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A B S T R A C T

A sample size effect which influences the fatigue behaviour of laser powder bed fusion Ti-6Al-4V is identified
and quantified. Two cylindrical samples are considered: ∅ 1.3 mm and ∅ 2.0 mm. The larger specimen
demonstrates better fatigue resistance particularly in the high-cycle regime, with the differing surface roughness
contributing to this effect. It is also confirmed that processing-induced porosity can compromise the fatigue
performance even when the initiation sites are surface defects. The larger contribution of porosity to the
fatigue fracture process of the larger specimen results in a higher scatter in the fatigue life. Differences in
microstructure do not seem to contribute strongly to the variation in fatigue properties of the two specimens,
but we present some evidence that the coarser microstructure of the larger specimen promotes a stronger
tolerance to defects and induces more tortuous crack paths which hinders fatigue crack growth.
1. Introduction

Metal additive manufacturing (AM) serves as a transformative route
for the production of engineering components [1–3]. Its layer-by-layer
manufacturing approach offers unprecedented geometrical freedom in
design, which promises light-weight and functionalization of struc-
tures [4–6]. In general, the optimization of geometrical features re-
quires sub-structures to be printed in different thicknesses. Thus, the
variation in characteristic cross-sectional area together with a combina-
tion of processing parameters can introduce structural inhomogeneity
within the component [7,8]. This can be detrimental to the mechanical
integrity of the component, especially the fatigue behaviour — one of
the most common failure mechanisms for many applications [9–11].
This can be regarded as the Archilles’ heel of the AM process, limiting
the adoption of the technology in these critical sectors. To unleash the
full potential that AM promises, the influence of sample size on the
fatigue properties must be better understood.

Ti-6Al-4V is one of the most commonly used alloys in aerospace
and biomedical sectors [6,7,12]. Extensive research has been carried
out on this alloy when manufactured by AM [7,13,14]. Among all the
AM techniques, laser powder bed fusion (L-PBF) serves as a promising
route to fabricate Ti-6Al-4V due to its fine resolution and high surface
quality [3,15,16]. Hence, it is employed in this work. The microstruc-
ture and defect formation within L-PBF Ti-6Al-4V have been revealed

∗ Corresponding author.
E-mail address: jieming.zhang@queens.ox.ac.uk (J.S. Zhang).

in the literature [13,17]. During the solidification process, columnar 𝛽
grains are initially formed due to the steep thermal gradients in the melt
pool. From above the 𝛽 transus temperature, 𝛽 grains are decomposed
into 𝛼’ martensitic laths resulting from the rapid cooling rate (104 −
106 K/s). L-PBF Ti-6Al-4V is often heat treated to relieve the residual
stress, which coarsens the microstructure and transforms the 𝛼’ marten-
site into 𝛼 laths. Furthermore, the complex laser–matter interaction
can trigger many metallurgical defects including surface roughness,
porosity, and cracking [1,2]. Owing to the overwhelming resistance
to crack formation of Ti-6Al-4V [18,19], only surface roughness and
porosity are considered in our study. A combination of microstructure
and process-induced defects govern the fatigue properties of the final
product [13,14]. Hence, we need to focus on these aspects in this work.

The size-dependent fatigue behaviour of conventionally manufac-
tured metallic material has been reported previously in the litera-
ture [20,21]. It is well-known that as the sample size increases, there is
an increasing probability of encountering a larger defect thus provoking
macroscopic failure [20,22]. But does this general principle hold for
materials made by AM? Several reports have demonstrated the fatigue
performance of net-shape AM Ti-6Al-4V is relatively inferior as com-
pared to the conventionally manufactured counterpart — due to the
presence of surface defects and porosity [13,14,22,23]. This may result
vailable online 12 December 2023
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Fig. 1. (A) Geometries of the 2 tensile specimens used in this study. (B) Schematic illustrations of laser path along different consecutive layers and laser path along each
cross-sectional plane.
Table 1
A summary of dimensions of samples used in this study.

Samples Gauge diameter Gauge length Gauge length-to-diameter ratio

A 1.3 mm 5.2 mm 4
B 2 mm 10 mm 5

in a potentially different size effect phenomenon. An improvement
in fatigue life has been found as the sample size increases owing to
the enhanced surface quality [24–26]. However, the size-dependent
fatigue behaviour of AM materials has not been researched yet in
sufficient depth. The interplay between surface defects, porosity, and
microstructure during the fatigue fracture process is still not clear.
Furthermore, very little research has been found on the fatigue scatter
— one of the key requirements to consider for the implementation of
many applications.

With this in mind, we designed and fabricated net-shape AM speci-
mens of different sizes to assess them in service conditions. The sample
sizes chosen in this work correspond to the thicknesses of many engi-
neering components, such as biomedical implants and heat exchangers.
We performed uniaxial tensile tests to determine their quasi-static
mechanical behaviour. We addressed the fatigue properties – fatigue
life and fatigue scatter – as a function of the sample size. We focused
particularly on their performance between 104 and 106 cycles to provide
fundamental insight into the cyclic deformation behaviour of intricate
component, especially metallic lattice. We revealed the microstruc-
tural features – grain size and texture – using high-resolution electron
microscopy. The surface roughness and processing-induced porosity
were quantified using X-ray computed tomography, which provides
structural information of the specimens in three dimensions [7,27,28].
We analysed the fracture surfaces to understand the fatigue fracture
process. Rationalization of our findings sheds light on how best to
mitigate any structural inhomogeneity arising from the AM process.

2. Methods

2.1. Design of experimentation

To study the effect of sample size on the fatigue properties, spec-
imens with two gauge diameters were considered: ∅ 1.3 mm and ∅
2.0 mm — see Table 1. The two sample geometries are detailed in
Fig. 1(A). A summary of sample dimensions is provided in Table 1. The
difference in gauge length-to-diameter ratio between the two specimens
is expected to only influence the calculated fracture strain but has
minimal effect on the elastic modulus, yield strength, and ultimate
tensile strength [29]. Owing to the larger gauge length-to-diameter
ratio, the ∅ 2 mm specimen is expected to have a smaller fracture strain
as compared to the ∅ 1.3 mm specimen after necking.
2

Table 2
Processing parameters used for the manufacturing of tensile samples.

Ti-6Al-4V Hatch parameters Border parameters

Layer thickness 30 μm 30 μm
Laser power 200 W 100 W
Laser scan speed 0.786 m/s 0.750 m/s
Point distance 55 μm 45 μm
Hatch distance 65 μm 65 μm
Exposure time 50 μs 40 μs
Spot size (Radius) 35 μm 35 μm

2.2. Processing by laser powder bed fusion

Tensile samples were produced using a Renishaw AM400 machine
with a modulated 200 W ytterbium fibre laser. The powder fed into
the machine was electrode induction-melted gas atomized Ti-6Al-4V
provided by Renishaw plc. The processing parameters used are detailed
in Table 2. A stripe hatching laser scan path pattern was employed with
the path frame of reference being rotated by 67◦ after each layer was
added (Fig. 1(B)). To achieve an optimal surface finish, two contour
passes were performed near the free surfaces after each layer — the
internal one using hatch parameters and the external one using border
parameters (Fig. 1(C)). All samples were fabricated on a single build
plate. The samples were stress relieved at 800 ℃ for 4 h in a vacuum
furnace and sandblasted using safti grit at 2 bar. The post-processing
was employed to examine the samples in the service conditions.

2.3. Assessment of static & dynamic mechanical behaviour

An Instron ElectroPuls E10k system with a 10 kN load cell was
employed to measure the mechanical properties of the samples at room
temperature. Uniaxial tensile tests were performed under displacement
rate control at a strain rate of 2 × 10−3 s−1. A non-contact iMetrum video
extensometry system was used to measure the macroscopic strain of the
sample on a 5.2 mm or a 10 mm gauge length.

Tensile fatigue tests were conducted under load control at a fre-
quency of 30 Hz and an 𝑅 ratio of 0.1. Maximum stresses of 600, 500
and 400 MPa were applied. At each applied stress, three tests were
repeated. All samples were tested until fracture.

2.4. Characterization by electron microscopy

The microstructures were examined by a Zeiss Merlin field emission
gun scanning electron microscope (FEG-SEM) equipped with a Bruker
electron backscatter diffraction (EBSD) detector. Scans were performed
on surfaces parallel to the build direction. The beam was operated at
a 20 kV accelerating voltage and a 20 nA current. For the analysis
of 𝛼 lath thickness distribution, the diffraction patterns were collected
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Fig. 2. (A) Engineering stress–strain curves of AM Ti-6Al-4V at a strain rate of 2 × 10−3 s−1. (B) Elastic modulus, yield strength, ultimate tensile strength, and fracture strain of
the 2 specimens under study. Error bars represent the standard deviation from 3 repetitions.
at 400 × 300 resolution with a step size of 0.22 μm. For the 𝛼 lath
texture analysis and the reconstruction of prior-𝛽 grains, the diffraction
patterns were stored at 400 × 300 resolution with a step size of 0.55 μm.

Fractography was performed to examine the fracture behaviour of
samples after fatigue tests using a JEOL 6500F FEG-SEM. The locations
at which fatigue cracks initiate were identified to investigate the failure
mechanisms.

2.5. X-ray Computed Tomography (XCT)

X-ray computed tomography of the tensile samples was carried out
with an ImageiX CT system (North Star Imaging Inc., Minnesota, USA).
During the measurement, each sample was placed 25.5 mm in front
of the tungsten transmission target X-ray source filtered by a Cu foil
of 0.95 mm thickness. Scans were performed at 140 kV tube voltage,
71 μA tube current, 5 μm focal spot size and 1 Hz frame rate. The
isotropic voxel size was 4.7 μm - any feature smaller than 14.1 μm was
deemed unresolvable [30]. Projection images were reconstructed using
a filtered back Projection algorithm in the efX-ct software (version
1.9.5.12, North Star Imaging Inc., Minnesota, USA). Avizo 9.7 software
was used to analyse the data. Solid parts were segmented using Otsu’s
method [31].

3. Results

3.1. Quasi-static behaviour

The quasi-static mechanical response of samples with different sizes
is illustrated in Fig. 2(A). The tests were conducted following ASTM E8
standards [29]. The values of elastic modulus, yield strength, ultimate
tensile strength, and fracture strain are summarized in Fig. 2(B). The
∅ 2 mm specimens demonstrate on average 14 GPa higher elastic
modulus, 70 MPa higher yield strength, and 2% larger fracture strain
but similar ultimate tensile strength as compared to the ∅ 1.3 mm
specimens. A smaller fracture strain associated with the larger gauge
length-to-diameter ratio samples is not observed. Instead, other factors
are contributing to the larger fracture strain of the sample with the
larger gauge length-to-diameter ratio. The fracture strain of the larger
specimen would be even higher if the two specimens were of the same
sample geometry. This size dependency is rationalized in Section 4.1.

3.2. Dynamic behaviour in fatigue

The fatigue performance of the 2 specimens is presented in Fig. 3(A).
At all applied stresses, the larger specimens exhibit higher average
cycles to failure than the smaller specimens. The differences in aver-
age cycles to failure increase as the maximum applied stress (𝜎max)
decreases. When 𝜎max = 600 MPa, the ∅ 2 mm specimen only demon-
strates 11% higher average cycles to failure than the ∅ 1.3 mm
3

specimen, and the differences become 27% and 130% at 𝜎max values
of 500 MPa and 400 MPa, respectively.

To quantify the scatter in fatigue life at each applied stress, the
coefficient of variation is used, defined as [32]:

Coefficient of Variation = Standard Deviation
Mean (1)

Results are shown in Fig. 3(B). At all applied stresses, the ∅ 2 mm
specimen demonstrates higher fatigue scatter as compared to the ∅
1.3 mm specimen. Similar to the average cycles to failure, the difference
in scatter in fatigue life also increases as the maximum applied stress
decreases. At 𝜎max = 600 MPa, the larger specimen exhibits 6% higher
scatter in fatigue life than the smaller specimen, and the difference
becomes 17% and 30% at 𝜎max equal to 500 MPa and 400 MPa, re-
spectively. The variation in fatigue properties between the 2 specimens
is analysed in Section 4.3.

3.3. Microstructural characterization

The microstructural differences between the 2 specimens inherited
from the AM process might also contribute to variations in fatigue
properties. In our specimens, the microstructure consists of more than
95% of thin 𝛼 laths organized in bundles within the prior-𝛽 grains.
These grains are usually elongated parallel to the build direction. The
size and texture of 𝛼 laths and prior-𝛽 grains have been found to be
strongly correlated with the fatigue properties of AM parts [33]. Hence,
we describe the change in microstructure as a function of the sample
size in this section by means of EBSD statistical analysis. In addition, we
examine the microstructural features in the middle and edge sections of
each specimen separately owing to the different processing parameters
employed in these regions (Fig. 4(A)). The edge section is defined as
200 μm away from the sample surface based on the width of the two
contour passes.

3.3.1. 𝛼 lath microstructure
Fig. 4(B–E) presents the EBSD images of the 2 specimens under

study. The 𝛼 lath microstructure is clearly revealed. The thickness dis-
tribution of the 𝛼 lath was measured by fitting an ellipse to each grain.
The thickness of the lath was evaluated by the length of the short axis of
the ellipse. More than 1500 𝛼 laths were analysed to obtain a statistical
distribution for each sample. A summary of the results is shown in
Fig. 4(F). The lath thickness in the ∅ 2 mm specimen is larger than that
in the ∅ 1.3 mm specimen. This coarser microstructure can be related
to the higher thermal mass of the larger samples. When larger samples
are fabricated, they retain more heat and their average temperatures
are higher than the smaller ones. This results in slower cooling rates
and faster kinetics of martensitic decomposition [27,34,35].

Fig. 5(A) shows the EBSD map of the 𝛼 lath microstructure at a
lower magnification. The contour pole figure quantifies the texture
strength for the three plane families {0001} {1̄100} and {1̄21̄0} with
respect to the x–y plane of the sample. Among them, {0001} exhibits the
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Fig. 3. (A) Maximum applied stress vs. cycles to failure for the specimens manufactured in this work. Three measurements are performed per condition. (B) Correlation between
scatter in fatigue life and maximum applied stress for different tested specimens.

Fig. 4. (A) Schematic illustration of the positions at which the microstructural characterizations are performed in this work. (B–E) Cross sectional microstructure of the 2 specimens
under study. (F) Average 𝛼 lath thickness ±1 standard deviation of the 2 specimens.
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Fig. 5. (A) Cross sectional EBSD map and orientation distribution function pole figure of the 𝛼 lath microstructure of the ∅ 2.0 mm sample. (B) Texture index of the 𝛼 lath
microstructure of the 2 specimens under study. (C) Schematic illustration of 𝛽 → 𝛼 transformation during the AM process of Ti-6Al-4V. (D) Cross sectional EBSD map and orientation
distribution function pole figure of the reconstructed prior-𝛽 microstructure of the ∅ 2.0 mm sample. (E) Texture index and (F) grain size of the reconstructed prior-𝛽 microstructure
of the 2 specimens.
strongest texture, and it is parallel to the build direction. To compare
the texture strength of different specimens, their 𝛼 texture indices were
evaluated as shown in Fig. 5(B) [36]. There is no significant difference
in the texture of the 𝛼 lath microstructure between the 2 specimens
under study and the variation between the middle and edge sections of
each specimen is also negligible.

3.3.2. Cross sectional prior-𝛽 grain microstructure
The prior-𝛽 grains are reconstructed from the descendant 𝛼 lath

structure using the MTEX 5.8.2 tool box following the transformation
indicated in Fig. 5(C) [37]. In this method, each 𝛼 lath is analysed
together with the surrounding 𝛼 laths to isolate the suitable prior-𝛽
grain based on the following Burgers orientation relationship [7]:

(110)𝛽∕∕(0001)𝛼 , [111]𝛽∕∕[112̄0]𝛼 (2)

When the surrounding laths are of the same prior-𝛽 orientation, these
laths are associated with the same prior-𝛽 grain. The procedure is
iterated across the whole set of laths.

Fig. 5(D) presents the cross sectional EBSD map of the reconstructed
prior-𝛽 grain. A grid plan pattern is observed in the middle section
resulting from the 67◦ rotation of the stripe hatching scan between
successive layers. On the other hand, irregular grains are formed in the
edge section due to the contour scan. The texture strength for the three
plane families {100} {110} and {111} with respect to the x–y plane
of the sample is shown in the contour pole figure. In the ∅ 1.3 mm
specimen, the (100) texture component is the strongest among the three
whereas both the (100) and (111) exhibit similar texture strength in the
∅ 2 mm specimen. A transfer of texture between prior-𝛽 and 𝛼 phases
resulting from the crystallographic nature of the transformation can
5

also be observed. The Burgers orientation relationship between the 2
phases – (110)𝛽∕∕(0001)𝛼 – is revealed in the pole figures corresponding
to these directions. The texture ring along the (110)𝛽 is also observed
along the (0001)𝛼 . This confirms the success of our reconstruction.

The prior-𝛽 texture indices of the 2 specimens are shown in Fig. 5(E)
[36]. The ∅ 2 mm specimen demonstrates a 36% weaker texture as
compared to the ∅ 1.3 mm specimen. The higher average temperatures
within the larger specimen may give rise to a smaller thermal gradient,
leading to fewer grains growing along the same direction [38,39]. How-
ever, such a variation in texture is not preserved during the martensitic
transformation. The displacive phase transformation weakens the vari-
ant selection in Ti-6Al-4V alloys resulting in a weakly textured 𝛼 lath
microstructure [40–42]. In addition, the difference in texture between
the middle and edge sections is not significant.

The sizes of the prior-𝛽 grains are measured for the 2 specimens.
Results are shown in Fig. 5(F). Similar to our measurements on the 𝛼
lath thickness, the ∅ 2 mm specimen exhibits larger prior-𝛽 grains than
the ∅ 1.3 mm specimen, which results from the slower cooling rate
during the manufacturing process. The coarser prior-𝛽 grains provide
smaller numbers of 𝛼 lath nucleation sites, which hinders nucleation
and promotes propagation [43]. No significant difference in prior-𝛽
grain size can be found between the middle and edge sections of each
specimen.

3.3.3. Longitudinal prior-𝛽 grain microstructure
The microstructure along the longitudinal plane is presented in

Fig. 6(A) and (B). All the specimens show columnar grains along the
build direction. The contour pole figure confirms (100) is the strongest
texture component in the smaller specimen while (100) and (111) are
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Fig. 6. Longitudinal EBSD map and orientation distribution function pole figure of the reconstructed prior-𝛽 microstructure of the (A) ∅ 1.3 mm sample and (B) ∅ 2.0 mm sample.
(C) Texture index and (D) grain size of the reconstructed prior-𝛽 microstructure of the 2 samples.
equally strong in the larger specimen. The texture indices and grain
widths extracted from these maps are shown in Fig. 6(C) and (D).
The larger specimen demonstrates a weaker texture and larger colum-
nar grain widths as compared to the smaller specimen, which is in
agreement with the cross sectional microstructure.

3.4. Surface roughness

The surface quality of the 2 specimens was measured by comparing
the XCT data with the CAD design. The XCT data is spatially registered
with the CAD design by first aligning their centre of mass and principle
axes as well as maximizing their mutual volume through translation
and rotation. The distances between their surfaces are computed based
on the closest points from the tomography data to the CAD design. As
shown in Fig. 7(A), the red region represents the hills above the CAD
design surface and the blue region represents the troughs below the
6

surface. The surface roughness (𝑅𝑎) is evaluated by integration over
the entire profile 𝑥 of length 𝑙, which can be given by [7]

𝑅𝑎 =
1
𝑙 ∫

𝑙

0
|ℎ(𝑥)|𝑑𝑥 (3)

where ℎ(𝑥) is the relative height of the profile. Results are shown in
Fig. 7(B). The surface roughness of the ∅ 2 mm specimen is only
around 50% of that of the ∅ 1.3 mm specimen. This may be explained
by the higher melt pool stability in the ∅ 2 mm specimen [2,44,45].
The higher temperature within the larger specimen enables powder
particles to be melted more completely, minimizing balling effect.

3.5. Processing-induced porosity

The porosity of different samples is evaluated using the XCT data
(Fig. 8(A)). Spatial distributions of the pores in the x–y plane of the 2
specimens are shown in Fig. 8(B). In both cases, porosity occurs largely
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Fig. 7. (A) An example of the comparison between CAD design and computed tomography data. Red regions represent hills and blue regions represent pits. (B) Surface roughness
(𝑅𝑎) of the 2 specimens under study. Error bars represent the standard deviation from 3 repetitions. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
near the sample surfaces. This statement is further supported by the
quantification in Fig. 8(C). Nearly all the pores are found to be within
0.4 mm of the sample surfaces. Such a spatial dependency results from
the mismatch between the stripe hatching and contour scan patterns
and the gaps between contour passes [46–48].

The size and number density of the pores are also critical to the
fatigue performance of AM component [49,50]. The size of the pores
is characterized by the Murakami parameter

√

𝐴p where 𝐴p is the
projection area, and their number density is given by the number of
pores per unit volume [21,49]. Results are shown in Fig. 8(D). The
∅ 2 mm specimen exhibits a larger maximum pore size and higher
number of pores per unit volume than the ∅ 1.3 mm specimen. This
can be explained by the classical size effect phenomenon [20,32]. As
the sample volume becomes larger, there is an increase in probability
of encountering a large defect.

In addition, pore morphology is another important factor to con-
sider. Irregular pores can be detrimental to the mechanical performance
of the metallic part since a large stress concentration can be induced at
the tips of sharp pore edges [51]. Hence, the irregularity of the pore is
evaluated by the sphericity (𝛹 ) — a measure of how much the shape
of the object deviates from a perfect sphere (𝛹 = 1), which is given
by [23]:

𝛹 =
𝜋

1
3 (6𝑉P)

2
3

𝑆P
(4)

where 𝑉P is the pore volume and 𝑆P is the surface area of the pore.
The correlation between the sphericity and the equivalent diameter of
the pore is present in Fig. 8(E). In both specimens, as the pores become
larger, they tend to be more irregular.
7

Based on the value of the sphericity, we classify the pores into two
categories: gas pores and lack-of-fusion pores. Keyhole pores are not
expected due to the processing conditions employed in this study [19].
Above a sphericity of 0.7, the pores are categorized as gas pores and
below 0.7, they are considered as lack-of-fusion pores [52]. The orien-
tation of the lack-of-fusion pores can strongly influence the mechanical
performance of the component [53]. When these irregular pores orient
perpendicular to the loading direction, they could potentially deterio-
rate the mechanical performance the most. This is further supported
by the results in Fig. 8(F). Those perpendicularly-oriented pores also
exhibit a larger maximum projection area 𝐴p, max relative to the loading
direction, which suggests they can possibly be the most critical pores
within the specimens.

4. Discussion

Through systematic mechanical testing and characterization, we
have revealed and quantified the significant impact of sample size on
the fatigue properties, surface roughness, processing-induced porosity,
and microstructural development of AM Ti-6Al-4V. Nevertheless, the
results presented as yet require further rationalization and deeper
understanding can be gained via more detailed analysis.

4.1. Rationalization of the variation in tensile properties

• Elastic modulus, yield strength, and ultimate tensile
strength: In AM parts, the presence of geometrical deviations
and porosity decreases the minimal cross-sectional area leading
to reductions in static strength [54,55]. The smaller average
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Fig. 8. (A) 3D rendered XCT images of a ∅ 2.0 mm sample and pores inside the sample. (B) Projection view of the porosity distribution along the build direction in the 2
specimens under study. (C) Fraction of porosity against the distance from sample surface. (D)

√

Maximum Projection Area,
√

𝐴p, max, and number of pores per unit volume of the
2 specimens. Error bars represent the standard deviation from 3 repetitions. (E) Sphericity vs. equivalent diameter of pores detected in this study. (F)

√

𝐴p, max of lack-of-fusion
pores as a function of the orientation relative to the loading direction.
cross-sectional area can also lower the measured elastic modulus.
Here, we quantify the average and minimal cross-sectional area
of the XCT data. The results are then normalized by the designed
values as shown in Fig. 9(B). The larger specimen demonstrates
around 5% higher proportions of both average and minimal cross-
sectional areas than the smaller specimen, which indicates its
results obtained from the engineering stress–strain curves are
closer to the actual values.
If we take the average and minimal cross-sectional areas into
account to correct the values of the elastic modulus and static
strength separately, the differences in these properties between
the two specimens become much smaller as shown in Fig. 9(C).
Nevertheless, the ∅ 1.3 mm specimen still exhibits a 9 GPa lower
elastic modulus than the ∅ 2 mm specimen, which can be at-
tributed to the higher surface roughness of the smaller specimen.
The surface irregularity can introduce plasticity into the sample
even within the elastic region leading to an additional strain at a
given stress [56].
On the other hand, the smaller specimen displays a comparable
yield strength and an 80 MPa higher tensile strength than the
larger specimen. Owing to the smaller 𝛼 lath thickness in the ∅
1.3 mm specimen, one would expect a higher yield strength (𝜎y)
following the Hall–Petch relationship [43]:

𝜎y = 𝜎0 +
𝑘y
√

𝑑
(5)

where 𝜎0 is a materials constant, 𝑘y is a strengthening coefficient,
and d is the 𝛼 lath thickness. However, this might be diminished
by the lower surface quality of the specimen [7]. Furthermore,
the smaller lath thickness provides more grain boundaries for
dislocations to pile up leading to higher work hardening and thus
higher tensile strength [57].
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• Fracture strain: The variation in fracture strain mainly results
from two factors: surface roughness and microstructural differ-
ence. A significant reduction in surface quality of the smaller
specimen gives more crack initiators resulting in premature fail-
ure [58]. Additionally, the finer microstructure can lead to lower
crack tortuosity which facilitates the crack growth rate [59].

4.2. Fatigue fracture behaviour

Fig. 10(A) shows the morphology of the fracture surface of a fatigue
tested sample. Clearly, three steps are involved in the fatigue fracture
process. In region I, the cracks are initiated from surface defects. The
surrounding regions are relatively flat, which indicates a slow growth
rate. In region II, more grooves can be observed — which is representa-
tive of faster but steady crack growth. A zoomed-in view of this region
displays the striation pattern formed by plastic blunting and sharpening
of the crack tip under cyclic loading. Once the crack length reaches a
certain threshold, the crack grows rapidly in an unstable manner. More
details of the crack growth process can be found in Appendix. In region
III, a dimpled fracture surface resulting from microvoid coalescence
during the final failure can be observed.

The fatigue crack initiation sites for both types of specimens can
be identified. In all the tested samples, the fatigue cracks initiate from
the surface defects, which indicates surface quality is the most critical
factor for the fatigue properties of the net-shape AM Ti-6Al-4V [60,61].
Such a surface initiated fracture process can be explained by linear
elastic fracture mechanics. The stress intensity factor range (𝛥𝐾) for
an arbitrarily shaped defect is given by [23]

𝛥𝐾 = 𝑌 𝛥𝜎
√

𝜋
√

𝐴 (6)
p
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Fig. 9. (A) A segmented cross-sectional XCT slice of a ∅ 2.0 mm sample. (B) Proportions of average and minimal loading areas of the 2 specimens. (C) Corrected values of elastic
modulus, yield strength, and ultimate tensile strength of the 2 specimens under study considering the effective loading area. Error bars represent the standard deviation from 3
specimens.
where 𝑌 is a geometrical factor, 𝛥𝜎 is the range of the applied stress,
and

√

𝐴p is the square root of the projection area of a defect perpen-
dicular to the load direction. The geometrical factor for an internal
defect is 0.50 and that for a surface defect is 0.65 [62,63]. This means
for defects of the same size, a surface defect can give rise to a higher
stress intensity factor than an internal defect at the same applied
stress. Hence, a surface defect is more likely to be the initiation site
as compared to an internal defect.

In addition, some samples exhibit multiple fatigue crack initiation
sites as shown in Fig. 10(B). However, no significant variation in
cycles to failure has been found between these samples and those in
which a single crack initiates. The probability of occurrence is also not
vastly different between the two types of specimens. Several studies
have reported that a pore cluster near the fatigue crack initiation
site can increase the stress concentration and facilitate the initiation
process [50,64]. Here, we account for a pore cluster near the initiation
site when the distance between the pore and the initiation site is below
1 pore diameter. The effect of the pore on the local stress near the
9

initiation site becomes negligible when they are further apart [50]. The
probability of occurrence is no less than 1

3 for both types of specimens,
which indicates the influence of internal porosity on the fatigue fracture
process cannot be neglected. No significant difference in contingency
has been found between the two types of specimens in our study.

To understand the fracture behaviour quantitatively, we evaluate
the striation spacing for all the tested samples. A zoomed-in view
at a magnification of 10 000× is captured at the centre of region II
for each tested sample. This is around 380 μm from the initiation
site for the ∅ 1.3 mm specimen and 600 μm from the initiation site
for the ∅ 2.0 mm specimen. The image intensity perpendicular to
the striations is extracted using ImageJ and the striation spacing is
determined by the distance between each peak as shown in Fig. 11(B).
The spacing between 5 striations is analysed for each sample to ensure
the repeatability of the result. Results are presented in Fig. 11(C). For
both types of specimens, the fatigue striation spacing decreases as 𝜎max
decreases. This can be explained by a slower crack growth rate ( 𝑑𝑎

𝑑𝑁 )
induced by a lower stress intensity factor range (𝛥𝐾) following the
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Fig. 10. Summary of fatigue fracture behaviours including (A) fatigue crack initiation sites, (B) presence of multiple fatigue crack initiation sites, and (C) presence of porosity
near the fatigue crack initiation sites for all the tested samples.

Fig. 11. (A) Fatigue striations observed on the fracture surface of a ∅ 2.0 mm sample tested at 𝜎max of 600 MPa. The arrow shows where the striation spacing analysis is
performed. (B) Image intensity vs. distance along the arrow shown in (A). Striation spacing is characterized by the distance between the 2 peaks. (C) Correlation between fatigue
striation spacing and maximum applied stress for the 2 specimens under study. Shaded area represents 95% confidence interval from 5 repetitions.
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Fig. 12. (A) An example of the measurement of the length of fatigue propagation path. (B) Estimated proportion of fatigue propagation cycles as a function of the maximum
applied stress. 95% confidence interval from 5 repetitions is shown in shaded area.
Paris’ law [59]:
𝑑𝑎
𝑑𝑁

= 𝐶(𝛥𝐾)𝑛 (7)

where C and n are materials constant. A lower incremental crack
length gives rise to shorter striation spacing. Furthermore, the ∅ 2 mm
specimen exhibits larger striation spacing than the ∅ 1.3 mm specimen
at all applied stresses. This can be attributed to the different crack
lengths of the observation locations in the two types of specimens.
The observations were made at larger crack lengths for the larger
specimens, which results in higher 𝛥𝐾 and thus larger incremental
crack length.

Based on the evaluation of striation spacing, we estimate the pro-
portion of the fatigue life during which the crack propagates for all the
tested samples. The length of the fatigue propagation path is measured
using ImageJ as shown in Fig. 12(A). For samples with multiple crack
initiation sites, all propagation paths are considered. The number of
cycles to propagate the crack across the specimen is then estimated by
dividing the total propagation path length by the striation spacing at
the centre of region II. This is then normalized by the cycles to failure to
determine the proportion of the lifetime spent in the propagation stage.
Results are shown in Fig. 12(B). The proportion of fatigue propagation
cycle is lower than 40% for all the samples, which indicates crack
propagation is not the dominant stage of the failure process and fatigue
failure is eventually initiation process controlled. This confirms that
our tests were performed in the high cycle fatigue regime [65–67].
Additionally, the proportion of fatigue life due to crack propagation
decreases as 𝜎max decreases for both types of specimens. This implies
the failure process becomes more initiation driven as the stress is
decreased.

It is crucial to note that the approach described above does not
provide an accurate evaluation of the fatigue propagation cycle but it
gives a good estimation of the proportion of fatigue propagation during
the entire fracture process. The results are valid to shed light on the
fatigue fracture process and the trend in behaviour with 𝜎max would
remain the same.

4.3. Rationalization of the variation in fatigue properties

On the basis of the results presented in Section 4.2, the difference
in fatigue properties between the two types of specimens can be ra-
tionalized. The surface initiated fracture process at all applied stresses
confirms the higher fatigue resistance of the ∅ 2 mm specimen is
primarily due to the 50% lower surface roughness as compared to the
∅ 1.3 mm specimen. As 𝜎 decreases, the number of cycles required
11

max
to initiate a crack from a surface defect becomes more dominant in
determining the fatigue life, leading to a larger difference in the average
number of cycles to failure.

Having surface defects as the initiation sites cannot completely
eliminate the contribution of internal porosity to the fatigue fracture
process. We have measured the

√

Projection Area,
√

𝐴p, of the pore
cluster near the fatigue initiation site for each of the tested sample.
Results are shown in Fig. 13. ○ is used to denote samples without
a pore cluster near the initiation site. For both types of specimens,
pore clusters can be found near the initiation site in samples with
the lowest cycles to failure at each applied stress. This highlights that
internal porosity can degrade the fatigue performance of AM Ti-6Al-
4V even when the fatigue crack is initiated from a surface defect. It
is noteworthy that only the interaction between surface defects and
internal pores on the fracture surface has been assessed in this study.
The coalescence with any pores below or above the surface cannot be
detected, which may also facilitate the fatigue fracture process [68].

Furthermore, the internal porosity has been found to contribute
more to the fatigue fracture process of the larger specimen than that
of the smaller specimen for the following two reasons. (1) The 50%
lower surface roughness of the larger specimen results in a smaller
stress intensity factor range, which means a smaller contribution to the
failure process from the surface defects. (2) A higher number density
of pores with larger sizes have been found close to the sample surface
in the larger specimen (Section 3.5), which potentially gives rise to a
higher stress concentration. This has been confirmed by the fracture
surface analysis.

The more significant contribution from the internal porosity to the
fracture process in the larger specimen may explain the higher scatter
in fatigue life, which can be associated with the larger variation in
pore characteristics, primarily pore size, in these specimens [50]. As
the stress is decreased, the precise location and orientation of the
pore cluster can have a significant effect on the stress concentration
at the initiation site and therefore the number of cycles to initiate a
crack. Hence, initiation becomes sensitive to the proximity of the pore
clusters, giving rise to increased scatter.

Finally, the microstructural differences between the two types of
specimens cannot be totally discounted. Several studies have reported
that a finer microstructure can give rise to a higher fatigue strength in
the high cycle fatigue regime since a higher number of grain boundaries
can impede the dislocation motion [14,69,70]. However, this is not
in agreement with our results. Here, the presence of surface defects
and internal porosity dominates the failure process. Nevertheless, the
coarser microstructure of the larger specimen exhibits a stronger defect
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Fig. 13. (A) An example of the measurement of the projection area, 𝐴p, of pore cluster near the fatigue crack initiation site. (B)
√

𝐴p of the pore cluster for different tested
specimens. ○ represents the specimens without pore cluster near the initiation site.
tolerance. A higher threshold for stress intensity factor range is needed
to trigger the crack growth [13,14]. Additionally, thicker 𝛼 laths tend to
induce more corrugated crack paths, which provides a higher resistance
to fatigue crack growth in the larger specimen [71,72].

5. Summary and conclusions

To study the effect of sample size, we have performed systematic
mechanical testing, high-resolution electron microscopy, and X-ray
computed tomography on L-PBF Ti-6Al-4V material to evaluate the
variation in fatigue behaviour and how this is influenced by microstruc-
ture, surface quality, and processing-induced porosity. Two sample
sizes have been considered: ∅ 1.3 mm and ∅ 2.0 mm. The following
specific conclusions can be drawn from this work:

• The larger specimen exhibits superior fatigue life in the high cycle
fatigue regime: at 𝜎max = 600 MPa, it is 11% greater; at 𝜎max
= 500 MPa, it is 27% greater; at 𝜎max = 400 MPa, it is 130%
greater. The scatter in fatigue life is approximately double that of
the smaller specimen.

• Surface defects serve as the fatigue crack initiation sites for all
the cases in this work. A reduction of surface roughness by
50% in the larger specimen contributes positively to the higher
fatigue life. As 𝜎max decreases, the fracture process becomes more
surface initiation-driven leading to larger differences in fatigue
life between the two types of specimen.

• Clusters of pores have often been found near the crack initiation
sites thus facilitating the fatigue initiation process. The larger
contribution of porosity to the fatigue fracture process is likely
to be contributing to the higher fatigue scatter exhibited by the
larger specimens. At lower 𝜎max, the stress concentration from any
pore cluster becomes a more dominant factor in determining the
number of cycles for crack initiation.

• It seems that the different microstructure has only a minimal in-
fluence on the variation in fatigue behaviour observed. Nonethe-
less, the thicker 𝛼 laths of the larger specimen can give rise to a
higher tolerance to defects and more tortuous crack paths, which
impedes fatigue crack growth.
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Appendix. Evolution of fatigue crack growth

To provide quantitative evidence of the fatigue crack growth pro-
cess, we measure the variation in striation spacing during the fracture
process. Zoomed-in views at four different locations are captured along
the fatigue propagation path as shown in Fig. A.1(A). The spacing
between 5 striations is analysed at each location. Results are shown in
Fig. A.1(B). In both cases, almost no striations can be observed within
a normalized distance of 0.3. Above 0.3, the striation spacing increases
as the distance from the initiation site increases. This results from the
higher 𝛥𝐾 at larger crack lengths leading to larger incremental crack
lengths. Moreover, the striation spacing of the two types of specimens
almost overlaps at the same distance from the initiation site, which
confirms the crack growth behaviour can be described by Paris’ law in
Eq. (7). The deviation in the number of cycles to propagate the crack
between the two types of specimens mainly results from the difference
in the propagation length.
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Fig. A.1. (A) An example of the measurement of the distance from the initiation site. (B) Correlation between fatigue striation spacing and distance from the initiation site for
the 2 specimens tested at 600 MPa. Error bars represent the standard deviation from 5 repetitions.
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