specimens were built, two with
solid geometries and one with shelled geometries with 1.5 mm shell thickness and internal fillets in
internal cavity corners, to improve manufacturability, similar to previous work reported in [35].
Figure 1 illustrates an example of the fatigue hourglass shelled geometry. Due to the hourglass
geometry and the central diameter of 6 mm coupled with shell thickness of 1.5 mm, the central
powder cavity is 3 mm wide.
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Figure 1: Fatigue hourglass specimen geometry shown with solid view (left) and shelled geometry and
internal cavity visible in the transparent view — central cavity is 3 mm wide in 6 mm gauge diameter at
narrowest section.

All samples were stress relieved in a vacuum furnace for 3 hours at 650 °Ceegrees, prior to removal
from the baseplate. Subsequently the shelled batch and one solid batch of samples were annealed in
aregular 2 hour annealing soak at 940 °Cdegrees, also in the vacuum furnace. An additional set of solid
samples underwent a failed annealing cycle, with only 45 minutes of soak, followed by fast cooling and
later fast temperature rise and further soak. This failed cycle was unplanned and could lead to
unwanted microstructure development, but it was considered interesting for this study and was added
here to supplement the work. Thisprevidessome-indication-of robustness-ef the-presented-approach-

Hot isostatic pressing was performed at Quintus Technoilogies AB (Sweden), using the standard HIP
cycle for TibAI4V cast material which is also common for AM produced components, i.e. 100 MPa Argon
applied with 920 °C degreesCelsiusfor 2 hrs soak time followed by uniform rapid cooling (URC®, ~150
°Ceegrees per minute). The shrinkage of the shelled hourglass fatigue sample is shown in Figure 2, and
in the centre of the gauge section the total diameter reduced from 6 mm to 5.7 mm, which was
incorporated into calculations for fatigue SN curves. A summary of all samples and their processing
and testing conditions are provided in Table 1. The heat treatment and HIP parameters were selected
based on typically used procedures. In a final application, the annealing heat treatment could be
omitted.
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Figure 2: Comparison of solid and shelled geometries subsequent to HIP — shrinkage of shelled
geometry is visible.

Table 1: Summary of samples and processing conditions in this study

Terminology used Stress relief Annealing only Anneal + HIP
Shelled set SHELL All — 18 samples | none 18 samples
Solid set 1 SOLID All —18 samples | 9 samples 9 samples
Solid set 2 WHT—FHT (Wreng | All—18 samples | 9 samples 9 samples

Failed Heat

Treatment)

Metallography samples were extracted from the fabricated specimens to analyze the microstructure.
The samples were ground down to 4000 grit and electropolished using a methanolic H,SO4 (1 mol/L)
electrolyte [38] at 40 V for 60 s. Scanning Electron Microscopy (SEM) were then performed on the
polished samples using Thermo Fisher Quanta™650 FEG with 20 kV accelerating voltage.

The fabricated specimens were tested under load controlled axial tensile fatigue loading with a leading
frequency of 20 Hz and a loading ratio of R = 0.01. An average of nine specimens were tested for each
testing case to capture the stress-life diagrams of different L-PBF specimens. For run-out condition, a
fatigue limit of 2 million cycles was considered and in some cases the fatigue tests were continued
after this limit (up to five million cycles) to evaluate near limit failure of the specimens. The broken
specimens were then prepared for SEM analysis by ultrasonic cleaning in ethanol for five minutes.
Failure mechanisms of the tested specimens were then evaluated by studying the fatigue initiation
sites, fatigue fracture morphology at the initiation and propagation locations and the effect of shell
design on these aspects.
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3. Results and discussions
3.1. Microstructure

The microstructure of the L-PBF samples in transversal-XY plane (i.e. plane perpendicular to the build
direction, all coordinates are as prescribed in the ISO/ASTM 52900 standard) obtained from SEM are
shown in Figures 3 and 4. In these figures, the aluminum-rich darker zones correspond to a and o’
phase, while the vanadium-rich brighter zones correspond to B phase. The SEM images in Figure 3
illustrate the presence of basketweave a+B microstructure of SOLID and WHTFHT samples. In both
cases, the width of a lath is almost identical, indicating the minor effect of the change in the heat
treatment condition of WHTFHT samples on the resulting microstructure. Performance of the HIP
process on the other hand resulted in a bimodal microstructure of the material. The HIPed samples
illustrate presence of the primary basketweave structure of a and B phase together with o’ decorations
in between. The presence of o’ phase in the HIPed materials is associated with the fast cooling of the
specimens after the HIP process. The same microstructure was observed for both SOLID-HIP and
WHTFFHT-HIP samples.

SOLID SOLID-HIP WHT-HIP

SOLID-HIP FHT-HIP

Figure 3: Scanning electron microscopic (SEM) analysis of the microstructures of SOLID and WHFFHT
samples prior and after HIP process. Higher magnification images of the microstructures are provided
in the second row with the yellowred rectangle showing the location where the image was taken.

Unlike the microstructure of solid specimens (both SOLID and WWHTFHT), where a uniform grain size
and phase distribution was detected on the cross section of the samples, SHELL samples represented
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a clear trace of the shell structure. According to Figure 4, two distinct types of microstructure can be
observed in SHELL samples. The shell regions in these samples have a microstructure very similar to
that of the HIPped samples mentioned before (basketweave o+ with @’ decorations). While the inner
region of the sample represents equiaxed a grains surrounded by B phase in presence of o’ clusters
within the region. Although the thickness and geometry of the AM parts have been reported to directly
influence the resulting microstructure and mechanical properties [10,39], the use of annealing heat
treatment and HIP process in this research have possibly eliminated the effect of this factor, resulting
in the similar microstructure of the shell regions in SHELL samples and that of the SOLID samples.
Unlike the other cases where no apparent porosity was detected, the inner area of the shell samples
represented the presence of entrapped pores. The pore size was in a range of 0.7 to 15.7 um with an
average size of 4.9++-3.6 um. It should be mentioned that due to the edge effect of the electrochemical
reactions, the internal pores can be corroded during electropolishing, and their size on the surface can
be slightly overestimated. No clear indication of interfacial defects was observed in SEM analysis and
the defects were mainly distributed uniformly within the inner region of the shell samples. The
presence of small pores in the inner region is expected, sinceas Argon is not soluble in Ti6Al4V and
such entrapped HIPed pores have been previously observed to regrow after subsequent heat
treatment [21,40]. In larger components, the relative shell thickness effect on the microstructure of
the shelled components can be more pronounced when compared with solid parts of the same scale.
This requires further investigation to clarify its level of dependency.

SHELL-HIP

Figure 4: Scanning electron microscopic (SEM) analysis of the microstructures of SHELL samples after
HIP process. Higher magnification images of the microstructures from different regions are provided;
(1) shell region, (Il) interface between shell and the inner area, and (lIll) inner area of the specimen
(formed from the entrapped powders).

3.2. Fatigue strength

The main fatigue test results in the form of stress-fatigue life diagrams are shown in Figure 5. According
to Figure 5a, the solid specimens that were subjected to annealing (SOLID) and incerrect—failed
annealing heat treatment (\WHTFHT) show similar fatigue behavior having a fatigue strength of roughly
300 MPa at 10°ere-million- cycles. This is especially true for higher load levels, while for lower load
levels the SOLID specimens represent slightly higher fatigue strength_(Figure 5a). Performing HIP on
these two sets of specimens resulted in a limited improvement in fatigue strength especially in the
higher number of cycles where the fatigue strength is highly dependent on the strength of the material
(Figure 5b and 5c). The microstructural analysis revealed the absence of any internal pore in the
fabricated parts_(in the micrographs investigated), therefore, the observed variation is expected to be
related to the change in the microstructure of the material after HIP process. As discussed in the
previous section, the presence of martensitic a’ phase in HIPed samples was verified. This phase is
known for its limited ductility and high strength and the observed fatigue improvement can be
associated to the presence of this phase rather than any impact due to the closure of the internal
pores.
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For the shelled-HIP samplestests (Figure 5d), the performance is reduced reaching a fatigue strength
at 10° cycles of just over 200 MPa. At this load level, one specimen ran out at 2x10° cycles which is
indicative of the reasonably good performance of these specimens._ It is worth mentioning that the
Shelled-HIP specimens had around 9.8% reduction of volume and 5.3% increase of surface to volume
ration in the gauge area after shrinkage compared to the SOLID specimens. This higher surface to
volume ratio can be considered as a potential source for lower fatigue strength of these samples when
compared to the SOLID specimens. Similar observations were previously reported in [41] for L-PBF
samples fabricated with different diameters.
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Figure 5: Comparative fatigue results of L-PBF Ti-6Al-4V specimens with different processing
conditions, (a) SOLID and ‘WHTFHT, (b) SOLID and SOLID-HIP, (c) WHTFHT and \WHTFHT-HIP, and (d) all
tested specimens including SHELL-HIP. The dashed lines in the plots show 50% probability of survival
for each case.

3.3. Failure assessment

Fractography was performed on the tested specimens to investigate possible differences in fatigue
failure of the specimens with different processing conditions. Figure 6 represents a comparative
representation of the fracture surface of SOLID, SOLID-HIP and SHELL-HIP specimens. The fracture
surface-fracture features of WHTFHT and WHTFFHT-HIP specimens were similar to that of the other
solid parts and for sake of brevity their results are not presented here. In all cases, the fatigue crack
has initiated from the surface of the specimens, propagating through the net section of the specimens.
No evidence of internal pores and sub-surface pores was detected in the solid specimens and in the
shell area of the SHELL specimens. The fatigue crack initiation zone in all cases was identified by the
microstructural-dependent features on the fracture surface. A combination of inter-granular and trans-
granular crack propagation along the a and B grains resulted in a tortuous fracture surface in this area
with an observable pattern of basketweave microstructure. This stage was then followed by fatigue
crack propagation. In the propagation stage, the microstructure-dependent tortuous features
disappeared and the typical fatiguefailure striation was observed. In addition to the mentioned
features, SOLID-HIP specimens show a higher presence of secondary cracks on the surface, which can
be linked to the brittle a’ phase in this condition.

A distinctive fracture surface was observed in the SHELL-HIP specimens. In these specimens, the shell
area and the inner region of the specimens illustrated different fracture morphology. Details of
fracture features in these specimens are shown in Figure 7. While the shell area was identified very
similar to SOLID-HIP specimen, a transition from a smooth fatigue crack propagation surface to a
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tortuous surface in the inner area was detected. By closer inspection of the fatigue features in the
neighbouring area of the interface, both smooth and tortuous faces show fatigue striation indicating
continuous fatigue propagation even in the inner region of the specimen. The difference in the
morphology of this area is linked to the different microstructural features. As stated earlier, while the
shell region is identified by basketweave a+p microstructure, equiaxed a grains were observed in the
inner region of the SHELL-HIP samples. Besides, the residual porosities in this area can dictate the crack
path and increase the tortuosity of the fracture surface.

SOLID SOLID-HIP SHELL-HIP

2mm 2mm

200pm

Figure 6: SEM fractographs of the fracture surface of the tested solid specimens with annealing (SOLID),
and HIP (SOLID-HIP) post processing and shelled specimens subjected to both annealing and HIP
(SHELL-HIP). Higher magnification images of fatigue initiation sites and fatigue propagation area are
provided.
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SHELL-HIP

Figure 7: SEM fractographs of the fracture surface of the tested shelled specimens subjected to both
annealing and HIP (SHELL-HIP). The image on the top right hand side illustrates the microstructure of
the material in the studied region.

4. Conclusions

In this work, a detailed experimental study was performed on the fatigue performance of Ti6AI4V
manufactured by L-PBF in as-built surface condition and heat treated according to both annealing and
hot isostatic pressing. This was compared to a shelled manufacturing approach followed by the same
processing steps, to evaluate the performance of parts manufactured by this faster hybrid approach.

The similar performance achieved for solid L-PBF samples in annealed state and in HIP state can be
explained by defect free material (density-optimizedgeed process parameters) and geed-high ductility
of the annealed material._Due to the similar temperatures used in the two types of treatments, the
conventional heat treatment may be omitted to achieve the same microstructure and properties.

Aesa—racy s e e e A e e e R The

fatigue performance in this condition is likely mainly influenced by the surface condition as evidenced
by fractography results, contributing to the similar performance obtained. The shelled-HIP samples
show somewhat reduced performance with fatigue strength approximately 220 MPa compared to 300
MPa for solid samples, with a similar reduction % at various load levels. This reduction is not huge, but
important to consider when using this approach for cyclic loading applications. The ability of this hybrid
approach to produce material that reaches 2 x 10°mwillien cycles under fatigue loading at 200 MPa is a
notable achievement and may find particular applications. Nevertheless, the approach should be used
with caution due to the reduced life compared to the solid processing route. Another important
consideration is the possibility of increased local stresses for internal pores in the inner region, when
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other loadings are used such as bending, or when the specimen geometry has a larger thickness
variation than the current work. Such conditions could lead to reduced fatigue strength. Further future
work is envisaged in optimizing the hot isostatic pressing process to enhance the performance for this
hybrid process and specifically investigating the interface obtained between shell and interior. As
fatigue performance in this type of material is mainly controlled by the crack initiation stage, the
surface and near-surface region is most critical — i.e. the shell region. It is therefore reasonable to
assume that further improved performance can be achieved by appropriate surface processing.
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