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Cyclic deformation and damage mechanisms in electron-beam-melted Ti-6Al-4V are investigated. As-built
samples exhibit a graded microstructure over the height of 120 mm, with samples from the top having larger
a-laths and higher plastic strain. After HIPing, the a-lath width is greater, with reduced grain misorientation, and
lower microstructural and property gradients. In both conditions, the observed cyclic softening is dominated by a
monotonic reduction in the friction stress and an increase in grain misorientation, suggesting the lath structure

progressively fragments into smaller grains. As-built samples show typically lower fatigue life due to crack
initiation from gas pores and lack-of-fusion defects.

1. Introduction

Electron beam melting (EBM) of Ti-6Al-4V (referred as Ti64 here-
after) is a powder-bed-fusion additive manufacturing (AM) method that
is rapidly maturing for load-bearing structural applications, and hence
understanding the fatigue behaviour is important. The microstructure
and texture of AM materials differ considerably from those in wrought
and cast products. A lack of fundamental understanding about their
cyclic plasticity and damage mechanisms has become a concern [1]. In
the as-built condition, high-cycle fatigue (HCF, >10* cycles) of EBM
Ti64 is influenced by surface roughness [1]. If the roughness is reduced,
process-inherent gas pores or lack-of-fusion defects, which originate
either from entrapped gas or insufficient powder consolidation, become
the life-limiting factor [1,2]. Defects that are large and close to the
surface are more detrimental to fatigue life [2,3]. A similar concern
exists in laser powder-bed-fusion (LPBF) Ti64 [4] which has a cooling
rate typically two orders of magnitude faster than EBM. This rapid
cooling favours the formation of o' martensite [5,6] compared to the
fully homogenised o + p microstructure typically found in EBM Ti64.
Despite the different microstructures, the fatigue life of EBM and LPBF
Ti64 are similar [7], suggesting that defects are dominant under HCF
loading.

Ti64 subjected to low-cycle fatigue (LCF, <10* cycles) typically ex-
periences cyclic softening [8] and the plastic deformation is controlled

predominantly by the high-volume fraction (90 to 95%) of a-phase [8].
Plastic deformation of Ti64 is accommodated by a complex mixture of
dislocation slip and twinning [9,10]. When considering the LCF per-
formance, limited data is available for AM Ti64. Agius et al. [11]
investigated the microstructural anisotropy and the cyclic elastoplastic
behaviour of LPBF Ti64. An asymmetric softening characterised by a
vertical (i.e., stress) shift in the hysteresis loop under symmetric strain
loading was observed. Agius et al. claimed that the anisotropic plasticity
was attributed to the considerable thermal residual stresses induced by
the fast-cooling rate of 10° K/s, which in turn led to asymmetric cyclic
yield, effective and back stresses when subjected to compression and
tension phases [11]. This seemed to provide a reasonable explanation
for the progressively diminished role of residual stresses with increased
fatigue cycling. The effect of residual stresses on cyclic properties of
LPBF Ti64 were previously reported. Simonelli et al. [12] experimen-
tally studied the effect of build orientation on residual stresses and
mechanical performance in LPBF Ti64. Regardless of the build orienta-
tion, a tensile residual stress of ~ 250 MPa was measured in the as-built
condition that contributed to the poor elongation at failure. In another
laser-based AM work, Ren et. al [13] studied the LCF of Ti64 processed
by blown powder directed laser deposition (DLD) in the heat treated
condition. By comparison with the wrought Ti64, the LCF performance
of DLD Ti64 was found to be lower at low strain amplitudes (<1.1%),
while being similar at higher strain amplitudes. The presence of surface
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defects as small as 60 uym were claimed to be detrimental to the LCF [13].

As opposed to LPBF, the process temperature in EBM is higher
(>700 °C) [71, due to powder layer preheating. This will lead to lower
cooling rates and negligible residual stresses. However, the typical
thermal cycles of preheating, melting and rapid solidification as well as
the large thermal gradients along the build direction in EBM are known
to produce microstructural gradients [14-16]. The o-lath width in
wrought Ti64 is the primary microstructural scale parameter that con-
trols mechanical properties [17,18]. Recent studies in EBM Ti64 re-
ported a graded microstructure where both the o-lath and primary
f-grain widths increased along the build direction [19-22], resulting in
tensile properties and hardness variation from the bottom to top of the
build. Hitesh et al. [21] correlated the decrease in micro-hardness from
406 to 382 HV to the increase in mean «o-lath width from 0.58 + 0.24 ym
to 0.87 + 0.33 pm. Tan et al. [22] observed a similar microstructure
gradient but on a shorter EBM sample and attributed it to the cooling
rate gradient. Both groups [21,22] correlated the change in hardness to
the a-lath width using a Hall-Petch relation. In another study [23], the
influence of build thickness on microstructure and mechanical proper-
ties was investigated. The microstructure of thin deposits consisted of a
brittle o' martensite while a ductile « + p phase was found in thicker
deposits. The microstructure in the thicker deposits was attributed to the
prolonged high-temperature exposure and lower cooling rate. Never-
theless, the influence of graded microstructure on cyclic deformation
and damage processes in EBM Ti64 has yet to be explored.

One way to overcome the concerns over the influence of defects and
graded microstructure is to subject the EBM materials to post processing
treatments. Hot isostatic pressing (HIPing) for example will increase the
densification and homogenisation [2,4,24] and can increase the fatigue
strength by twofold compared to the as-built condition [24]. In
conjunction with the cyclic plasticity of as-built Ti64, a deeper under-
standing is required of the persistence of the graded microstructure after
HIPing and to assess its potential impact on LCF behaviour. Such in-
formation is not only important for engineering applications, but also
provides underlying data for elastoplastic constitutive models so that
mechanistic-based fatigue life predictions can be developed. The present
paper aims to fill in the above-mentioned research gaps in EBM Ti64.
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This has been achieved by (i) investigating the influence of HIPing on
the graded microstructure and (ii) comparing the LCF cyclic deforma-
tion and damage process in the as-built and HIPed conditions.

2. Material and experimental
2.1. Sample fabrication

Two rectangular plates with a width of 100 mm, thickness of 15 mm
and total build height of 120 mm (Fig. 1a) were produced in an Arcam
Q20 plus system using a standard Arcam build theme for Ti-6Al-4V with
control software version 5.0. They were built using a layer thickness of
90 pm and accelerating voltage of 60 kV. The detailed processing pa-
rameters can be found elsewhere [21]. One EBM plate was subjected to
HIPing at 920 °C under 100 MPa pressure for 2 h, followed by cooling in
the furnace at a rate between 6 and 12 °C/min to ambient temperature.
Both plates were built using the Arcam gas atomised Ti64 powder
(Grade 5) in recycled condition. Fig. 1b shows the powder particle size
distribution and its typical morphology. The chemical compositions of
the powder, as-built and HIPed samples are presented in Table 1. The
inert gas fusion method (ASTM E1409) was used to measure the O and N
contents while plasma spectroscopy (ASTM E2371) was used to measure
the other elements. Little difference was found between the as-built and
HIPed samples, except for the Al loss that can be attributed to the light
element evaporation that is well known for the EBM process [25].

2.2. Material characterisation

Six samples were extracted along the build direction at different Z-

Table 1

Chemical compositions (wt%) of Ti64 powder and EBM built samples.
Sample ID Al Fe N (0] v Ti
Reused powder [21] 6.52 0.17 0.029 0.19 4.12 Bal.
As-built [21] 5.65 0.18 0.029 0.12 4.39 Bal.
HIPed 5.64 0.18 0.029 0.11 4.39 Bal.
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Fig. 1. (a) Schematic of EBM built Ti64 plates showing the low-cycle fatigue (LCF) sample extraction plan at different build height of Z = 10, 25, 85 and 100 mm, (b)
powder particle size distribution and SEM image showing the spherical shaped morphology [21]. (c) LCF specimen dimensions (all in mm).
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build heights of 10, 60 and 100 mm, respectively, for microstructure
examination on the X-Z plane, three each in the as-built and HIPed
conditions. For metallography preparation, samples were ground using
SiC papers down to 2500-grit, polished using diamond suspension down
to 1 pm, and finished with the OPS polishing with colloidal silica of 0.02
pm. Some polished samples were etched with Kroll’s reagent for ~ 45 s.
A Zeiss Gemini Sigma 500VP scanning electron microscope (SEM) was
used for quantitative microstructural analysis. For determining the
a-lath width from approximately 300 measurements per sample condi-
tion, a statistical approach was chosen as reported elsewhere [21]. The
a-lath width was defined by the distance between two neighbouring
B-rods. Vickers micro-hardness measurements were performed using a
0.5 kgf load (HVO.5) for 10 s.

Micro-texture analysis was performed using electron backscattered
diffraction (EBSD) on the as-built and HIPed samples from Z = 10 and
100 mm, representing the bottom and top of the build, respectively,
before and after the LCF deformation. All EBSD scans were acquired at
an accelerating voltage of 20 kV and a beam current of 1.7nA with a step
size of 0.3 um across an area of 100 um x 50 ym. An overall indexing rate
of 95% and 90% was achieved for before and after LCF deformation. The
non-indexed data points were automatically reassigned through itera-
tion process to the crystallographic orientations belonging to their
nearest neighbours.

2.3. Low-cycle fatigue testing

The LCF sample extraction location with reference to Z-build heights
is indicated in Fig. la and the sample dimensions are presented in
Fig. 1c. Four LCF samples were extracted for each condition (as-built vs.
HIP): two from the bottom and the other two from the top. LCF testing
was performed following ASTM E606 [26]. Prior to testing, the sample
gauge section was polished using a 4000-grit SiC paper to achieve a
mirror polished surface finish, with a surface roughness of 0.2 um as
determined by using Bruker Interferometer. The LCF tests were per-
formed at room temperature at a strain rate of 10> s~ and with a pre-
determined total strain amplitude of + 1%. The strain was controlled
using a 10 mm gauge extensometer. Sample alignment is crucial for LCF
testing to avoid buckling in compression. According to the ASTM E1012-
10 standard, the alignment was performed by using a sample fitted with
eight linear strain gauges that were spaced at 90° intervals along its
circumference. This allows for the correction of both the concentric and
angular misalignment. During the test, load, strain, displacement, and
number of cycles were collected. The sample was considered as failed
when the maximum force (stress) dropped to zero i.e., sample
completely failed. After failure, fracture surfaces were studied using
SEM to understand the crack initiation and failure mechanism.

2.4. A modified data analysis algorithm

Data analysis of the cyclic stress—strain curves was performed to link
the microstructure with macroscopic LCF properties. Under cyclic
loading, Ti64 exhibits changes in both the back stress and the friction
stress that collectively determine the onset and subsequent evolution of
cyclic plasticity [27]. Various schemes [27-32] exist for classifying these
stresses including the per cycle offset proof strength or the minimum
point in the second derivative of the stress-stain data plot. Here, we
adopt a modified version of the former method. The latter derivative-
based method is conceptually appealing, but in practice we found sig-
nificant numerical uncertainty when applied to sparse stress—strain data.

Fig. 2 shows an example single cycle dataset where the grey points
indicate individual measurement points around the characteristic hys-
teresis loop. Also indicated on the plot are the various per cycle pa-
rameters: the modulus in tension and compression, the offset proof stress
and the range of elastic and plastic stress. To represent a smooth func-
tional response of the stress relationship, the Ramberg-Osgood function
was fitted via the least-squares method to each separate compressive and
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Fig. 2. Plot showing an example single cycle fatigue curve for the as-built Ti64.
Grey points indicate the recorded fatigue data, while the dashed line is the
Ramberg-Osgood fit.

tensile subset of the data, namely, the stress, 6, and strain, ¢, in each half
cycle are linked via:

=@ e

€ = Eelastic T Eplastic =
where E; . are modulus values in tension (t) and compression (c), K is the
cyclic strength coefficient and n is the cyclic strain hardening exponent.
Fitting a curve of this nature is less sensitive to scatter in individual point
measurements than the offset proof method applied to the original data.
Thus, this method allows rapid evaluation of the per cycle proof strength
at an arbitrary offset directly from Eq (1).

From the fitted Ramberg-Osgood relationship, the cycle response is
further divided into an elastic stress range representing the difference
between the points where the back stress is equal to the applied tensile
or compressive stress, and a plastic stress range representing the sub-
sequent deformation. There are different opinions in the literature over
how best to define these ranges and the transition value between the two
regimes. We assume the transition occurs at an offset plastic strain of 1
x 10 (for consistency with Ref. [27]); as shown in Fig. 2, a friction
stress 20F = 6max-0c between the maximum stress during tension and the
compressive offset stress o that represents the elastic portion of the
cyclic deformation can then be defined. Accordingly, the plastic stress
range is then defined as 2X = Aogr-20f, where Aoy is the applied stress
range. The physical interpretation of these two values is that the friction
stress (of) represents the material isotropic hardening due for example
to short-range interaction of dislocations with obstacles [33], while the
back stress (X) represents the kinematic hardening due for example to
strain incompatibilities between grains in a polycrystal [34], providing a
long-range interaction with mobile dislocations.

3. Results and discussion
3.1. Microstructure gradient

The bulk microstructure of the as-built and HIPed Ti64 is charac-
terised by columnar prior B-grains oriented along the build direction
(Fig. 3a and 3b) and embedded o + P microstructure both in Wid-
manstatten and colony morphology (Fig. 3c and 3d). The columnar prior
B-grains are the direct consequence of the steep thermal gradient and
repeated heating and cooling cycles during the EBM. The as-built sam-
ples exhibit a finer microstructure (Fig. 3c) due to the martensitic
transformation followed by transformation to Widmanstatten and col-
ony a. The remaining p-phase has a rod and dot-like morphology
embedded in the a-phase matrix. This is consistent with the previous
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Fig. 3. Microstructures of the as-built in (a) and (c) and HIPed Ti64 in (b) and (d): (a) and (b) optical micrographs while (c) and (d) SEM micrographs. Dark and
bright areas represent o and f phases under SEM imaging, respectively. (e) log-normal distribution plots of the measured a-lath width, together with the determined

median o-lath width.

studies [22,35]. According to Shui et al. [35], such B-phase morphology
is associated with the interface of the acicular microstructures. After
HIPing at 920 °C (about 60 °C lower than the p-transus of 980 °C [36]),
the columnar B-grains remain in the microstructure. Nevertheless, a
considerable change in p-phase from the dot-like morphology to more
continuous rod-like lamellar morphology can be seen in Fig. 3d. Also,
a-laths continue to grow at the expense of neighbouring grains, causing
an increase in the number of larger a-laths.

Fig. 3e presents log-normal distribution plots of the measured o-lath
width at different Z-build heights. Such plot provides a better presen-
tation of the measurement results because of the considerably large size
difference in a-laths. Furthermore, we report the median a-lath width in
the table of Fig. 3e, instead of the mean value, since it was proven to give
better statistical description of the microstructure gradient in EBM Ti64
[21]. For the as-built condition, the median «-lath width at Z = 10, 60
and 100 mm was measured as 0.9 um, 1.0 pm and 1.1 pm, respectively. It
can be seen in Fig. 3e that the number of smaller a-laths at Z = 10 is
higher than Z = 100, but the number of larger a-laths appears more
frequently for the Z = 100 and Z = 60 when compared to Z = 10. The
cooling rate is faster at the bottom of the build as the heat was conducted
quickly through the substrate [20]. However, as the build height
increased, it is difficult to quickly dissipate the heat due to the increased
thermal resistance leading a slower cooling rate. As a result, a coarser
microstructure is observed at the top of the build [20,22]. The micro-
hardness was measured to be 346 + 8 HV at Z = 10 while 327 + 11
HV at Z = 100, and the lower hardness for the top can be attributed to
the o-lath coarsening. After HIPing, there is virtually no difference be-
tween the top (322 + 10 HV at Z = 100) and bottom (328 - 8 HV at Z =
10) of the sample build. The hardness decrease in HIPed condition can
be attributed to the increased a-lath width, with the median value being
1.71,1.70 and 1.71 pm for Z = 10, 60 and 100 mm, respectively. HIPing
helps to achieve a more homogeneous microstructure along the build
direction of EBM Ti64.

3.2. Cyclic deformation behaviour

All the LCF data presented in this work were obtained by testing the
EBM Ti64 under the same total strain amplitude of + 1% and with the
fatigue loading axis perpendicular to the build direction. The response of

cyclic stress amplitude vs. number of cycles are presented in Fig. 4a and
4b for the as-built and HIPed samples, respectively. In general, a
continuous cyclic softening behaviour is characterised by the progres-
sive decrease in the applied stress amplitude (or peak tensile stress). The
measured stress amplitude shows a continuous cyclic softening for both
conditions that is consistent with that generally observed in wrought
Ti64 [27]. The steep decrease in the stress amplitude on the far right of
Fig. 4 manifests the rapid fatigue crack propagation leading to the final
failure. Proper stress saturation was not reached in any of the samples;
this applies to both the as-built and HIPed conditions. There was a slight
surge in the stress amplitude at the 168th fatigue cycle for the Z = 25
mm sample in Fig. 4a. This was attributed to an unexpected increase in
the peak compressive stress after examining the hysteresis loop at the
corresponding cycle. The underlying reason for this is unclear and would
require an in-situ study to clarify.

In the as-built condition, samples extracted from Z = 10 and 25 mm
exhibit 2% higher peak stress compared to those of Z = 85 and 100 mm.
The mechanical properties and the rate of plastic deformation in Ti64
depend on the size and morphology of the a- and p-phases, texture and
defects [37]. In general, hexagonally close-packed (hcp) metals such as
titanium alloys exhibit a reasonably strong Hall-Petch dependence as
they have a large value of the Taylor factor [29]. To accommodate
plastic strains, there is a need for slip occurring at grain boundaries on
prismatic or pyramidal slip systems. The o-lath width and slip length are
directly proportional and therefore the presence of smaller a-laths leads
to a smaller slip length and more resistance to cyclic deformation. Thus,
a higher stress is required to move the dislocation across the grains in as-
built Z = 10 and 25 mm samples compared to the Z = 85 and 100 mm
samples. By contrast, the HIPed samples show < 0.5% difference in the
cyclic stress response, indicating much less dependency on the build
height, Fig. 4b. This is as expected since a more homogenous micro-
structure was found after HIPing. Overall, the EBM Ti64 in HIPed con-
dition has around 5% reduction in stress amplitude compared to the as-
built samples.

Cyclic hysteresis loops at different fatigue cycles are shown in Fig. 5.
A closer examination about the evolving tensile and compressive
maximum stresses reveals two interesting phenomena. Firstly, when
comparing the maximum stress for the 1" and stabilised cycles, it can be
observed that the cyclic softening rate is higher in Z = 10 samples in
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Fig. 5. Hysteresis loops at different number of cycles for as-built (a) Z = 10, (b) Z = 100 and HIPed samples (c¢) Z = 10, (d) Z = 100 mm.

both the as-built (Fig. 5a) and HIPed (Fig. 5c) conditions, whereas Z =
100 samples have lower softening rates (Fig. 5b and 5d). Secondly, all
samples exhibit tension-compression asymmetry. In general, the
maximum absolute tensile and compressive stresses are expected to
progressively decrease during the cyclic softening. However, in the ob-
tained results an asymmetric decrease in maximum absolute tensile and
compressive stresses was found. It should be noted that, the asymmetry
in tension and compression load causes increase in the stress ratio (i.e.,
the mean stress shifts towards the compression phase), despite all the
samples tested in fully reversed loading under strain control of + 1%. In
other words, the effective stress ratio R is —1.03, instead of —1. In

addition, the difference between the absolute tensile and compressive
stresses in the as-built Z = 10 sample is 35 MPa (Fig. 5a) whereas the
stress difference is increased to 52 MPa for the Z = 100 (Fig. 5b), sug-
gesting that the severity of the asymmetry is higher at the top of the
build. Such gradient in severity of the asymmetry can also be linked to
the graded microstructure. By comparison, the HIPed samples show a
comparatively smaller stress difference, with 20 MPa for Z = 10 mm
(Fig. 5¢) while 26 MPa for Z = 100 mm (Fig. 5d). This seems to be
consistent with the more homogeneous microstructure after HIPing.
Fig. 6 compares the cyclic softening rate of EBM Ti64 (present study)
with its counterparts i.e., wrought Ti64 in the annealed condition
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consisting of globular o grains and SLM Ti64 with o' martensitic
microstructure [11]. The cyclic softening rate depends on the applied
strain amplitude and the microstructure [38]. An increase in strain
amplitude led to increased rate of cyclic softening in wrought Ti64 with
a bimodal microstructure [27]. Given that all the samples were tested
under the same strain amplitude, any change in cyclic softening
behaviour is due to the influence of microstructure. Compared to
wrought and SLM Ti64, the EBM Ti64 in the as-built condition shows
considerably higher peak stress. The higher yield strength in SLM Ti64
than the EBM counterpart [39], due to the presence of o' martensite and
residual stresses in the former, is responsible for a lower cyclic peak
stress when the specimen was tested under the same 1% strain ampli-
tude. In addition, the stress amplitude is initially increased for the first
25 cycles and then decreased in SLM Ti64 showing initial cyclic hard-
ening before the activation of cyclic softening [11]. The acicular o' phase
has been shown to have high dislocation density [11,40], staking faults
and twin structures, all of which will cause dislocation tangling at the o
grain boundaries leading to initial cyclic hardening in the first few cy-
cles. As the fatigue cycles progress, the dislocation can move across the
grain boundary and initiate cyclic softening. On the other hand, wrought
Ti64 is composed of globular a which generally has a lower yield
strength compared to EBM Ti64 [39]. As a result, a lower peak stress
compared to EBM Ti64 for the same 1% strain amplitude is observed.
Moreover, the absence of dislocation tangling characteristics also lead to
a continuous cyclic softening in wrought material [11].

3.3. Stress partitioning based LCF data analysis

To further characterise the graded cyclic deformation behaviour, the
plastic strain range was derived, for both the as-built and HIPed samples,
based on the hypothesis that any change in the microstructure would
cause a change in the accumulated cyclic plasticity. The plastic strain
range was evaluated for the first cycle by using Ramberg-Osgood rela-
tion for cyclic stress, equation (1). The calculated plastic strain range
values are presented in Table 2, where the graded cyclic plasticity can be

Table 2
Low-cycle fatigue (LCF) life and derived plastic strain range for the first cycle.
As-built HIPed
Z= Z= Z= Z= Z= Z= Z= 7=
10 25 85 100 10 25 85 100
LCF life 590 250 538 374 593 504 558 412
Plastic 0.13 017 019 0.21 0.12 016 013 0.16
strain
range

(%)
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seen clearly for the as-built samples. Although the change in plastic
strain between Z = 10 and 25 is smaller, a considerable change in plastic
strain is found when the samples Z = 10 and 100 mm are compared. A
14% increase in median a-lath width from the bottom to the top of the
build results in a 38% increase in plastic strain range. The plastic strain
range increases due to the increase in effective dislocation slip length, in
this case controlled by the a-lath width. To summarise, the EBM Ti64 not
only shows a graded microstructure in the as-built condition but also
shows a graded cyclic softening and plastic strain accumulation.

The friction stress (of) and the back stress (X) extracted directly from
the hysteresis loop, (as schematically shown in Fig. 2) is presented in
Fig. 7. It is visible from Fig. 7a and 7b that with the increase of fatigue
cycles, the friction stress shows a continuous decrease at a constant rate.
On the other hand, the back stress presented in Fig. 7c and 7d remains
approximately constant during the loading cycles. This indicates that the
cyclic softening response as observed in our strain controlled LCF tests is
driven by a monotonic reduction in the friction stress. Xu et al. [27]
found a similar friction stress behaviour in wrought Ti64 and they
identified the shearing of nanoscale TigAl precipitates in Ti64 as the
underlying mechanism. This agrees with our current knowledge about
the per cycle friction stress as a measure of short-range interactions of
dislocations with local obstacles, such as solute atoms or precipitates.

For the EBM Ti64 in the as-built condition, a variability in the ab-
solute value of the friction stress (o§) can be seen in Fig. 7a, with the Z =
10 and Z = 25 samples having higher values than the Z =85 and Z = 100
samples. This is likely due to the finer size of Ti3Al precipitates in the
lower Z-build regions subjected to a faster cooling rate when compared
to the top. Future detailed microstructure characterisation work is
needed to validate this hypothesis as the previous work was based on
wrought Ti64 [27]. After HIPing, the EBM Ti64 shows a more uniform
response with significantly reduced variability in the magnitude of
friction stress, Fig. 7b. A closer observation of Fig. 7a reveals that the Z
= 10 and 25 samples show marginally higher friction stress until
approximately 100 cycles compared to Z = 85 and 100 samples, which is
the evidence of gradient in isotropic hardening due to graded micro-
structure. On the other hand, such difference was not observed after
HIPing.

As far as the back stress (X) is concerned, although it is not signifi-
cantly varying with the increased fatigue cycles, again clear evidence
indicating the influence of sample condition (as-built vs. HIPed) and the
graded microstructure created by the EBM process can be observed. As-
built samples (Fig. 7c) show a relatively higher back stress compared to
HIPed samples (Fig. 7d) due to the shorter slip length and the probable
pile-up of large number of geometrically necessary dislocations (GNDs)
at the phase boundaries. For the as-built condition, the samples of Z =10
and 25 show a higher back stress compared to those of Z = 85 and 100
(Fig. 7c¢) as a result of smaller a-lath width. Moreover, previous studies
[41-43] have highlighted that the micro-mechanism of back stress in «
-+ P Ti alloys is mainly linked to three different levels of heterogeneities
in the materials. Firstly, difference in mechanical properties such as
elastic modulus, yield strength etc. and thermal expansion coefficients
between the two phases develop internal stresses [43]. Secondly,
intergranular strain induced by the incompatibility or difference in two
neighbouring a-phase grains [42-44]. Finally, the heterogeneous plastic
deformation within single a-phase grain as a result of strain localisation,
slip bands etc. In the current study, the p-phase fraction is significantly
lower (<1%, as confirmed by the EBSD scan). Therefore, it can be
considered that the dislocations movement and plastic deformation in
B-phase is negligible. It is then assumed that the micro-mechanisms of
deformation are mainly due to the a-phase. It is evident that the as-built
samples of Z = 10 and 25 have smaller a-lath width than those of Z = 85
and 100 due to slower cooling rate with the Z-height increasing. As a
result, the as-built samples of Z = 10 and 25 are associated with smaller
slip length and higher intergranular strains. Such heterogeneity within
the material resulted in higher back stress in the as-built Z =10 than Z =
100 during the LCF tests. In the next section, we will seek the
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Fig. 7. Cyclic response of the as-built and HIPed samples from different Z-build heights showing the characteristic values of friction stress, 65, and back stress, X, as

defined in Fig. 2: (a) and (c) as-built condition; (b) and (d) HIPed condition.
microstructure evidence to support the above discussions.

3.4. Cyclic deformation mechanisms and damage process

Fig. 8 shows EBSD inverse pole figure (IPF-Z) orientation maps and
the corresponding frequency change in the grain misorientation angles
from 0° to 5°. Based on the EBSD phase constitution determination, the
a-phase proportion reduces slightly from 99% to 97% due to HIPing. The
pole figure (not shown here for brevity) reveals the multiples of uniform
density (mud) values as 12.16 and 15.31 for the Z = 10 and Z = 100
samples in the as-built condition, and 11.75 and 14.50 after HIPing.
HIPing therefore does not dramatically change the texture. The mud
levels for the LCF deformed microstructure were measured to be 12.4 (Z
=10) and 15.63 (Z = 100) for the as-built samples while 10.71 (Z = 10)
and 8.41 (Z = 100) for the HIPed samples. After the LCF deformation,
the grain size at and close to the fracture surface is evidently smaller
than the region away from it, Fig. 8, indicating severe plastic deforma-
tion of the grains prior to the final failure. During the deformation, the
lath structure progressively became fragmented into smaller grains
which can be observed from the refined microstructure close to the
fracture line.

Prior to LCF deformation, the frequency of grains with misorienta-
tion angle of < 2° is very low for both the as-built and HIPed conditions;
see the four histograms in Fig. 8. By contrast, the overall fraction of
grains with misorientation angle between 0° to 5° increases after the LCF
deformation. Especially, it seems that the number frequency of grains
with misorientation of < 2° increases, suggesting the activity of different
slip systems within and across the grains. Grain boundaries with the
misorientation angle of < 2° are known as geometrically necessary
boundaries (GNBs) which are formed between regions of different strain
patterns to accommodate the accompanying difference in lattice

rotation [45]. As the material experiences cyclic loading, the disloca-
tions continuously accumulate until the sources are closed by the back
stress associated with the dislocation pile-up [46]. The GNBs may in-
crease to their saturated misorientation value followed by increased
activity of grains with > 2° misorientation. Once the LAGBs structure is
developed, further strain would be accommodated by gradual rotation
of the adjacent grains leading to a continuous increase in misorientation
angles [46].

Caution should be taken when considering such low misorientation
angle (< 2°) distribution statistics since the experimental accuracy for
orientation determination by the EBSD commonly does not exceed 1°
[47] and the measurement noise can introduce artefacts. This is the
reason why only the qualitative distinctions were described by referring
to Fig. 8. In general, LCF deformed microstructure is expected to display
increased frequency of grain misorientations, implying the increased
level of plastic strain or stored energy. Cumulatively, the pattern of local
misorientation change is known to be complex and the misorientation
angle showing a periodic trend with an increase or decrease in the angle
can be expected [46].

Fig. 9 shows the kernel average misorientation (KAM) maps of EBM
Ti64 samples before and after LCF deformation. KAM is a measure of
local grain misorientation caused by GNDs [48]. The colour scale in the
KAM maps represents the intensity of local misorientation, with the
maximum set to 5°. Prior to LCF deformation, samples do not exhibit any
significant accumulated strain indicating the material was relatively
strain-free. The yellow and green colour areas indicate accumulated
local strains. Misorientation of grains is an indicator of the dislocation
density distribution. The high intensity regions are those where grains
deformed and stored energy inside the grains. By contrast, a significantly
increased local misorientation was found after LCF deformation due to
numerous dislocations generated, see the four KAM maps presented in
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Fig. 8. EBSD IPF-Z orientation maps of a-phase grains before and after the LCF deformation with the top two rows for the as-built condition while the bottom two
rows for the HIPed condition. The frequency plots for the misorientation angles between 0° and 5° are also given in the right column.

the right column in Fig. 9.

Close to the fracture surface, it seems that the density of grains with
the misorientation angle of > 2° increases, indicating the formation of
low-angle grain boundaries (LAGBs with < 5° misorientation) and sub-
grain boundaries inside the deformed grains. The presence of high grain
misorientation angles at the grain interfaces lead to decreased density
and increased misfit stresses resulting in microstructure instability and
cracks formation. Although the graded microstructure (Fig. 3e), micro-
hardness gradient as well as the graded plastic strain amplitude
(Table 2) was found in the as-built condition, no clear evidence of GND
gradient can be seen in the KAM maps for Z = 10 and 100 samples prior
to the LCF deformation. Nevertheless, such a gradient in the local
misorientation can be seen in the as-built samples after the deformation
to failure, with the Z = 100 sample showing higher misorientation
density when compared to the Z = 10. Compared to the as-built condi-
tion, HIPed samples tend to have higher local misorientation density.

3.5. Crack initiation and fracture surfaces

When a material is subjected to cyclic deformation, fatigue crack
initiation is often observed either at the surface due to slip bands or in
the interior of the specimen associated with defects and inclusions. The
scatter in the fatigue life in both the as-built and HIPed samples did not
allow any quantitative analysis. However, a closer observation of the
results presented in Table 2 reveal that as-built samples have generally
higher scatter in fatigue life data compared to the HIPed sample and the
mean fatigue life is higher for HIPed sample. To understand the crack
initiation mechanism, a detailed SEM fractography was performed.

Fig. 10a to 10d shows the crack initiation sites for the as-built sam-
ples. Fatigue cracks tended to initiate either from gas pores or lack-of-
fusion defects that are present close to the sample surface. In additive

manufacturing, gas porosity is generally spherical and occurs due to gas
trapped in the raw metal powder particles or trapped inert gas during
the melting process. By contrast, lack-of-fusion defects are developed
due to inappropriate melting conditions leading to process instability,
inadequate melting and weak bonding between the layers. Usually they
appears as flat band shape with sharp tips. The crack initiation of sam-
ples Z = 10 and 25 mm is associated with a gas pore close to the sample
surface, whereas the crack initiation for samples Z = 85 and 100 mm is
due to a lack-of-fusion defect present on the surface. Fig. 10e to 10h
present the crack initiation sites for the HIPed samples. After HIPing, the
fatigue cracks tended to initiate from the sample surface, except for the
Z =100 mm sample, where the crack was initiated from a lack-of-fusion
defect that was present on the surface, Fig. 10h.

Fig. 11 shows the overall fracture surface together with the enlarged
view highlighting the regions of crack initiation, propagation and final
failure. The as-built sample condition is shown in Fig. 11a, while the
HIPed one is shown in Fig. 11b. Only one sample per condition is shown
in Fig. 11 (samples extracted from Z = 10 mm) as the remaining samples
in the respective condition have similar fatigue fracture mechanisms.
The as-built sample consists of a few gas pores and lack-of-fusion defects
which are highlighted in Fig. 11a. The spherical gas pores have a mean
diameter of 58 + 10 um. Gas pores observed on the fracture surface is
likely caused by a small bubble of argon trapped inside the powder
particles due to the atomization process used to produce the powder. It
was also found that the vaporisation of low melting point constituents
within the alloy also lead to gas pores in the EBM builds [49]. According
to [50], turbulence in the melt pool and a low viscosity liquid metal
spattering that ejects away from the melt pool and falls into the molten
metal or on the powder bed also leads to gas pores formation.

The presence of lack-of-fusion defects are the direct consequence of
the partially melted layer that was formed due to insufficient energy
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Fig. 10. Fracture surfaces showing crack initiation site: (a) to (d) as-built samples at Z = 10, 25, 85 and 100 mm respectively; (e) to (h) HIPed samples, Z = 10, 25, 85

and 100 mm respectively. Crack initiation site is highlighted with an arrow.

density during the deposition in that area. The size of the lack-of-fusion
defects was measured to be ranging from 100 to 800 pm. The long axis of
the lack-of-fusion defect was always found to be within the layer (i.e., X-
Y plane that is perpendicular to the Z-build direction). Process induced
defects have played a major role in the fatigue performance of the as-
built Ti64 samples. Previous studies have shown that the defects

present on or close to the sample surface are more detrimental compared
to the defects embedded in the sample due to higher stress concentration
associated with the defects on or close to the sample surface [51,52].
Therefore, the large distribution of defects is the governing factor of LCF
life in as-built samples. Furthermore, the large variation in the popula-
tion of the defects seems to explain the large scatter in the total fatigue
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Fig. 11. Fracture surfaces showing the overall and characteristic features: (a) as-built sample at Z = 10 mm; (b) HIPed sample at Z = 10 mm. Crack initiation site is
highlighted with red circle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

life of as-built samples (Table 2).

In the HIPed condition, the overall LCF fatigue life is controlled by
the sample surface roughness and the microstructure. The higher fatigue
life of HIPed samples is associated with relatively less porosity compared
to the as-built samples. Similar observation was made in [24] where the
HIPed sample showed higher HCF fatigue life. The occurrence of fatigue
crack initiation at the surface is always caused by slip bands located in a
and p-phase in Z = 10, 25 and 85 mm samples (Fig. 10e to 10g). Recall
that the HIPed sample extracted from Z = 100 (Fig. 10h) failed with the
fatigue crack initiated from the lack-of-fusion defects located in the
sample surface. This implies that HIPing might not be always successful
to fully eliminate these process induced defects. The EBM samples with
dimensions of 100 x 15 x 120 mm (Fig. 1a) was subjected to HIPing
prior to the fatigue sample extraction and specimen machining. This
means that the present case is not indicative of an intrinsic inability of
the HIPing process to close surface defects.

The morphology of fracture surfaces in the crack propagation and
final failure region is also presented in Fig. 11a and 11b. Secondary
cracks can be seen in both the as-built and HIPed conditions, but the
length and the number of secondary cracks appear to be higher in the
HIPed samples. In Ti64, the a-lath and colony size greatly influence the
crack path. The presence of larger a-laths and wider single variant a
colonies after HIPing lead to greater crack branching, which might be
the reason for the observed large number of secondary cracks. It is
apparent that the HIPed samples had a continuous crack branching and
bifurcation, involving several secondary cracks growing in parallel to
the primary crack. This would also cause a reduction in the effective
crack growth driving force of the primary crack and the consequent
reduction in the crack growth rate leading to higher fatigue perfor-
mance. By contrast, the finer a laths and smaller « colonies in the as-built
samples lead to less crack branching. In the final fracture region, the

10

fracture surface of both the as-built and HIPed samples is characterised
by the dimples indicating ductile fracture. However, finer o laths in the
as-built condition results in smaller dimples as revealed in the SEM
fractography, whereas coarser a laths in the HIPed samples come with
much coarser dimples.

4. Conclusions

The influence of graded microstructure along the build direction of
EBM Ti64 on the cyclic plasticity and low-cycle fatigue (LCF) perfor-
mance is investigated. Both the as-built and HIPed sample conditions are
considered. From the detailed microstructure and mechanical data an-
alyses, the following conclusions are drawn.

1. As-built samples have an inhomogeneous microstructure where the
a-lath width increases along the build direction. HIPing helps to
remove this graded microstructure resulting in a more homogeneous
distribution and greater than 50% increase in the o-lath width.

2. Cyclic stress softening during a strain-controlled LCF test can be seen
for both the as-built and HIPed conditions. Samples in both the
conditions showed cyclic softening behaviour. As-built samples
exhibit a graded cyclic softening response where samples from the
bottom of the build presents a 2% higher stress amplitude and 38%
lower plastic strain range compared to the top. Nevertheless, such
difference can be significantly reduced by HIPing.

3. EBSD analysis reveals that the grain misorientation increases after
LCF deformation, suggesting that the lath structure progressively
become fragmented into smaller grains. As-built samples exhibit
comparatively higher intensity of grain misorientation due to smaller
o width than the HIPed counterpart.
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SEM fractography reveals the fatigue crack initiation from gas pores
and lack-of-fusion defects in the as-built condition, causing a large
scatter in the fatigue life. HIPing helps to reduce the scatter by
healing the defects, but there is evidence to show the presence of
lack-of-fusion defect in one HIPed sample. A higher number and
larger secondary cracks present in the HIPed samples seems to also
contribute to the higher fatigue life through the crack branching and
bifurcation mechanisms.
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