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This paper presents the cyclic deformation behaviour and fatigue properties of a wire + arc additive manufac-
tured Ti-6Al-4V alloy in the as built condition under strain-controlled test condition. Higher local energy input
used to build the material has resulted in a coarser primary columnar f grain structure along with a coarser o
microstructure compared to Ti-6A1-4V alloys produced by other additive manufacture processes. Test specimens
were manufactured in horizontal and vertical orientations with respect to the deposited layers. Isotropic fatigue

property was observed at lower applied strain values. When the strain amplitude was above 0.6%, the vertical
samples, where the loading axis was parallel with the primary columnar p grains, showed marginally higher
fatigue life owing to the material being more ductile in this direction. Moreover, higher cyclic softening rate by a
factor of two was measured in the vertical samples. No porosity defects were found in the material. Cracks were
initiated from either the o laths or a/f interface due to cyclic slip localisation.

1. Introduction

One of the key requirements for additive manufactured (AM) mate-
rials is their performance under cyclic loading as it is paramount for
safety—critical and load-bearing parts to satisfy the durability and
damage tolerant design principles. If using powder feedstock in an AM
process, the fatigue properties of Ti-6Al-4V (Ti64) are found to be lower
than that of their wrought counterpart [1-8]. This is due to the presence
of process inherent macroscopic defects that can act as stress raisers
leading to fatigue crack initiation and premature failure. Post deposition
heat treatments such as hot isostatic pressing (HIPing) showed prom-
ising results in improving fatigue strengths in most powder-based AM
processes as it can effectively reduce the size and population of defects.
Certain load bearing structures experience large plastic strains under a
low number of load cycles (fatigue life < 10* cycles) before failure oc-
curs. Under such conditions, Ti64 manifests cyclic softening behaviour
where the applied stress amplitude gradually decreases until it stabilises.
Sterling et al. [6] studied the fatigue behaviour of Ti64 built by laser
blown powder AM process in the as built, stress relieved, and p annealed
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condition. Samples in three conditions showed higher cyclic yield
strength than those of wrought specimens due to the presence of o'
martensite in the as built and finer a laths in the stress relieved and
annealed condition [6]. The fatigue lives of the laser blown powder
specimens are shorter than the wrought due to premature failure from
process inherent defects. The effect of microstructural anisotropy and
the cyclic elastoplastic behaviour of L.-PBF Ti64 when subjected to fully
reverse loading (stress ratio R = — 1) was studied in [9] An asymmetric
softening characterised by a vertical (i.e., stress) shift in the hysteresis
loop under symmetric strain loading was observed. Agius et al. [9]
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.

Ren et al. [10] studied the strain-controlled fatigue properties of Ti64
processed by laser blown powder AM process in heat treated condition.
By comparison with wrought Ti64, the fatigue performance of laser
blown powder Ti64 was found to be lower at low strain amplitudes
(<1.1%), while being similar at higher strain amplitudes. The presence
of surface defects as small as 60 um were claimed to be detrimental to
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the fatigue life [10]. In addition, cyclic softening is observed at various
strain amplitudes where the degree of cyclic softening increased with
the applied strain amplitudes [10]. Similar observations were made in
[11] where the strain-controlled fatigue performance of 1.-PBF Ti64 was
studied in the as built and heat treated (at 800 °C for 2 hours follwed by
furnace cooling) condition. Both the sample conditions showed cyclic
softening behaviour. An increase in strain amplitude caused increased
elastic modulus reduction occurred during the cyclic loading and pro-
moted a greater cyclic softening [11]. In a recent study [12], Syed et.al
systematically studied the cyclic plasticity and damage mechanisms in
electron beam powder bed fusion (EB-PBF) Ti64 in the as built and
HIPed condition. Samples were studied with the loading axis parallel to
the primary columnar § grain. The cyclic stress—strain response of the as
built samples was influenced by the a lath size. For the same applied
strain amplitude, samples with smaller o lath showed a 2% higher stress
amplitude and 38% lower plastic strain range compared to the samples
with larger a lath. The authors have found that the cyclic softening
response of samples in both conditions is driven by a monotonic
reduction in the friction stress which represents the material isotropic
hardening due to short-range interaction of dislocations with obstacles
[13].

When considering higher deposition rate AM processes, Wire + Arc
Additive Manufacturing (WAAM) has been extensively studied. In the as
built condition, typical microstructure of WAAM Ti64 consists of multi-
variant o colonies forming in the matrix (the so-called basketweave
microstructure) and also single variant o colonies [14]. Depending on
the build strategy, which influences the cooling rate, large microstruc-
ture heterogeneity is observed in WAAM built Ti64. Lower cooling rates
resulted in larger a lath widths and its colony size [14]. The majority of
the # grain boundaries had a continuous grain boundary a (agp) layer
and outward growing single variant o colonies. However, some bound-
aries that may have had lower misorientation did not have a well-
defined oagp layer [14]. Columnar primary f grains resulted in 40%
lower elongation in the samples loaded normal to ogp facilitating a
preferential path for local damage accumulation along the grain
boundary [15]. The formation of such microstructure heterogeneity
along the ogp has been shown to influence material performance when
subjected to cyclic loading. Recently, Syed et al. studied the role of
anisotropy microstructure on high cycle fatigue performance of WAAM
Ti64 built with different deposition strategies [15]. When agp was
perpendicular to the fatigue loading, where the majority of the single
variant large o colonies are under fatigue loading, this lowered the fa-
tigue strength compared to samples loaded along the agp. Hence, fatigue
property anisotropy was found.

Despite the progress made, the effect of plasticity on fatigue prop-
erties cannot be studied by stress-controlled fatigue tests. This is espe-
cially the case for the Ti64 alloy as it has little strain hardening
capability after yield. Therefore, considering the practical applications,
in which stress concentration is unavoidable for structural joints and
cut-outs, it is critical to have a comprehensive understanding of the role
of microstructure and sample orientation on strain-controlled fatigue
performance to exploit the full potential of WAAM. Strain controlled
fatigue testing will provide insights into the applied elastic-plastic strain
energy that is driving fatigue failure. Accurate local strain measurement
within the gauge length allows considerably greater precision to be
achieved for the strain energy in the low-cycle plastic deformation re-
gion. The effect of plasticity is therefore reflected in the strain vs life
property, which is useful for predictive models, which cannot be
determined in load-controlled fatigue testing for the stress-life fatigue
property. Strain controlled fatigue testing allows a more rigorous and
reproducible definition of failure than in load-controlled testing.
Furthermore, applied loads in strain-controlled fatigue tests are fully
reversed, with applied stain ratio Re = — 1 i.e., zero initial mean stress,
to provide the baseline fatigue data from which the mean stress effect
can be calculated, as in the variable amplitude load spectra in real world
loading conditions. Additionally, because strain-life fatigue curves are
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based on the local strains, they are better suited to the predictive
methods using the local stress or strain values, e.g., calculated by finite
element analysis than using stress-life fatigue curves which are based on
the nominal (applied) stresses. Therefore, this paper is focused on the
strain-controlled fatigue behaviour, associated cyclic deformation and
damage mechanisms of Ti64 deposited with oscillation build strategy
developed for the WAAM process. The samples were tested in horizontal
(agp perpendicular to the loading) and vertical (agp along the loading)
orientations.

2. Materials and experimental methods
2.1. Materials manufacturing

Ti64 material was deposited by the WAAM process using a plasma
arc as energy source and a 1.2 mm diameter Ti64 wire as a feedstock.
Argon gas of 99.99% purity was used to create an inert atmosphere
during the deposition. The process parameters were as follows: torch
travel speed 5-6 mm/s, wire feed rate 2.5 m/min, arc current 200 A,
plasma gas flow of 0.8 1/min and a shielding gas flow of 8 1/min. An
oscillation building strategy (parallel square pattern) was used to de-
posit the materials where the plasma torch and the wire feeder were
continuously oscillated across the wall thickness direction (TD) with
60-66% overlap between the adjacent melt tracks. During the deposi-
tion of subsequent layers, an alternating building direction between the
layers was chosen to allow a continuous deposition without arc being
turned off and on for depositing subsequent passes, thus, the total
fabrication time is minimised. Two walls were deposited with di-
mensions in length (L) x height (h) x thickness (t) of 500 x 150 x 20

mmg.

2.2. Microstructure and texture analysis

Samples for microstructure and electron back scattered diffraction
(EBSD) analysis were cut from the TD-ND plane and prepared with
standard metallographic procedures with final polishing using colloidal
silica with a 0.02 pm particle size. For microstructure analysis samples
were etched with Kroll’s reagent and imaged with Zeiss LSM 780 optical
microscope and a Zeiss Gemini Sigma 500VP scanning electron micro-
scope (SEM). For a lath width measurements, cross-section samples were
extracted from the WD-ND planes at the midpoint of each wall. Sec-
ondary electron SEM images taken from these samples were used to
measure the average o lath linear intercept width in each build, ac-
cording to ASTM E1382 standard [16], using the procedure described in
detail in [17]. The length of the intercepts across each line was deter-
mined using the Image-J software. EBSD orientation maps along ND-TD
plane were obtained using an FEI Sirion SEM, equipped with an Oxford
Instruments’ Nordlys Nano EBSD detector and AZtec acquisition soft-
ware, using an accelerating voltage of 20 kV a beam current of 1.7nA
across an area of 400 pm x 400 um. A step size of 10 um for low reso-
lution maps and 0.3 pm for high resolution maps were used. -phase
orientation maps were reconstructed from the indexed o-phase data,
using software developed by Davies and Wynne [18,19] that exploits the
BOR between the a and p phases. A maximum 3° divergence from the
BOR was accepted, and a 2° misorientation of each o variant was
allowed. The EBSD maps were produced in Oxford Instruments’ Channel
5 software. All EBSD maps are presented in IPF colouring, with respect
to the build-height direction (ND).

2.3. X-ray micro computed tomography analysis

Prior to testing, randomly selected samples were examined using
micro X-ray computed tomography (micro-XCT) on RX Solutions Easy-
Tom XL Ultra 230-160 scanner. The X-ray tube was operated at 180 kV
acceleration voltage and a tube current of 70 pA. The X-ray beam has
been pre-filtered placing a 0.7 mm thick Cu plate on the tube to decrease
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Fig. 1. Schematic of a WAAM Ti64 wall showing the torch and wire oscillation
path and test sample orientations used for tensile and strain-controlled fatigue
tests. WD - the heat source travel direction, TD - wall transverse or thickness
direction, ND - build height direction normal to the deposited layers.

beam hardening artefacts. The detector used was a Varian 2520 flat
panel with 1920 x 1536 pixels of 127 um pitch with columnar CsI as
scintillating material. First a standard, circular-trajectory cone-beam
scan was performed concentrating on the center part of the sample
capturing a height of 6.5 mm and a volume diameter of 5.7 mm. After
that a helix scan was performed to capture a longer axial section of the
sample object with 3 full turns (360°) of rotation around the object. The
number of projections per turn was 1152 (just as for the circular scan).
The total scanned volume was 15.5 mm tall with a diameter of 5.7 mm.
For both scans, for each projection 10 image frames have been averaged,
taken at a frame rate of 4 fps resulting in a total scan time of roughly 3 h
helix and roughly 1 h for the circular scan. The geometric magnification,
based on the ratio of source-to-detector and source-to-sample distance
for both scans was around 33. For the 3D reconstruction (filtered back
projection) the FDK algorithm [20] was used in the native software of
the scanner XAct of RX solutions. The isotropic voxel size of the
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reconstructed volume was 3.88 um for the helix and slightly lower, 3.7
um, for the standard circular scan. The 3D image processing and
rendering has been performed by the commercial software VG Studio
Max 3.5 from Volume Graphics.

2.4. Mechanical testing

Tensile and strain-controlled fatigue test samples were manufactured
in either “horizontal” or “vertical” orientation as defined in Fig. 1. In the
horizontal sample, the loading axis is parallel to the deposited layers
(across columnar f grains and agp), whereas in the vertical sample the
loading axis is perpendicular to the deposited layers (along columnar
grains and agp). Tensile test samples were designed according to the
ASTM E8 standard [21] with a gauge diameter and gauge length of 5.75
mm and 31 mm, respectively. The tests were performed according to the
ASTM E8 standard [21] with an applied displacement rate of 1 mm/min,
and the strain was measured with a 25 mm gauge length clip-on
extensometer. Strain controlled fatigue test samples were designed
and tested according to the ASTM E606 standard [22]. A gauge diameter
5 mm and gauge length 10 mm were used. Applied strain was measured
and controlled by a 10 mm gauge length clip-on extensometer. Prior to
testing, the gauge section of each fatigue specimen was polished along
the longitudinal axis to remove any surface imperfections from
machining that could act as undesirable fatigue initiation points. Spec-
imens were polished using a Morrison test specimen polishing machine
using various grades of grit paper and finishing with 1200 grit paper to
achieve a minimum surface roughness specification R; = 0.2 ym in
accordance with the BS7270 and ASTM E606 standards. Strain
controlled fatigue tests were carried out at room temperature in fully
reversed mode (strain ratio R, = — 1) at total strain amplitudes (Ae/2)
ranging between 0.4% and 1.2%. The test frequency for each fatigue test
was varied according to the strain level of the test, and the material
response to maintain the sinusoidal waveform, from 0.25 Hz at the
highest strain range to 5 Hz at the lowest. Fatigue life was defined at a
number of cycles when the stress response dropped by 20% from the
stabilised stress-strain curve.

Fig. 2. (a), (b) optical micrographs showing epitaxially grown columnar grains and HAZ bands in the wall’s ND-TD and ND-WD planes. SEM images showing (c)
typical transformation bulk microstructure, (d) transformation microstructure along primary p grain boundaries with continuous grain boundary a colonies and (e)

discontinuous « colonies along the primary p grain boundaries.
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Fig. 3. EBSD maps along the ND-TD plane showing (a) and (c) o phase with and without continuous « colonies, (b) and (d) respective reconstructed p phase. All EBSD
maps are presented in IPF colouring, with respect to the build-height direction (ND).

3. Results and discussion
3.1. Microstructure heterogeneity

It is well documented that the layer wise deposition in AM gives rise
to macroscopic heterogeneity of the microstructure in the form of
columnar primary p grains aligning in parallel to the build direction [9].
The WAAM layer deposition strategies [14] generally produce wider
columnar primary f grains compared to other AM processes. Oscillation
build strategy used to deposit the current materials produces much
wider columnar primary p grains (width ranging between 0.43 and 3
mm) compared with other deposition strategies available in WAAM
[14], Fig. 2a and 2b. In addition to the steep positive thermal gradient at
the solidification front in a heated melt pool and low solute portioning in
Ti64 alloy, the local thermal condition influenced by the heat source
travels along the WD direction and oscillates along the TD during the
build resulting in wider primary p grains. These coarse-columnar pri-
mary f grains span a few millimetres in length and have grown through
multiple layers along the build direction. The combination of large layer

Fig. 4. Micro-XCT results in the gauge section of a specimen illustrating 3D
rendering of the sample with 60% transparency showing no porosity.

increments and local thermal history in the high deposition rate AM
processes such as WAAM leads to lower solidification velocities resulted
in heat affected zones (HAZ) bands [23], which are regularly spaced
along the build direction as shown in Fig. 2a. The microstructure het-
erogeneity caused by the HAZ bands in different AM processes is of
particular interest [23-26]. The majority of these studies are based on
qualitative observation. Nevertheless, Ho et al. [23] utilised a multi-
scale approach to quantify important characteristics of HAZ banding
regions in WAAM Ti64 deposited with single and multi-parallel pass
build strategies. According to the study in [23], HAZ bands in WAAM are
the consequence of temperatures reaching just below the p transus
temperature in previously deposited layer during the subsequent layer
deposition. Such continuous thermal cycles lead to a strong micro-
structure divergence in the HAZ bands region. Within the HAZ bands,
coarsening of the lamellar transformation structure and the formation of
a thin layer with a finer o lamellar single variant colony microstructure
just below the f transus (~990 °C) is observed. Further detailed dis-
cussion on the mechanism and evolution of the diverse microstructure in
and around the HAZ bands are discussed in detail in [23].

The complex cyclic thermal history associated with solidification of
sequentially deposited layers led to a systematic variation in the trans-
formed microstructure resulting in large microstructure heterogeneity
which can be found in some of the examples presented in Fig. 2c-2e.
Such microstructure heterogeneity in the as built condition is present in
a majority of the AM processes. It is well documented that this micro-
structure heterogeneity is strongly affected by the cooling rate below the
transus during the initial solidification [27], which is later influenced by
the thermal exposure during the subsequent reheating at temperatures
near to, but below the B transus [23]. The typical transformation
microstructure within the bulk material consists of classical lamellar
a-+p microstructures, with both Widmanstatten multi-variant (basket-
weave) and single variant colony morphologies, Fig. 2c. The average o
lath width was measured as 2.3 + 0.2 pm. In comparison to other AM
processes [28], a coarser a lath spacing was seen in this study. In the
WAAM build, the repeated oscillation of torch and feeder across the WD-
TD to achieve the desired wall width not only creates an asymmetry in
the thermal field but also a greater build-up of heat resulted in a slower
cooling rate. Thus, a coarser « lath spacing is seen in WAAM especially
when using an oscillation build strategy. Transformation microstruc-
tures seen across a p grain boundary are also shown in Fig. 2d and 2e.
Owing to the Burgers orientation relationship (BOR) and the tendency
for grain boundary (GB) nucleation, the solidification structure led to a
strong local microstructure variation along the grain boundary o (agg).
83% of the primary p GBs studied had a continuous ogp layer with
continuous ogg colony which has an angle of ~ 90° between neigh-
bouring o lamella growth directions, refer Fig. 2d. A primary p GB
without continuous agp from this same sample is shown Fig. 2e with
outwardly growing multi-variant a colonies forming in the matrix
(basketweave or Widmanstatten microstructure, Fig. 2e). In general, the
single variant o colonies extended further into the grains that are a result
of much slower cooling rate during the p —  + o transformation with
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Table 1
Tensile properties of Ti-6Al-4V obtained from the engineering stress-strain data.
Material WAAM Wrought Cast ASTM
property (AMS 4928)  (AMS F2924
4992)
Horizontal ~ Vertical
Yield strength 842 + 14 800 + 861 765 825
(YSo.2), MPa 23
Ultimate tensile 951 + 12 898 + 930 861 895
strength 24
(UTS), MPa
Elongation (%) 11 +2 17 £5 25 5 10

WAAM process. These single variant o colonies across the agg depicts a
strong crystallographic texture [29]. p grains in WAAM share a common
neighbouring grains [110]y which exclusively led to the nucleation of
continuous ogp colonies either side of the primary § GB [29]. Some prior
f grain boundaries are also decorated with a mixture of multivariant and
single variant a colonies on either side it is showing the typical solidi-
fication in AM [26,30].

Fig. 3a and 3c shows EBSD maps along the primary p grain with and
without continuous grain boundary a colonies respectively and corre-
sponding reconstructed f phases are present in Fig. 3b and 3d. respec-
tively. The continuous agp colony is more pronounced and thicker
compared to the primary f grain boundary with multi-variant o colonies.
The continuous ogp growing off the primary § grain boundaries in Fig. 3a
can be seen to have similar orientations either side of the grain bound-
ary. In Ti64, single variant agp colonies will develop discontinuously
with larger o lamellae nucleating first at lower undercooling [31]. These
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single variant orientation along segments of § grain boundaries grow out
rapidly and form skeletal variant templates from which the subsequent
colonies will develop as the temperature falls and transformation pro-
gresses [31]. On the other hand, grain boundaries without continuous
agp colonies can be seen to have nucleated numerous o orientations,
none of which cross the primary f grain boundaries into the neigh-
bouring grains. The a lamellae in the prior p grain interiors largely have
a typical basketweave morphology with a high aspect ratio. It is well
known that the a nucleation is affected by BOR and the local § grain
boundary plane and its misorientation [32]. Continuous « layers have
been also observed decorating p grain boundaries in conventionally built
Ti64 [33,34].

The micro-XCT analysis results are presented in Fig. 4. The sample
has been found very homogeneous showing no sign of defects or porosity
down to the resolution limit. This was ~ 7.4 um taken as the Nyquist
limit for the isotropic voxel sampling. This homogeneity is illustrated in
the 3D rendering of the helix scan in Fig. 4.

3.2. Tensile properties

Tensile properties obtained from the engineering stress—strain data
are presented in Table 1 along with conventionally manufactured Ti64,
i.e., AMS 4928 wrought bar [35], annealed (12.7 mm thickness), casting
[35], HIPed and annealed (< 12.7 mm thickness) and minimum tensile
properties recommended for AM Ti64 by ASTM F2924 [36]. WAAM
Ti64 tensile strengths are comparable with its wrought counterpart,
higher than the cast material and the minimum tensile property re-
quirements specified in ASTM F2924 for AM built Ti64 [36]. In terms of
the elongation property, WAAM Ti64 horizontal and vertical samples
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Fig. 5. (a) Maximum stress vs normalised load cycles illustrating three distinct stages of the cyclic stress response under strain-controlled test. Cyclic maximum stress
vs normalised load cycles for (b) horizontal and (c) vertical samples, (d) cyclic softening rate under different strain amplitudes.
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were 2 and 3 times higher than that of cast material, but 2.4 and 1.7
times lower than that of the wrought material. In Ti64, plastic defor-
mation is predominantly controlled by the high volume fraction (~90 -
95%) of the o phase [37]. It is generally accepted that the Wid-
manstatten microstructure present in AM Ti64 exhibits lower ductility
than the equiaxed or bimodal microstructures present in wrought con-
dition due to the presence of typical larger o colony and larger o lath
widths.

Horizontal samples showed higher yield and tensile strengths
compared to the vertical samples, whereas higher elongation was found
in the vertical samples. The anisotropy in ductility is generally observed
in AM built Ti64 [28,38-40] which is linked to the epitaxially grown
primary B grains. It has been shown that a variant greatly influence the
mechanical properties in AM Ti64 [41]. Material with single variant o
colonies showed a stronger crystallographic texture which increased the
effective slip length and allowed the dislocations to move freely within
the colonies during the tensile deformation. This has resulted in early
voids formation and lower ductility [41]. The lower ductility in the
horizontal samples of current study can be also linked to the presence of
large « colonies at the primary p grain boundary which is normal to the
tensile axis. During the tensile deformation, the dislocation motions
were precluded by the size and different orientation a phase. The local
pile up of dislocations during the deformation will lead to stress con-
centration along the o/p interface thereby voids and fracture formation.
When the primary p grain boundary is normal to the tensile axis, the
dislocation can slip freely inside the large a colonies present at the
primary B grain boundary, due to the parallel a plates sharing the same
orientation and leads to early void formation.

Recently Tseng et al. [42] studied the influence of columnar grains
on anisotropic deformation mechanisms in 1-PBF Ti64 using samples
with the tensile axis parallel and perpendicular to the columnar primary
B grains. Anisotropic tensile properties were caused by strong columnar
texture associated with the columnar primary p grains. When the sam-
ples are loaded normal to the columnar primary B grains (1011) crys-
tallographic planes were in-plane with the tensile axis which is
dominant plane for plastic deformation. The majority of the plastic
strain were accumulated in (1011) and led to the development of {1011}
growth faults. As a result, higher YS, UTS and a lower ductility is found
in horizontal samples [42]. In contrast, tensile loading normal to the
primary f columnar grains and agp in horizontal samples facilitate a
preferential path for strain accumulation, early void formation thereby
crack nucleation leading to early fracture and lower ductility [43].
Conversely, the higher elongation in vertical samples is the result of a
combined effect of the bulk microstructure (« lath size) and agp parallel
to the loading axis which has contributed to the plastic deformation,
thereby increased ductility [43]. Similar results were observed in .-PBF
Ti64 when the tensile axis parallel to columnar primary §§ grains where
(0002) plane was observed as a stacking structure which was aligned at
an angle of < 30° to the tensile direction. In addition, Tseng et al. [42]
also observed a twist-like distortion of the crystallites between distinct
layers or within one build layer. Such a stacking structure along with
twist like distortion resulted in a strong correlation between the (0002)
and (1011) planes and the major deformation was observed along the
(0002) tensile direction and led to quicker rupture and lower tensile
properties [44,45].

3.3. Cyclic deformation behaviour

Under cyclic loading material damage is progressive which develops
as a consequence of dislocations rearrangement and persistent slip bands
leading to localised plastic deformation. The cyclic response of materials
depends on the test conditions, microstructure and its constituents that
are influenced by their processing route. In the case of AM built mate-
rials, sample orientation also plays a major role on the cyclic deforma-
tion and damage mechanisms. Amongst these, the effect of sample
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orientation and applied strain amplitudes are the two variables inves-
tigated in this study. The progression of cyclic stress versus normalised
load cycles (N/Ng, where N is the cycle number and N is the number of
cycles to failure) is presented in Fig. 5. The progression of cyclic stress
amplitude (or maximum stress) versus number of cycle response during
strain-controlled fatigue testing can be divided into three distinct stages,
refer Fig. 5a. Stage 1 represents a rapid cyclic softening where a steep
decrease in applied stress amplitude (or maximum stress) is observed.
The material will spend briefly 5-15% of the total fatigue lifetime in
stage 1. In general, materials will reach a stable hysteresis loop after
stage 1. Stage 2 represents a progressive quasi-stable cyclic response that
occupies the majority of the cyclic lifetime (75-80% of total fatigue life)
where a noticeable and continuous cyclic softening (change in the stress
amplitude or maximum stress) is observed. Stage 3 is the final stage
governed by rapid fatigue crack propagation leading to failure; this stage
manifests itself by a rapid decrease in the stress amplitude.

Fig. 5b and 5c presents the progression of maximum stress versus
number of cycle response for both the samples orientations. In general,
cyclic softening is apparent in both of the sample orientations under
different strain amplitudes, except when Ae/2 < 0.6% where elastic
deformation is dominant. Three distinct stages are observed for both
sample orientations when the applied strain amplitudes are < 0.6%. The
absence of stage 1 in samples tested at Ae/2 < 0.6% is apparent as the
applied strain amplitudes are essentially elastic. When comparing both
the sample orientations in stage 1, in all the cases, horizontal samples
showed 2-4% higher peak stress compared to vertical samples. It is well
documented that the mechanical properties and the rate of plastic
deformation in titanium and its alloys depend on the size, morphology,
and volume fraction of the a and f phases and their crystallographic
orientation with respect to the loading axis [46-50]. The higher peak
stress in the horizontal samples is associated with the columnar primary
B grains that are aligned perpendicular to the loading axis and strong
crystallographic texture along the agp. Primary f grains normal to the
loading axis reduced the effective grain size in the loading direction,
resulting in a higher strength due to the phenomenological Hall-Petch
effect. In addition, strong crystallographic texture along the agp re-
stricts the dislocation motions which will lead to higher strength values.
Furthermore, the study reported in [51] also demonstrated that the
interaction between grain shape and different textures (crystals and
their slip systems), where each grain shape and slip plane have an
effective grain size based on how the slip plane bisects the elongated
grain, also contributes to anisotropic plastic deformation. Tseng et al.
[42] studied the influence of columnar grains on deformation mecha-
nisms in 1-PBF Ti64 using in-situ synchrotron X-ray diffraction and
complementary EBSD analysis. This study demonstrated that the sam-
ples loaded perpendicular to the columnar grains accumulated larger
plastic strains in the measured crystallographic orientations, particu-
larly the (1011) plane accumulated more pronounced elastic and plastic
strains. According to [42], such distinctive directional deformation is
correlated with the crystallographic texture where vertical samples have
highly preferentially orientated o-+p with respect to the loading axis,
which leads to lower plastic strain accumulation. On the other hand,
horizontal samples had randomly oriented crystallographic planes with
respect to the loading axis which is leading larger plastic strain accu-
mulation and higher stresses compared to the vertical samples. In stage
2, a plateau in the stress response was not reached in any sample, except
in Ae/2 < 0.6% due to elastic stresses. As stage 3 is governed by crack
initiation and rapid crack propagation, all the samples showed a rapid
decrease in the maximum stresses at N/Nf ~ 0.95. The cyclic deforma-
tion and the damage mechanisms are related to the damage accumula-
tion rate. Therefore, to illustrate the cyclic softening extent and the
influence of sample orientation on it, a cyclic softening rate (CSR) under
a given strain amplitude was determined using equation (1) [52].

CSR = (AGuax — AGhay)/ Abar @
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Fig. 6. Changes in the stress amplitude vs the load cycles for as built waam ti64
(this study) in comparison with the literature data for laser powder bed fusion
(1-PBF) [9], electron beam powder bed fusion (EB-PBF) [12] and conventionally
built wrought [9]. All data correspond to the applied strain amplitude 1%.

where Ao,y is the maximum applied stress range during the test and
Aonayf is the stress range at half stage of the fatigue lifetime.

Fig. 5d shows that the cyclic softening rate for both sample orien-
tations is similar at lower strain amplitude (i.e. €, < 0.6%). Beyond this,
it increased dramatically in both sample orientations, from ~1.6% to
6.7% for the horizontal and ~0.75% to 13.2% for the vertical samples at
ea = 0.7%. Beyond this post, the cyclic softening rate stabilised mani-
festing a plateau response. In addition, Fig. 4d shows that the vertical
samples showed higher cyclic softening rate compared to horizontal
samples. In particular the vertical samples showed approximately-two
times higher cyclic softening rate when €, > 0.7%. According to the
above results, we can infer that the cyclic stress response and damage
behaviour is influenced by the sample orientation in AM built Ti64
owing to the microstructure anisotropy.

Ti64 microstructures produced by various AM processes are signifi-
cantly different from the conventionally built by wrought or cast pro-
cesses. A comparison between different Ti64 built by various AM
processes provides insights into the influence of AM process and
microstructure on cycle stress response mechanisms. All the data pre-
sented in Fig. 6 was tested at the same applied strain amplitude of €, =
1%. Compared to .-PBF, WAAM samples in both orientations showed a
marginal higher stress amplitude, particularly the horizontal samples
showed 3% higher cyclic stress amplitude compared to L-PBF horizontal
sample. In the as built condition, 1.-PBF Ti64 is known to have acicular o/
martensite resulting in higher yield strength compared to other AM built
Ti64. However, the presence of o' phase and residual stresses in the -
PBF is responsible for a lower cyclic amplitude stress. In addition,
WAAM samples showed continuous cyclic softening from the 1st cycle
with higher cyclic softening rate compared to 1.-PBF where an initial
cyclic hardening before the activation of cyclic softening. The acicular of
phase has been shown to have a high dislocation density [9,53], stacking
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
cycles. As the fatigue cycles progress, the dislocation can move across
the grain boundary and initiate cyclic softening. On the other hand, EB-
PBF and wrought built Ti64 shows similar cyclic softening behaviour as
WAAM samples as all these processes resulted in fully transformed o + p
with Widmanstatten and colony morphologies. Moreover, the absence of
dislocation tangling characteristics also leads to a continuous cyclic
softening in both EB-PBF and wrought materials [9,12].

Materials subjected to cyclic loading experience progressive damage
at both micro and macroscopic levels which will influence the material
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Fig. 8. Typical stress—strain hysteresis loops at different strain amplitudes and number of cycles for horizontal (a) - (d) and vertical samples (e) — (h).
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Fig. 9. A comparison of the cyclic and monotonic stress—strain curves.

behaviour and thereby performance. Under strain-controlled fatigue,
progressive damage can cause reduction in the elastic modulus, espe-
cially at the loading excursions. This property degradation can be
quantified by analysing the difference between the apparent elastic
modulus in tension-going loading excursions (E;) and the compression-
going loading excursions (E.) [54]. In general, the elastic modulus
when the sample is being held in tension during the first part of the
compression excursion (E.) should be less than the modulus when the
sample is under compression in the first part of the tension excursion (E)
due to the difference in the microcracks or defects being open or closed.
This difference between the apparent elastic moduli in compression and
tension (AE.) becomes larger as the cracks propagate [54]. Therefore,
the apparent tensile and compression elasticity modulus was measured
as the slopes of the linear part of the respective excursions in the
stress-strain hysteresis loops. A schematic of E. and E; evaluation is
shown in Fig. 7a. and the evolution of the apparent elastic modulus
difference over the number of load cycles is presented for horizontal and
vertical samples in Fig. 7a and 7b respectively. It shows that the dif-
ference in the elastic modulus increased with strain amplitude which
promotes cyclic softening. In both sample orientations, the elastic
modulus difference is small ranging 2.5-11 GPa until load cycles
reached 0.9-0.95N;. Beyond this point, a rapid increase in the modulus
difference is observed. It has been reported that the reduction of
macroscopic tensile load excursion is likely linked to the decrease in
effective cross-sectional area as a result of the internal macroscopic
crack formation and or propagation which are usually the consequence
of persistent slip band formation during cyclic loading [9,11].

In general, materials subjected cyclic loading beyond the elastic
regime exhibit either cyclic softening where cyclic stress decreases with
cycle numbers or cyclic hardening where cyclic stress increases with
cycle numbers. The cyclic hysteresis loops corresponding to the 1st, 10th
and stabilised conditions for samples tested at different strain ampli-
tudes are presented in Fig. 8. It can be observed that the hysteresis loops
enlarged with the strain amplitudes. Two observations can be made.
Firstly, with increasing number of cycles, the peak stress decreased at a
given strain amplitude demonstrating the cyclic softening behaviour.
Material behaviour under cyclic loading is influenced by the initial state
of the material condition.

According to [10], the material belongs to soft state if the ratio be-
tween UTS and YS > 1.4 that leads to the cyclic hardening phenomenon,
whereas, if the ratio (UTS/YS) < 1.2, the materials belong to hard state
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and experience softening under cyclic loading. In the current study, both
of the sample orientations exhibit UTS/YS ~1.12. Hence, cyclic soft-
ening is observed. Previous studies on wrought [9] and AM Ti64 also
demonstrated cyclic softening behaviour [9,12,55]. Secondly, for the
same applied strain amplitude, the vertical samples exhibit larger hys-
teresis loop areas than the horizontal indicating higher plasticity for the
vertical samples which is also confirmed by the monotonic tensile
properties presented in Table 1.

By connecting the tips of stabilised cyclic hysteresis loops corre-
sponding to various applied strain levels, the cyclic stress—strain curve
can be determined which is shown in Fig. 9 with a comparison with the
monotonic stress-strain curves determined from tensile test. Fig. 9
confirms that materials in both sample orientations exhibited cyclic
softening behaviour. At a given strain value beyond the yield point, the
vertical samples showed lower stress indicating higher ductility in this
material orientation.

3.4. Fatigue properties

The strain vs fatigue life properties are presented in Fig. 10. For
comparison purpose, fatigue data of an equivalent conventional Ti64
material are also shown, taken from Ti64 extra low interstitials, mill
annealed wrought hot rolled bar [56], together with a L-PBF (as built
condition) [9] and laser blown powder (as built condition) [10]. WAAM
Ti64 showed lower fatigue properties than the mill annealed. When total
strain amplitude (Ag/2) is > 0.006, WAAM horizontal and vertical
samples showed an average of 5.7 and 2.2 times lower fatigue life
compared to wrought mill annealed material. Wrought Ti64 has higher
ductility and lower yield strength owing to its equiaxed microstructure.
On the other hand, WAAM Ti64 consists of Widmanstatten and single
variant colony microstructure leading to higher strength and lower
ductility. Plastic deformation in titanium alloys is accommodated by a
complex mixture of crystallographic slip and deformation twinning
[44,57]. Under strain controlled cyclic loading, fatigue life is dominated
by crack growth. As a result, when the Ag/2 is > 0.006, where plasticity
dominates the fatigue life through crack closure, WAAM samples
showed lower fatigue life. Nevertheless, when the A¢;/2 < 0.006, where
the applied stresses are within the elastic regime, i.e., no influence of
plasticity, WAAM showed similar fatigue properties as wrought Ti64.

In general, there are two approaches to evaluate the strain-life data.
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Fig. 11. Fitting lines of the measured data by the total strain, elastic strain (Basquin equation), and plastic strain (Coffin-Manson equation) for (a) horizontal and (b)

vertical samples.

Table 2

Fitting parameters for the Basquin and Coffin-Manson equations.

Fit parameter

Horizontal sample Vertical sample

E (GPa)
o'¢ (MPa)
b

[

c

113.8 113.5

1143.7 1270.1
—0.0499 —0.0607
1.0273 0.9729
—0.8819 —0.7905

Coffin and Manson [58,59] first proposed the universal slope method
where the slopes of the plastic and elastic lines were universalized where

the fatigue strength (o'p)

and fatigue ductility coefficient (¢'p) are

dependent on tensile strength and true fracture strength [60]. Further

mim

developments were made on the universal slope method to accurately
predict the strain-life curves [61]. On the other hand, the local strain
approach is commonly used to correlate the applied strain amplitude to
the number of load reversals to failure using a power function
[58,62-64].

The total strain amplitude can be divided into the elastic and plastic

strain components, eq (2). Fatigue life can be expressed in terms of the
elastic strain using the Basquin equation, eq (3), or by plastic strain
using the Coffin-Manson relationship, eq (4). Therefore, the total strain
amplitude vs life can be presented by eq. (5)

Ag /2 = Ag. /2 + A, /2

@

Fig. 12. SEM fractography images (a) overview of the fracture surface, (b) crack initiation from a microstructure feature, (c) secondary cracks found in the crack
propagation region. Fracture surfaces of samples at different strain amplitudes ¢,: (d) 1.2%, (e) 0.8%, (f) 0.6%. Inset figures in (e) and (f) show the striation marks

because of crack growth.
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Ae. /2= %‘(m)” 3)
Aey /2= 62N )
Be 2= %5(2N:)" + € (2Nr)° )

where Aee/2 is the elastic strain amplitude, Ae,/2 the plastic strain
amplitude, o'¢ the fatigue strength coefficient, ¢'¢ the fatigue ductility
coefficient, b the fatigue strength exponent, ¢ the fatigue ductility
exponent, E the elastic modulus. Fig. 11 shows the Basquin and Coffin-
Manson curve fits and Table 2 shows the respective fit parameters. The
parameters in Egs. (2), (3) are derived using least-squares fitting
methods of the elastic and plastic strain components respectively
measured directly from the experimental data. From Fig. 11 it can be
seen that there is not much difference between the elastic behaviour
between the two sample orientations when the fatigue life is in the high
cycle fatigue (HCF) regime. However, in the plastic strain regime, ver-
tical samples depict a steeper curve as a result of higher ductility along
this orientation. As a result, a higher fatigue ductility exponent (c) in the
Coffin-Manson equation.

3.5. Fractography

The fractured samples were analysed using scanning electron mi-
croscope (SEM) to identify the fatigue crack initiation sites. Amongst all
the samples tested (excluding the test runouts at fatigue life > 107 cy-
cles), 96% samples had crack initiation from the o phase, of which 66%
at the surface and 30% near the surface. Crack initiation is mainly
dominated by the type of microstructure (lamellar or bi-modal),
a-lamellae width and associated crystallographic texture [65]. Under
cyclic loading, crack nucleation in o + f titanium alloys is attributed to
the occurrence of heterogeneous deformation in the form of intense slip
bands within the o phase or at agg along prior § grain. The micro-
structure in WAAM Ti64 consists of the Widmanstatten and colony
morphology. Representative SEM fractographs are shown in Fig. 12a
and 12b showing the regions of crack initiation, propagation and final
failure. No defects were found in any of the sample confirming the
material is fully dense. Since the resistance to dislocation motion, slip
and consequently crack initiation depends on the type of microstructure
and o lath width, it is difficult to identify from the fracture surfaces of
this study whether the crack initiated from a or o/f interface. Never-
theless, previous studies have demonstrated that fatigue cracks nucleate
along slip bands within « grains in equiaxed microstructure. In duplex
structures, fatigue cracks can either initiate in the a/p lamellar interface
or at the interface between the lamellar matrix and the primary a or
within the primary a phase [66-70]. Based on the above, it can be
deduced that the crack initiation in the current studied samples was
either from o or o/f lamellar interface (Fig. 12b). All the samples
showed several secondary cracks (Fig. 12¢) in various directions with
respect to the primary crack growth direction. In general terms, the
oscillation build strategy has resulted in large and more defined single
variant o colonies. The propagation of secondary cracks is the result of
micro crack deflection at short length scale that is more characteristic of
the size of multivariant colonies found within the coarse p grains.

Fig. 12d-f show the fracture surface features in the fatigue crack
propagation regions at different strain amplitudes. The crack propaga-
tion features are similar in both sample orientations at the same strain
amplitudes. Samples tested at different strain amplitude exhibits
different fatigue features. Samples tested at higher strain amplitudes (i.
e., 1.2%) show ductile fracture features, indicating the damage mech-
anism being mainly governed by the plastic deformation. On the other
hand, samples tested at lower strain amplitudes (i.e. 0.8% and 0.6%)
show the classic striation marks on the fracture surface indicating slow
(or incremental) growth of a fatigue crack. Such striations were not
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observed in samples tested at higher strain amplitude 1.2%. A general
understanding (or consensus) is that each striation indicates a fatigue
load cycle that propagates a fatigue crack further. The width of each
striation indicates the crack growth rate [58-60]. It is apparent that the
sample tested at strain amplitude 0.8% shows wider striation than
sample tested at 0.6% indicating higher crack growth rate and shorter
fatigue life for the former.

4. Conclusions

Cyclic deformation and fatigue behaviour of a WAAM Ti64 alloy
were investigated by strain-controlled fatigue test to study the in-
fluences of sample orientation and microstructure characteristics. Ten-
sile properties were also measured as part of the study. Based on the
experimental findings and analysis, the following conclusions can be
drawn:

1. Slower cooling rates associated with the oscillation build strategy
have resulted in large single variant o colonies with strong crystal-
lographic texture along the primary columnar p grain boundaries.

2. Between the two sample orientations, tensile and yield strengths are
5% higher in the direction normal to the material build direction
(horizontal sample) owing to the columnar primary § grains with
strong crystallographic texture along the ogp that is perpendicular to
the loading axis. However, elongation is reduced by 60% in the
horizontal samples due to preferential failure along the ogp of
columnar f grain.

3. Cyclic stress softening is observed in both sample orientations when
the applied strain amplitude exceeds 0.6%. Because of higher
ductility, the cyclic softening rate in vertical samples is
approximately-two times higher when strain amplitude is higher
than 0.7%. As a result, horizontal samples show slightly higher peak
stress by up to 4% compared to the vertical samples.

4. In the low cycle fatigue regime (2N; < 10* load reversals), the ver-
tical samples’ average life is about 2.5 times longer than that of the
horizontal samples due to higher ductility in the former. In the high
cycle fatigue regime (2N; > 10%), fatigue life property is almost
isotropic.

5. SEM fractography has confirmed no porosity defects in the material
as the micro-XCT result and revealed the fatigue crack initiation
sources being either the o laths or a/p interface due to cyclic slip
localisation. All samples have shown secondary cracks because of
micro cracks deflection at short length scales in various directions
with respect to the primary crack growth plane, due to the presence
of large and more defined single variant o colonies. Such crack de-
viation has contributed to achieving higher fatigue life.
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