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ARTICLE INFO ABSTRACT

Keywords: Currently, additive manufactured titanium alloy Ti-6Al-4V predominantly fails from process-induced defects,
Additive manufacturing when subjected to cyclic loading in the polished condition. These defects not only lead to premature failure, but
Wire+Arc additive manufacturing also contribute to the significant dispersion of fatigue life commonly seen in metal additive manufacturing. In
i?felilil:m this work, we have studied the source of dispersion and the influence of pore size on fatigue life using samples
Defects from the standard processing route and samples with intentionally introduced porosity defects. According to the

fracture surface study, contrary to the common belief, the source of dispersion is primarily the pore location, e.g.
surface or embedded pore, rather than the pore size. In the case of embedded pores as the failure source, a
threshold pore size of approximately 85 pm was observed, below which the wrought level fatigue performance
was achieved. For surface pores above the threshold size, fatigue life was reduced by two orders of magnitude,
but remained unchanged, even though crack initiating pore size increased roughly by a factor of four. This
experimental observation was supported by local elastic stress analysis, which indicated that pores above a
certain size could behave like micro-notches suggesting the popular Kitagawa-Takahashi diagrams should be
presented with a horizontal asymptote for this alloy.

only due to the stochastic nature of fatigue but also related to variations
in feedstock quality, machine type, process parameters, build direction,
and defect population.

There are two types of process-induced defects in metal AM, namely
the lack of fusion and porosity. This paper deals with porosity only,
which is used interchangeably with the term “defect” in the remainder of
this work. Pores are internal, spherical cavities that could originate from
entrapped gas between powder particles [7], mishandling of the wires
[8], shielding gas during manufacturing [9] or the keyhole mechanism
[10,11]. Consequently, many subsets of AM are susceptible to porosity,
and pore size is typically less than 100 pm in diameter for AM Ti-6Al-4V.

In the literature, the relationship between defect size and fatigue
performance has been investigated mainly at the fatigue strength, a
point arbitrarily selected between 10° and 107 cycles. The Kitagawa-
Takahashi diagram was used to demonstrate fatigue strength reduc-
tion due to defects in [2] then, the El-Haddad modification [12,13] and
the Chapetti modification [14] were also shown to capture the defect
size influence on fatigue strength. Apparent success of different modi-
fication methods and the reported wide range of the El-Haddad

1. Introduction

Process-induced defects in metal additive manufacturing (AM) are
the main source of failure under cyclic loading, after the as-built surface
roughness is removed. Considering that roughness removal is a routine
procedure in industry for safety critical components, fatigue design in
presence of defects is one of the primary concerns for the widespread
usage of AM, along with other issues such as anisotropic behaviour due
to columnar prior p grains [1] and microstructural heterogeneity [1].

Defects in conventional materials reduce fatigue life and cause
dispersion in the S-N data. Defects in metal AM behave the same way, a
dispersion more than one order of magnitude was observed in [2], and
even higher dispersion, along with reduction of fatigue performance
compared to defect free condition, was observed in [3]. Reduction of
fatigue strength due to defects in AM titanium alloy Ti-6Al-4V varies
between 1.5 and 3.0 by looking at the S-N test data [2,4-6], noting that
the number of tests were not sufficient to achieve statistically significant
results. Difference in the magnitude of fatigue strength reduction is not
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Nomenclature

0a Stress amplitude

Om Mean stress

% Applied far-field stress

Olocal Local elastic stress parallel to applied load

of’ Fatigue strength coefficient

oN Plain specimen fatigue strength at N cycles

Onp Reduced fatigue strength at N cycles due to a spherical pore
of a certain size

ONe Reduced fatigue strength at N cycles due to a crack of a
certain size
Distance to evaluate local elastic stress

v Poisson’s ratio

Gav-p Local elastic stress value that controls fatigue strength in
the vicinity of a pore

Cav-c Local elastic stress value that controls fatigue strength in
the vicinity of a crack

a Crack size
A Material parameter

b Basquin exponent

d Equivalent pore diameter

r Ideal spherical pore radius

D Threshold pore diameter

K; Elastic stress concentration factor
K¢ Fatigue notch factor

N Cycles to failure

R Cyclic load ratio

parameter, by a factor of two, show the empirical nature of this
approach. Therefore, it should be arguably used in ad-hoc basis rather
than using a fixed value from literature or handbook. Alternatively, in
[15] and [16] defect size influence on fatigue strength was investigated
by using the equation proposed by Murakami [17]. Mixed success was
achieved this way, which could be due to the lack of correlation between
the Vickers hardness and fatigue strength for titanium alloys as reported
in [18].

Defect size alone is not sufficient to capture complex fatigue
behaviour and defect location is an important parameter as well.
Experimental programme in [19] showed crack initiating pores were
only within 35% of the largest defects, but if defect size and location
were considered together, this value was improved to 3%. The impor-
tance of defect location also suggests that, the Kitagawa-Takahashi di-
agrams could be overly conservative for embedded defects, since the
diagrams are constructed by considering only the defect size parameter.
In the same study, using X-ray computed tomography, it was observed
that crack initiation phase corresponded to more than 70% of the total
fatigue life. This observation contradicts with the earlier findings in the
field, in which cracks were detected after a few hundred cycles owing to
presence of defects that leads to an accelerated initiation phase [12,20].
However, this contradicting observation in AM Ti-6Al-4V could be
related to limited resolution achieved by using X-ray computed to-
mography. Nevertheless, from fatigue life prediction perspective, both
the crack propagation methods based on fracture mechanics [14,21,22]
and the crack initiation methods such as the strain-life [23,24] approach
were shown to be successful within the common tolerance bands, sug-
gesting preference from the industry will be more relevant for the
method of choice.

In this study, fatigue test specimens were made using the wire + arc
additive manufacturing, i.e. WAAM Ti-6Al-4V. Some of the specimens
were intentionally introduced with porosity to analyse a wide range of
crack initiating pore diameters, which varied roughly by a factor of
twenty, a significant improvement over the available literature data.
This enabled to interpret fatigue test results from a broader perspective
and by using the fractography results, the main source of dispersed fa-
tigue life data and a fatigue design approach were presented in Section
3. Afterwards, in Section 4 suitability of assuming pores as effective
cracks was investigated using experimental observations and local
elastic stress analysis. Finally, a notch stress approach using nominal
stress was presented to predict fatigue life that could be practical for
engineering applications.

2. Experimental work
Ti-6A1-4V samples used in this study were fabricated via the WAAM

processing route. Chemical composition of the feedstock wire and
characterization of the microstructure can be found in an earlier work

[13]. Two batches of 27 mm thick, 300 mm long bulk material were
deposited layer-by-layer following an oscillation scan strategy. After-
wards, deposited bulk material was cut-off from the base plate, then
individual blanks were machined and lathe-turned into fatigue samples
in cylindrical, hourglass shape. By this way, axis of the samples coin-
cided with the build direction during manufacturing. In one batch,
layers corresponding to the gauge section of the fatigue samples were
deposited by using intentionally contaminated wires. Prior to
manufacturing, these wires were sprayed with the WD-40® organic
compound to increase the likelihood of porosity formation during
WAAM processing. By using this technique, a change in microstructure
and chemical composition was not observed in the earlier studies [8,13]
hence, it was assumed as non-intrusive. A total of 23 samples were tested
in this condition as opposed to 12 samples from the reference bulk
material.

By following the outlined procedure, samples were expected to have
low residual stresses prior to testing. Any undesirable build-up of re-
sidual stress during manufacturing should be relaxed after the samples
were cut-off from the base plate. Furthermore, as measured and calcu-
lated in [25], residual stresses are located near the base plate after the
manufacturing, which corresponds to the grip section of the samples, i.e.
far away from the gauge (test) section.

The next step prior to testing was to remove the machining marks. A
sequential grinding procedure by using silicon carbide grinding papers
was conducted starting from 600 grit size until 2500 grit size. Finally,
the specimen surface was polished using colloidal silica to obtain a
scratch-free surface. A representative light microscopy image of the final
surface quality can be found in Fig. 1(b). In this figure, two pores are also
visible on the surface.

Load-controlled, constant amplitude axial fatigue tests were con-
ducted in air at ambient temperature using a servomotor actuated rig, at
a cyclic stress ratio R = 0.1 and 10 Hz cyclic loading frequency. The
dimensions of the fatigue specimens complied with the recommenda-
tions in ASTM E466 standard [26], except for that the transition radius
was less than eight times of the diameter as shown in Fig. 1(a). However,
all samples had failed from the gauge section despite this nonconfor-
mity. The aim was to quantify dispersion in fatigue life associated with
defects. In this regard, at least three test repetitions per applied stress
level were made to obtain statistically significant data. Fatigue tests
were complemented by fracture surface analysis to determine the failure
source and measure dimensions of the source, if relevant. To this end,
fracture surfaces were cut from the failed samples by using a precision
cutter and ultrasonically cleaned around ten minutes subsequently. Af-
terwards a ZEISS EVO scanning electron microscope (SEM) was used at
20 kV acceleration in secondary electron mode to analyse the fracture
surfaces.
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Fig. 1. (a) Fatigue specimen geometry and dimensions (mm). Drawing not to scale. (b) Representative image of the surface quality prior to fatigue testing, obtained
using light microscopy. Scratch-free surface with initially embedded pores (arrow marking) exposed to the surface after machining to extract hourglass geometry.

3. Fatigue test results and dispersion of fatigue life

This section is mainly concerned with dispersion of fatigue life, since
most of the engineering codes, such as those documented in [27] and
[28], use standard deviation of the test data to determine their design
curves. Hence, a high dispersion of fatigue life could make engineering
design unfeasible for additively manufactured products, leading to
excessively conservative designs, e.g. thicker parts.

Test results are presented in Fig. 2 in the conventional S-N format,
including the information about the failure source and crack initiating
pore size (microns), if relevant. Individual marker style and size corre-
spond to the crack initiating pore type and diameter, respectively.
Calculation of pore diameter is given in Eq. (2) in Section 4. Although
failures from clustered pores were marked, their dimensions were not
quantified, as the scope of this study was limited to isolated pores. Some
of the data points in this diagram were published previously in [13] but
in “raw” format, i.e. without the supporting information.

Fig. 2 further corroborates the previous literature findings that sur-
face pores are more detrimental than embedded pores [19,29,30]. The

difference in fatigue life could be attributed to lack of microstructure
resistance on one side of a surface pore, higher stress triaxiality of an
embedded pore or influence of atmospheric conditions. For conven-
tional manufactured Ti-6Al-4V, fatigue crack growth rate is slower in
vacuum conditions [31-33], which could be relevant for the embedded
keyhole pores in AM. On the other hand, for the embedded gas pores,
atmospheric conditions may play a lesser role considering the fatigue
crack growth rate in Argon, which is a widely used shielding gas in many
AM processes, was found to be similar to the air environment at the low
levels of stress intensity factor [34]. A definitive study to determine
dominant reason and quantify the reduction rate is an open question
according to the authors’ best knowledge. It should be added that all
process-induced pores were embedded initially, however, during the
post-processing stage to achieve desired hourglass geometry and surface
finish, embedded pores became exposed to the free surface by the
additional material removal. Theoretically, a near-net shape
manufacturing with acceptable level of surface finish could result in
embedded pores only. Furthermore, in Fig. 2, when attention is
concentrated on a single failure source, such as embedded defects, it is
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Fig. 2. Constant amplitude axial fatigue test results at R = 0.1, mirror-polished surface, tested in air and ambient temperature. Data points are scaled to size ac-
cording to the crack initiating pore diameter (microns) and marked depending on the crack initiating pore location. Eq. (2) was used for calculating the pore size.
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observed that larger defects generally result in lower fatigue life. This
agrees well with the fracture mechanics understanding, where stress
intensity factor increases monotonically with the increase of defect or
crack size.

Beyond these general remarks about fatigue behaviour in presence of
defects, a dispersion of fatigue life up to two orders of magnitude can be
observed in Fig. 2. A literature comparison is challenging at this stage, as
most of the previous work did not conduct enough repetitions to reveal
fatigue life dispersion or changed an important parameter such as the
build direction, making it hard to isolate the effect of defects. Never-
theless, similar dispersion could be observed in [3], but less pronounced
dispersion was also reported in [19]. The reason for the latter is
attributed to failure from a single source, e.g. surface pores, as found in
this work, which will be discussed in the following.

In Fig. 3, fatigue test results at two particular applied stress levels are
shown in normal probability plot using the procedure outlined in the
standard BS ISO 12107 [35]. At 500 MPa maximum applied stress,
where failure occurred mainly due to surface pores, a linear line can be
drawn, which confirms the common assumption of normal distribution
of fatigue life. However, at 600 MPa applied stress level two distinct
groups of fatigue data is visible, suggesting different failure mechanisms
could be the main reason of the dispersion. Subsequent fracture surface
analysis confirmed this hypothesis. In fact, fractography revealed three
different failure sources across the whole experimental programme as
shown in Fig. 4.

Three different crack-initiating sources observed in fracture surface
analysis are shown in Fig. 4. A surface pore manifested as a semi-circular
shape, an embedded pore with a circular morphology and entirely
bounded within the bulk material, and a cluster of pores. In this study,
only those failures from single pores are considered, i.e. Fig. 4(a) and
(b), as the cluster of pores did not occur frequently to analyse further and
they were present only in the contaminated batches, hence may not be
natural in the WAAM processed Ti-6Al-4V.

3.1. Categorising S-N data

This section provides a discussion regarding the source of fatigue life
dispersion, presents a way to handle dispersed data and makes
connection with a procedure currently used in the welding industry. The
latter could be also helpful in metal AM for fatigue design in presence of
process-induced defects.

Source of fatigue life dispersion is commonly associated with the
variation in crack initiating defect size, e.g. [36]. At first impression, this
statement holds true for this work as well. Measurement of crack initi-
ating defect size for the data points shown in Fig. 2 had revealed a range
of pore diameters from 20 pm to 400 pm. However, normal probability
plot in Fig. 3 suggests two entirely different groups of data, i.e. change of
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Fig. 3. Normal probability plot; the 600 MPa applied stress level shows two
distinct groups of test data suggesting difference in failure source.
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failure source, rather than variation of a single parameter. Fracture
surface analysis also confirmed that source of failure changed among the
test samples. Furthermore, smaller surface pores have shown to be more
detrimental than larger embedded pores [19], i.e. no competition
among the different failure sources. Considering all these, first highly
dispersed data shown in Fig. 2 were labelled according to the failure
source that was determined during fractography. Crack initiating pores
that showed a semi-circular morphology were labelled as “surface
pores”, whereas pores with circular morphology were labelled as
“embedded pores” and failures due to clustered pores were removed as
this study concentrates on isolated porosity only. One exception to this
heuristic rule was embedded pores that are less than a diameter away
from the surface. These were labelled as “surface pores” as well despite
their circular morphology on the fracture surface. Considering the stress
concentration factor (Ky) calculation using the gross area, the side of the
pore that is closer to the surface will inevitably have much higher K;
value due to the reduced loading bearing material between the free
surface and the pore. Therefore, it is expected that a crack is formed
quickly on this side and it will break to the surface relatively early
compared to total fatigue life, acting as a “surface pore” in the
remainder. Similar discussion on this subject can be found in the
following works as well [12,37,38].

After the labelling, it was possible to fit a linear S-N curve using the

least squares regression depending on the failure source, i.e. surface or
embedded pores. This calculation is based on Eq. (1) and presented in
Table 1 according to the original Basquin relation that was modified by
Morrow to accommodate mean stress influence [39]. Furthermore, these
failure-type specific S-N curves are given in Fig. 5, in terms of stress
amplitude versus stress reversals (2N). Consequently, calculated co-
efficients of the Basquin-Morrow equation can be compared with other
Ti-6Al-4V fatigue test results available in the literature.
% =0, = (q;. - a) (2N)’ ¢))
where Ao is the applied stress range, o, the stress amplitude, oy, the
mean stress, of the fatigue strength coefficient and b the Basquin
exponent.

A high correlation coefficient, R2 > 0.9, was achieved in both S-N
curves as shown in Table 1. This suggests that, contrary to common
belief, dispersion of S-N data is related to defect type rather than defect
size and there is a growing evidence in literature in this direction [40].
Despite the high correlation coefficient, there is markedly larger scatter
of results at lower applied stress levels as seen in Fig. 5. This could be
attributed to defects, for instance at 500 MPa, crack initiating pore size
varied by a factor of 2.5. However, this value is much less compared to
600 MPa applied stress level, where crack initiating pore size varied by a
factor of roughly 4.0. Therefore, it is considered that the increased
scatter at lower stress levels are associated with the inherent features of
fatigue, such as the influence of microstructural heterogeneity that is
commonly observed in the high cycle fatigue regime.

From Fig. 5, it can be concluded that a separate S-N curve can be
determined for a certain failure type. A similar situation exists in the
welding design recommendations, e.g. Hobbacher [41], where accord-
ing to the weld type or joint configuration, a specific S-N curve exists,
the so-called FAT classes. Such a scenario could be suitable for the AM
materials, since early literature in AM fatigue has established that there
is no competition among the failure sources but rather a clear hierarchy
exists [42,43]: Surface roughness in the as-built condition is the most
detrimental situation. After eliminating it, process-induced defects, such
as porosity, act as main sources of fatigue failure. Finally, if hot isostatic
pressing (HIP) is applied as a post treatment, fatigue performance can
reach to the wrought material level and fatigue crack initiates from
microstructural features. Therefore, for engineering design, a specific S-
N curve can be selected depending on the post-processing history.
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Fig. 4. Fracture surface analysis (a) embedded pore, (b) surface pore, (c) clustered pores.

Table 1
Results of the least squares regression and material constants in Eq. (1).

Surface pore failure Embedded pore failure
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Fig. 5. Individual S-N curves based on the failure source. Similar plots can be
seen in the welding industry design codes where engineers use individual S-N
curves depending on joint type.

4. Influence of pore size on fatigue life

In the literature, the effect of defect size on fatigue performance is
commonly investigated using the Kitagawa-Takahashi (K-T) diagram or
certain modifications of it. The K-T diagram can be classified as a con-
stant life plot, in which fatigue strength is plotted against crack initiating
defect size. For this study, instead of determining a fatigue strength
value at an arbitrary number of cycles, a constant stress approach was
attempted. As a result, plots analogous to K-T diagram were produced by
repeating fatigue tests at the selected stress levels, assuming that fatigue
life at a given stress value is a random variable with a certain statistical
distribution. Hence, when fatigue life is used instead of fatigue strength,
influence of defects can be seen, in terms of a deviation from the sample
mean value of fatigue life. Experimental results analysed in this manner
are plotted in Fig. 6(a) and (b), which corresponds to the maximum
applied stress values of 700 MPa and 600 MPa, respectively. To put these
results into context, fatigue life of a wrought Ti-6Al-4V was taken from
page 553 of material properties handbook [44] and marked in these

figures.

Pore diameters in Fig. 6 were measured directly from the fracture
surface obtained from the SEM images. First, a spline was fitted along
the crack-initiating pore to establish boundaries, and then area inside
this boundary was calculated by using the open-source image analysis
software ImageJ [45], which counts the number of pixels to quantify this
value. Afterwards, equivalent pore diameter was calculated using Eq.
(2):

d—2 [Area )
/4

Based on the experimental data, a threshold pore diameter, Dy, roughly
around 85 pm can be estimated, which is marked by a dashed red line in
Fig. 6. Below this threshold diameter, wrought level performance was
achieved by the WAAM process, despite the presence of defects. At this
point, it is important to underscore the potential difference in failure
sources between the wrought and AM material. Although the failure
source of the wrought data was not provided in the referenced handbook
[44], it would be fair to assume a microstructure related failure, e.g.
surface initiation due to an unfavourably oriented grain, which is typical
for high-cycle fatigue regime (N < 10 cycles) of smooth-surface fatigue
test coupons. This suggests that AM material had reached the wrought
fatigue performance despite the embedded pores as the failure source,
therefore in the absence of defects, AM material might perform even
better compared to its wrought counterpart. The reason could be traced
back to the metallurgy of titanium alloys, where fine microstructure, as
commonly seen in AM, is shown to have better high-cycle fatigue per-
formance compared to coarser microstructures owing to reduced effec-
tive slip length [46, pg. 217]. Having said that, wrought fatigue data
extracted from the handbook is at least 30 years old at this stage and
more recent test data would provide a better picture.

Above 85 pm diameter, a significant drop in fatigue life can be
observed, between an order of magnitude one to two. The degree of
fatigue life reduction was found to be different for embedded and sur-
face pores. However, not enough embedded pores were observed in
current tests to quantify this difference in a statistically significant way.
Furthermore, the threshold diameter of 85 pm was observed based on
the embedded pores considering that surface pores are more detrimental
as seen in Fig. 6 and discussed in Section 3, the threshold diameter for
surface pores could be smaller. For instance, Hu et al. [14] suggests 11
pm threshold diameter, albeit for a different AM process. A change in
threshold pore diameter due to defect location was undetected, since
smaller surface pores were not present among the fatigue samples tested
in this experimental programme.

Secondly, above the threshold pore diameter, although fatigue life
was reduced due to porosity, it was insensitive to changes in pore size. In
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Fig. 6. Influence of pore size on fatigue life at given maximum applied stress. (a) 700 MPa, (b) 600 MPa, wrought fatigue data is from [44]

fact, at applied stress level 600 MPa, even though the crack initiating
pore diameter increased roughly by four times, fatigue life stayed almost
constant. The reason behind this behaviour is linked to the pore
morphology in the following subsection hence even the though the
observation was made only for surface pores, we have no reason to
suspect its validity for the embedded pores.

4.1. Pores and small cracks: the difference

This section deals with pores larger than the threshold size, which
was found to be around 85 pm for this particular manufacturing batch.
The aim is to scrutinize the experimental observations shown in Fig. 6
and provide a discussion about the suitability of assuming pores as small
cracks, which is a common approach in engineering analysis to evaluate
criticality of defects [36].

Fig. 6 is a constant stress diagram that shows the change in fatigue
life according to the crack initiating pore size. Because of working with
natural defects, crack initiating pore diameter varied from 20 pm to 400
pm, making it impractical to choose an appropriate stress level to reach
constant fatigue life, such as 10 cycles in the conventional K-T diagrams
that show the change in fatigue strength according to the defect size.
Nevertheless, fatigue strength of a defect-free material at a particular
fatigue life N, oy, will reduce due to porosity and this reduction should
roughly follow the trend of fatigue life behaviour observed in Fig. 6,
albeit at a different scale, considering the classical power-law

relationship in Eq. (1) between applied stress and fatigue life. In other
words, reduction in fatigue strength should reach to a constant value like
the fatigue life beyond the threshold pore size as seen in Fig. 6.

In presence of stress raisers, such as pores or small cracks, it is
commonly assumed that fatigue life is not directly related to the peak
elastic stress but rather controlled by an averaged local stress value. A
convenient way to calculate this average stress is using the local stress
value at a certain distance away from the peak stress, i.e. the so-called
point method [47], which is sketched in Fig. 7. The physical meaning
of this distance is not discussed further, since it was merely seen as a
fitting parameter.

As briefly explained in the introduction, pores in AM usually stem
from remaining gas bubbles after processing, hence they can be
approximated as spheres. This morphology of pores can be observed
from the fracture surface analysis in Fig. 4 and is confirmed by X-ray
computer tomography measurements in [7,19,48]. Local elastic stress
distribution near a spherical cavity in an infinite body has a closed-form
solution, which was given by the Goodier-Timoshenko elasticity solu-
tion [49] in Eq. (3).

Geal) = 0= [1.04 2239 A IR -
local(X) = T 14109\ (6 ) 14109 \(x 4 r)°

where 64cq is the local stress component parallel to the load direction,
o the far-field applied stress, v the Poisson’s ratio, x the distance from
pore edge perpendicular to the loading direction and r the pore radius.
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Fig. 7. Sketches of local elastic stress distribution around a pore and a crack under far-field tensile loading along the y-direction.
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Note that by adopting elasticity formulation, it is inherently assumed
that pore is sufficiently larger than the grain size, so that homogenous
material axiom is valid, yet pore is small enough, so that K, stays con-
stant with changing diameter, i.e. infinite body clause.

Considering a defect-free sample with fatigue strength oy at a
particular fatigue life N, reduced fatigue strength due to a pore, onp,
using the local stress approach can be calculated as follows:

Olocal(6) = 6o = oy | 1.0+ 4259 r + o e
e B OV 14 109\ (54 1)°) 14— 108 \ (6 + 1)

@
o Oav—p
oy = fljwhere K, = g—N’ 5)
27 — 159\
when r>>6—>%’vp = <m> = constant 6)

Although cracks are traditionally analysed using fracture mechanics, the
concept of controlling local stress can be extended to analyse cracks as
shown by Taylor [50]. Local elastic stress in the vicinity of a crack can be
calculated according to Westergaard as follows:

o

Olocal (X) = ———= )

where 6jocq) is the local elastic stress component parallel to the load
direction, 6* the far-field applied stress, x the distance from crack tip
perpendicular to the loading direction and a the crack size. Alterna-
tively, for long cracks, this equation can be expressed as:

Olocal (X) = 6;;/7? =0"v/a/2x (8)

In presence of a crack, reduced fatigue strength, oy, compared to the
crack-free condition, oy, can be calculated similarly by following the
steps in Egs. (4) to (6):

c 1
when @5 =

oy +Ja/25

By comparing Egs. (6) and (9), influence of spherical, i.e. blunt,
morphology of pores becomes apparent. When pore size, r, is sufficiently
larger than the distance, 5, where local average stress is evaluated, Eq.
(4) reduces to a constant value that depends on the Poisson’s ratio only
as shown in Eq. (6). In other words, it becomes independent of the pore
size as observed in the experiments. On the other hand, as the crack size,
a, increases, according to Eq. (9), fatigue strength value will decrease
monotonically. This difference of behaviour is further illustrated in
Fig. 8.

In order to reach the horizontal asymptote in Fig. 8 at the threshold
pore diameter of ~85 pm seen in the experiments, evaluation distance,
6, is found to be less than 10 pm. This suggests that, for pores larger than
the threshold size, fatigue notch factor is roughly equal to the stress
concentration factor, i.e. full notch sensitivity for this particular alloy.
Using such a small § value, experimental results are re-plotted side-by-
side with the calculated the trend of fatigue strength reduction in Fig. 9.

The difference between treating a pore as a crack and a notch can be
observed from Fig. 9. Crack behaviour using the local stress concept
follows the well-established Kitagawa-Takahashi type trend, which fails
to capture pore behaviour beyond the threshold size observed in ex-
periments (Fig. 6). On the other hand, by treating the pores as notches, a
roughly constant fatigue life, i.e. horizontal asymptote, can be obtained
as seen in the experiments despite the increasing crack initiating pore
size.

To summarize, when evaluating criticality of a pore, considering it as
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Fig. 8. Reduction of fatigue strength (cy) at a particular fatigue life N; it differs
after a certain size depending on the notch assumption (onp, Eq. (6)) and crack
assumption (oye, Eq. (9)).

a small crack could lead to overly conservative estimations in some
cases. In practice, this is especially important for fine grain materials,
where the critical distance, §, is small. Therefore, notch behaviour could
be observed even for small micron-sized pores as in this work. Further
evidence can be found in literature of high strength alloys, for instance
[52] reported a notch behaviour as well for small holes larger than 100
pm in diameter. This finding forms the basis for fatigue life prediction in
the following section.

5. Notch fatigue approach for S-N curve prediction

In practice, fracture mechanics approach is often preferred to analyse
fatigue life in presence of defects, e.g. [53]. The rationale behind this
preference is based on the observational evidence of cracks initiating
early from defects [20,36]. Furthermore, fracture mechanics makes it is
possible to consider the pore size influence using the stress intensity
factor, whereas the stress concentration factor for a spherical pore in a
large body is independent of the pore size as it can be deduced by the
local elastic stress distribution given in Eq. (3) by setting the x value to
zero. However, as shown in the previous section using the theory of
critical distances [47], even micron-sized pores can behave like notches
if the critical distance is small, which is common in high-strength ma-
terials as used in this work. Such a notch behaviour was observed in the
experiments for surface pores larger than 85 pm as seen in Fig. 6.
Therefore, in this section, the notch stress approach is presented as an
alternative way to analyse fatigue life in presence of defects for WAAM
Ti-6Al-4V.

As mentioned in the introduction and Section 4.1, pores originate
from shielding gas bubbles that are entrapped in the melt pool and
therefore can be approximated as spheres. Elastic stress concentration
factor of a spherical cavity in an infinite body has a closed-form solution,
which is given in Eq. (10). This equation can be found in handbooks such
as [54] and obtained by using the Eshelby inclusion method [55] or
Timoshenko elasticity solution [49].

27159

K ="—_"""
T 14 -109

(10$)
For Ti-6Al-4V, Poisson’s ratio (v) is 0.34, which yields a stress concen-
tration factor K; roughly around two. It should be noted that similar to a
hole in an infinite plate, where K is constant and equal to three inde-
pendent of hole size, this equation is also valid regardless of the pore
diameter.

Elastic stress concentration factor K; was taken equal to the fatigue
notch factor Ky, as discussed in the previous section. Another way to
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Fig. 9. (a) Experimental results beyond the threshold pore size re-plotted from Fig. 6 along with results from [51]. Fatigue life almost stays constant even though
crack initiating pore size increases. (b) Range of crack initiating pores is marked with double-headed arrows. Notch assumption of pores follows the experimental
trend; reduction from defect-free nominal fatigue strength saturates to a horizontal asymptote, whereas the crack assumption leads to monotonically

decreasing trend.

think about this assumption is the higher notch sensitivity exhibited by
high-strength or fine-grain materials. This can be observed using the
empirical equations to estimate fatigue notch factor, for instance by
Neuber in page 178 of [56], as given in Eq. (11).

K 1+g\/A/d

K 1+./A/d

In Eq. (11), A is the material parameter that is associated with the
controlling microstructural feature, which is assumed as the grain size,
and d is the pore diameter. This equation is plotted for various sizes of
pore and material parameters using K; = 2.08 in Fig. 10.

Empirical nature of Eq. (11) means that absolute values would not be
applicable, but the main trend from Fig. 10 is clear: material parameter
is more dominant than the size effect of a notch and the ratio Ky /K;
approaches to unity, as the grain size gets finer. Fine grain size is an
inherent feature of the AM, since during processing, a micron layer of
material is melted and re-melted repeatedly, leading to a high cooling
rates. According to page 219-221 of Liitjering and Williams [46], for
titanium alloys without the alpha colony microstructure, controlling
fatigue parameter is the thickness of individual alpha laths, which is
about 1-2 um for WAAM Ti-6Al1-4V [13]. As a result, in this work full
notch sensitivity was assumed, i.e. Ky = K.

Next, in order to generate S-N curve for surface pores, the defect-free
fatigue strength at 107 cycles given in [13] was divided by fatigue notch
factor K; to generate the first point at 107 cycles in Fig. 11. The second
point was drawn according to a textbook approach, see for instance page
206 of [56], where fatigue life at 10% cycles is equal to the ultimate
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Fig. 10. Relationship of fatigue notch factor (K¢) with the material parameter
(A) for three representative pore diameters (d).
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Fig. 11. Fatigue life prediction for surface pores using the notch
stress approach.

tensile strength. The resulting prediction curve is given in Fig. 11,
together with the test data. Tolerance bands on the test data in this
figure were calculated using the Welding Institute guideline for statis-
tical analysis of fatigue data [57]. This guideline assumes a common
lognormal distribution of fatigue life data at a given stress level, and
then uses the Students t-distribution to calculate tolerance bands.

As shown in Fig. 11, the notch stress approach was found to be
conservative when compared to the mean fatigue test results, yet it lies
within the 95% prediction interval of the experimental data. The authors
have refrained from using additional data points from the literature, as
failure source is often omitted. Furthermore, at the current state of
technology, batch-to-batch variation could lead to significant differ-
ences depending on wire quality, selected process parameters etc. This
problem can be observed from the recent review papers, such as [42],
where S-N data collected from literature is presented in a single plot.
Therefore, in the authors’ view, defect-free fatigue strength should
ideally be determined every time when the process parameters or
feedstock material is changed. Although this would not influence the
presented approach, numerical results will change depending on the
manufacturing quality, i.e. the S-N curves might shift upwards or
downwards accordingly. As the manufacturing technology matures, it is
expected that a “default” S-N curve for AM material could be
established.

Finally, the aim of this section was to show feasibility of the notch
stress approach for evaluating pores in AM. In order to focus on influ-
ence of porosity, this paper had dealt with R = 0.1 loading only; when
extrapolating presented results to a different stress ratio, one should
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exercise caution as the mean stress was shown to influence fatigue notch
factor K; significantly [58]. Compared to the strain-life approaches
[23,24], the elastic notch stress approach provides a practical way to
assess structural integrity. This is because explicit modelling of the pore
is not necessary and it can be constructed by using load-controlled fa-
tigue tests as opposed to cyclic stress-strain data, which is not widely
available at the moment. Prediction quality of the presented approach
can be further improved, e.g. by measuring the fatigue strength at 1000
cycles, instead of assuming it equal to the tensile strength. Furthermore,
for surface pores, stress concentration factor (K, will differ depending
on the depth of the defect embedded inside the material. This variation
in K; was not considered in this work and it could potentially lead to
improved accuracy in fatigue life prediction.

6. Conclusions

In this work, fatigue behaviour of wire + arc additive manufactured
titanium alloy Ti-6A1-4V in polished condition was investigated under
constant amplitude axial loading in air at ambient temperature. Cylin-
drical hourglass test coupons were extracted from manufactured blanks
and some of these coupons were subjected to a non-intrusive way of
introducing porosity, which enabled studying a wide range of crack
initiating pore diameters. The following conclusions can be drawn:

e Consistent with the literature, in polished condition, additively
manufactured fatigue samples failed predominantly due to process-
induced defects. Fracture surface analysis revealed three different
crack initiation sources: surface pore, embedded pore and multiple
pores clustered together. Although all defects were embedded in the
as-built condition, subsequent material removal to achieve hourglass
sample geometry resulted in formation of surface pores. Multiple
pores were mainly seen in the intentionally contaminated batches;
hence, they might be preventable, if best-practice measures are taken
during manufacturing.

Commonly seen dispersion in S-N data of AM metals were found to be
associated with the defect location, such as surface pore or embedded
pore, rather than the pore size for this particular alloy. Consequently,
for engineering design, individual S-N curves are suggested accord-
ing to the defect type. A similar approach is already implemented in
the welding industry based on the joint type.

Pores larger than the 85 pm diameter reduced fatigue life, but they
did not act as cracks obeying the Kitagawa-Takahashi diagram,
which is a common assumption in the field. When process-induced
pores, although in micron scale, were treated as notches, their
behaviour matched with the experimental observations. Notch
behaviour observed in micron scale was linked to the pore
morphology and the extremely fine microstructure seen in metal
additive manufacturing due to the repeated melting and rapid
cooling of thin layers of the feedstock material.

The notch stress approach was shown to predict surface pore S-N
curve within 95% of the prediction interval.
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