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XYZ is presented.
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controlled through the design of
interfaces between two disparate
layer thicknesses.

� At present, interfacial porosity
dominates failure at the layer
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Laser Powder Bed fusion is capable of rapid production of parts, from conception, compared with tradi-
tional manufacturing methods. This said, the time taken to fabricate a single part can still be significant –
typically many hours. Processing thicker layers, and hence fewer total layers, in the Laser Powder Bed
Fusion process, is an effective way to reduce build times. However, mechanical performance can suffer
as a result of this strategy. This study proposes and demonstrates a method to enable the interlacing
of multiple layer thicknesses within one part, allowing for finer layers within regions where they are
specifically required, whilst maintaining overall component integrity for specific load cases. Thicker lay-
ers are used within regions with lower property requirements in order to optimise an overall part for
improved production rate. The design of interfaces between two disparate layer thickness regions could
also be tailored for control of material properties and such will be investigated in an independent study.
Ti6Al4V LPBF samples are fabricated, characterised by way of tensile testing, porosity analysis and
microstructural analysis. The study demonstrate parts can be additively built using multiple layer thick-
ness regions with consistent ultimate tensile strength (1110–1135 MPa) and varying penalties to ductil-
ity, depending on layer thickness and interface design (elongation to failure reductions up to 40% in the
most extreme case).
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
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1. Introduction

Metal Additive Manufacturing (AM) techniques, such as Laser
Powder Bed Fusion (LPBF), continue to gain industrial interest
due to a number of unique benefits. Firstly, single-part design free-
doms are possible that are not associated with traditional manu-
facturing methods, owing to the layer-by-layer nature of additive
processes [1]. Example possibilities include internal cooling chan-
nels [2], lattice structures [3] and custom bone implants [4]. Sec-
ondly, significantly reduced material waste is possible, since near
net shape components are achieved with little to no need for sub-
tractive machining, while unprocessed powder feedstock can be
recycled [5]. Also, in-process localised control of material proper-
ties can be introduced through the adaptation of build parameters
[6], such as laser power, scan strategy, laser spot size, hatch spac-
ing, scan speed, and beam focus.

Despite these benefits, a lack of confidence in the quality, con-
sistency and mechanical integrity of build parts is preventing the
wider adoption of LPBF in industrial applications. The LPBF process
can produce parts with internal pores, and it is well understood
that these internal defects can be responsible for initiating fracture
under mechanical loading [7] (as found in this study). Such defects
are particularly detrimental under cyclic loading [8], contributing
to the poor repeatability exhibited by components built by LPBF.
These internal defects fall into three categories: i) gas entrapment
[9], in which pockets of air present in the powder feedstock are
unable to escape the melt pool due to rapid cooling rates and hence
small spherical pores remain within consolidated material, ii) key-
hole pores [10], whereby recoil pressure allows molten material to
travel upwards along the wall of a ‘keyhole’ during keyhole mode
melting and seal over a large and misshapen cavity, and iii) lack
of fusion [11], attributed to insufficient energy required to fuse
successive layers as well as spatter particles [12], shielding the
powder bed from the laser. Nonetheless, through optimisation of
process parameters, scan strategy and use of high energy densities,
near fully-dense components have been demonstrated in AM pro-
cessable alloys such as Ti6Al4V [13].

Ti6Al4V is used within this study since it is a well-understood
and relatively well-processed LPBF alloy. It was important to min-
imise risks in material processing since the primary focus was to
investigate the process and not the material. Nonetheless, the
method presented in this study is not material specific and may
be performed with any LPBF processable alloy. While some LPBF
components have been shown to produce greater strength than
wrought counterparts [14], the typical as-built microstructure of
LPBF Ti6Al4V (used in this study) yields both anisotropic grain
structure and properties, as well as displaying ductility reductions
up to 50% [15]. The microstructure comprises an a’ martensitic
phase contained within large columnar prior-b grains that grow
epitaxially in the build direction [16] - upwards through the suc-
cessive layers. A significant research effort has used post-build heat
treatments to achieve increased ductility at the cost of a reduction
in strength, aligning part performance closer to that of convention-
ally manufactured Ti6Al4V [17]. These treatments make use of
temperatures below the b transus to decompose the a’ martensitic
phase in to a + bmicrostructure. Heat treatments below the b tran-
sus temperature, however, are not capable of changing the elon-
gated prior- b grains responsible for anisotropy and poor fracture
toughness, while those above the b-transus temperature capable
of producing equiaxed b grains reported intolerable losses to
strength and ductility [18]. Therefore, some limitations remain in
part performance that may deter wider adoption of such
techniques.

While AM is typically economical for one-off or small batch pro-
duction, long build times limit the number of parts for which LPBF
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can be considered more productive than traditional methods [19].
Consequently, research exists adopting a number of methods to
improve the throughput of the LPBF process. For example,
Makoana et al. (2018) alter the process parameters to increase both
laser power and spot size, increasing the energy density and size of
the melt pool generated to form the part, allowing greater scan
speeds and fewer passes to reduce build times [20]. However,
increasing throughput in this manner involves tolerating penalties
to mechanical performance and dimensional accuracy; this is
counterintuitive to those adopting LPBF as a method to produce
high performance parts. Alternatively, some studies have made
use of commercially available LPBF machines featuring multiple
lasers, that can simultaneously scan areas of the build bed with
optimal parameters [21]. While this method achieves large build
time reductions without the penalties to part quality, it is a very
high-cost solution to rely on multiple laser optics systems within
one machine.

Studies have shown Hot Isostatic Pressing (HIP) is effective in
helping circumvent the sensitivity of the LPBF process to laser
parameters for Ti6Al4V, by reducing internal defects [22] and
reducing anisotropy inherent in the LPBF as-built microstructure
[23]. Consequently, Herzog et al. (2020) achieved 25% build time
reductions by simply operating greater scan speeds and relying
on HIPing to remove the larger resultant porosity and maintain
mechanical performance. Du Plessis et al. (2021) built on this, by
producing hollow parts in which only the shell requires laser pro-
cessing, and significant time is saved not scanning the volume [24];
HIPing is then used to consolidate the powder trapped internally
and condense the shell to compensate for the void. This method
achieved impressive part quality and build time reductions. The
study exhibits a method to mitigate the effects of shell shrinkage
on part geometry through finite element modelling, however, this
method is limited to simpler geometries and must still be used in
conjunction with laser processing to produce more complex parts
associated with LPBF.

Increasing nominal layer thickness can reduce build times by
discretising parts into fewer layers to process, significantly reduc-
ing the time required to complete a build and in turn increase
throughput [25]. However, increasing layer thickness typically
invokes penalties to part quality, including surface finish, dimen-
sional accuracy and mechanical performance, due to larger grain
sizes and an increased presence of porosity as the melt pool
becomes less stable due to greater target penetration depths
[26]. Many studies have demonstrated that larger layer thicknesses
are an effective way to increase productivity, while failing to mit-
igate penalties to part performance. Nguyen et al. investigated
layer thicknesses of 20, 30, 40 and 50 mm to identify trends in part
quality of Inconel 718, showing that relative density, mechanical
properties and dimensional accuracy were all superior in lower
layer thicknesses [27]. Others have extended well beyond the nor-
mal process regime to achieve drastic productivity increases, such
as 250 mm layers, for build time reductions in 316L parts [28].
99.99% relative density was achieved with build rates of 9 mm3/
s; a 750% increase when compared with 1.2 mm3/s build rates
using 50 mm layer 316L samples [29] – using 400 W and 50 W
lasers, respectively; hence greater energy density provided great
benefit to the former. Despite observing superior relative density,
the 250 mm layer components exhibited a significantly lower yield
strength of 420 MPa when compared to 547 MPa reported by
Yadroitsev et al. [29]. This further supports evidence that while
thicker layers can increase throughput significantly, they yield
penalties to mechanical performance, despite a lower volume of
internal defects in this case.

A study by de Formanoir et al. proposed a method by which the
core of a part is processed using fine layers to ensure part quality,



Table 1
Volumetric energy density required to consolidate nominal layer thicknesses of 30, 60
and 90 mm.

Layer Thickness (mm) VED (J/mm3)

30 55.6
60 37.8
90 27.8
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while the outer shell of the part comprises coarser layers – 30 mm
and 90 mm layers respectively, termed a ‘hull-bulk’ strategy [30].
This is a sound example of how LPBF productivity can be improved,
while maintaining part integrity, by assigning disparate layer
thicknesses to select volumes within one part. However, the inter-
face between layer thickness boundaries is not fully explored. For
example, the study presented here explores further geometrical
designs of interfaces (rather than planar) to improve fusion, as well
as examining interfaces functioning within the bulk of parts, as
opposed to only shells surrounding parts. This information is cru-
cial for this method to be applied to a case study, in which crucial
internal regions will require finer layers to withstand a given load
case, while others can be formed with thicker layers to optimise
production rate. A formative study of this research has previously
been published [31], in which the principle of fabricating LPBF
parts containing multiple layer thickness regions to increase
throughput is demonstrated. However, excessive porosity meant
samples failed well before reaching the plastic region and measur-
ing interface design quality was not possible since all performed
equally poorly. The present study investigates samples in which
part parameters have been optimised to hugely reduce interfacial
porosity and allow a full mechanical response to be observed, thus
tensile properties and fracture surfaces can be used to compare
interface design quality.

This study presents a novel method by which fine and coarse
layer thicknesses can be interlaced into single LPBF parts, allowing
for finer layers in regions of high specifications and coarse layers in
regions of low interest or reduced mechanical requirements. This
approach has several benefits. Firstly, it allows optimisation of
parts for production rate by significantly reducing laser-on time,
while maintaining part quality in the necessary areas. Secondly,
it is a novel method to control property graduation, hence allowing
control over fracture location and direction. Both 60 and 90 mm lay-
ers are interlaced with a benchmark 30 mm layer thickness, mean-
ing these regions are only lased every second or third layer
respectively. Flat and castellated interfaces are investigated. The
castellated interface, featuring a grid arrangement of ‘teeth’ like a
housing joint, is explored to improve fusion and exhibit the geo-
metrical control enabled by this method. The quality of the union
is characterised by porosity and microstructural analysis at the
layer thickness boundary, and tensile testing of specimens featur-
ing layer thickness interfaces within the gauge length are also
performed.
2. Methodology

2.1. Specimen fabrication

The experimental work in this study investigates specimens
produced using a commercial EOS M290 LPBF system. These sam-
ples were designed and tested to characterise fusion of disparate
layer thickness regions, interlaced within a single geometry, with
30, 60 and 90 mm layer regions being joined together. In each case,
optimised build parameters from the materials manufacturer were
used to achieve near-fully dense consolidation of material (>99.9%
relative density).

All specimens were produced using grade 5 Ti6Al4V feedstock,
sourced from EOS, with a particle size distribution (PSD) of 20 –
63 mm. Samples were produced on an EOS M290 LPBF machine,
at Oerlikon AM Europe GmbH in Feldkirchen, Germany. The system
uses a continuous 400W Yb-fibre laser with an 85 mm spot size and
250� 250� 325 mm build volume. Specimens were manufactured
containing regions of 30, 60 and 90 mm layer thicknesses, each with
an optimised parameter set produced by the manufacturer – corre-
sponding volumetric energy densities (VED) can be found below in
3

Table 1. Each region of a given part is sliced in EOSprint slicer
software and discretised into the appropriate layer thickness and
corresponding parameter set. Part regions were then arranged in
the build volume within the software by inputting coordinates to
ensure interfaces are perfectly aligned to form a ‘single part’, form-
ing a cylinder lying horizontally on the substrate. The chamber
conditions when processing parts were an oxygen content of
0.1% and platform temperature of < 45 �C. The samples were stress
relieved at 720 �C for 2 h post-build in order to relieve residual
stresses and improve ductility [18].

Single parts were designed comprising two regions, one finer
(30 mm) and one thicker layer (60 or 90 mm), to improve build rates
through significantly reduced laser-on time. To achieve this, each
region was designed separately in CAD software (SolidWorks, Das-
sault Systèmes, France) in order to slice the STL files at different
nominal layer thicknesses using the optimised parameters in each
case. Once sliced, the build files were aligned on the substrate
within the slicer software to form one component comprised of
two distinct regions. For this method to print successfully,
increased layer thickness regions must be divisible by the base
layer thickness – in this case 60 and 90 mm, divisible by the
30 mm baseline – since the build is performed at the finest thick-
ness and thicker layers are processed every second and third layer
respectively. This method is depicted in Fig. 1, along with the two
joint geometries designed and fabricated within the study.

If half (or any appropriate fraction) of each sample is only lased
every third layer, build times can be reduced significantly. Natu-
rally, the amount of time saved is dependent on the size of the
build. For example, take a build with the following parameters:
100 mm z-height + 5 mm support = 105 mm; 30 mm layers = 3500
layers; 30 s average laser-on time per layer; coarse layer scan
speed 20% slower than fine layer scan speed. This means on layers
where both halves are processed, the fine-layer region contributes
0.5 of the laser on time, while the coarse layer region contributes
0.6 of the laser on time compared to conventional processing. This
equates to a time saving of 8hrs45mins or 22.5% build time reduc-
tion, accounting for 10 s recoater time per layer.

A series of cylindrical dog bone specimens were produced for
tensile testing according to ASTM E8M 16a, with 24 mm and
4 mm gauge length and diameter respectively. 10 mm diameter
grip sections were maintained from the standard. These were
machined from blanks built as described above. Images of blanks,
tensile specimens and specimen dimensions are shown in Fig. 2.
ASTM E8M 16a defines a series of standard specimen geometries
for room temperature tensile testing; of which, the stated ‘reduced
size’ geometry was deemed appropriate for AM samples to max-
imise the usage of the build envelope as well as material usage.
Similarly, cubic specimens were manufactured with identical joint
interfaces, for image analysis. The samples consist of 9 sample sets.
As a baseline, single layer-thickness 30, 60 and 90 mm dog bones
were produced (with no joints to serve as a comparison for the
specimens that feature disparate layer thickness interfaces). Then
two interface geometries were investigated; a flat joint much like
a butt joint, and a castellated joint, interlacing the two regions to
improve the weld region. Samples were manufactured exhibiting
30–30 mm, 30–60 mm and 30–90 mm layer interfaces using both



Fig. 1. A schematic showing the method by which multiple layer thicknesses can be interlaced within single LPBF geometries (top); CAD images of the two jointed geometries
investigated as part of the study (butt and castellated joints) [31]
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joint types, thus forming the nine sample sets along with the base-
line specimens.
2.2. Microstructural analysis

Cubic samples, including the joint configurations described
above, were sectioned in both the x-z and x-y planes (see Fig. 1
for cartesian axes with respect to build process) to observe interfa-
cial porosity and blending of microstructure at the layer thickness
interface. Samples were sectioned using abrasive cutting, and pre-
pared via mechanical grinding followed by mechanical polishing
down to colloidal silica. Samples were then imaged for porosity
using a Nikon eclipse LV100ND optical microscope at 5-times mag-
nification, prior to etching to avoid altering pore size and morphol-
ogy by eroding pore boundaries with the etchant. Porosity analysis
at the layer thickness boundary was necessary to understand
whether this method of manufacture introduces defects at the
interface and to correlate this information to the tensile results.
ImageJ software was used to measure relative density across vari-
ous 2 � 2 mm areas within each image and take an average reading
in bulk regions compared to interface regions. Once porosity
images were collected, the samples were then etched using Keller’s
reagent to reveal grain boundaries and imaged a second time on
the optical microscope for analysis of the grain structure at the
layer thickness boundary. While the 30–30 mm jointed samples
will contain the same structure in each region, these samples were
manufactured to determine whether the introduction of a joint
gives rise to other features in the material, potentially weakening
4

the specimens, be it through interfacial porosity or a microstruc-
tural phenomenon brought about by parallel laser scans. In the
case of 30–60 and 30–90 mm joints, one expected to observe simi-
lar large columnar prior- b grains in the build direction (z-
direction)[32]. The microstructural analysis presented in this study
aimed to observe the blending of two disparate grain structures
across the joint interface, and whether the joint geometry could
improve said blending. The castellated joint geometry features
900 mm teeth in an attempt to broaden the region of blending
and improve the fusion by interlacing the two layer thickness
regions.
2.3. Tensile testing and fractography

Following the investigation of the quality and fusion of parts
containing two disparate regions, the subsequent mechanical
response is of primary concern. Tensile testing was selected as an
indicative and time effective method of characterising this
mechanical performance of jointed samples, compared to baseline
single-layer-thickness samples (those presented here and those
found in the wealth of information surrounding tensile properties
of LPBF Ti6Al4V in the literature [333435]. Three repeats were per-
formed for each sample set to ensure reliability in the data and
observe repeatability across the sample sets. The samples were
uniaxially loaded on a standard tensile test system with a cross-
head translation speed of 1 mm/min until specimen failure, using
a video extensometer to measure the stress–strain response. All
specimens failed within the gauge length.



Fig. 2. a) CAD images of Ti6Al4V LPBF blanks featuring a castellated union of two regions built with different layer thicknesses and the final machined tensile specimens; b)
dog bone dimensions according to ASTM E8M 16a; c) a table describing the nine sample sets investigated in terms of layer thickness and joint configuration; d) schematics to
describe laser processing of the samples.
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Following tensile testing, failed sample fracture surfaces were
analysed using an Alicona ‘Infinite Focus’ focus variation micro-
scope (FVM) at 10x magnification and post-processed using Moun-
tains surface metrology software. Fracture surfaces were
investigated for a number of reasons i) to observe the fracture
behaviour in terms of ductility, since introduction of layer thick-
ness boundaries has potential to cause more brittle failure at the
5

interface ii) to observe whether joint geometry relates to crack ini-
tiation and propagation, such as evidence of castellated teeth iii) to
deduce whether samples failed at the joint interface, and hence
determine whether interfaces introduce weak points in the parts
and iv) to obtain supporting information as to why a sample may
fail at the interface (e.g. internal defects). This information is used
in conjunction with micrographs and tensile data to gain a deeper
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insight into the behaviour of parts containing interlaced layer
thicknesses, and to understand why they may fail in the manner
observed here.
3. Results

3.1. Porosity and grain structure

Optical micrographs of 30–30, 30–60 and 30–90 mm interfaces
for both butt and castellated joined regions are presented both
prior to and post etching to observe porosity and grain structure,
respectively. Evidence of defects at the interface provides crucial
information as to the quality of the fusion between the two regions
of different layer thicknesses, and useful insight in to fracture loca-
tions of the tensile specimens. Grain structure analysis allows
investigation of the blending of two parallel laser scans, producing
two metal matrices that form one part.

Imaging revealed an increase in porosity at the joint interfaces
as opposed to the bulk regions, both in terms of frequency and size
– highlighted in the micrographs in Fig. 3. This finding suggests a
phenomenon occurs during laser processing of two parallel scan
paths that introduces defects otherwise not present in a single
layer thickness, single meander laser pass. A trend is clear from
the relative density data as well as visual inspection of the images
(Fig. 4), that an increase in layer thickness in the coarser layer
region amplifies the increase in frequency and size of interfacial
defects. The bulk regions of 30, 60 and 90 mm measured 99.99,
99.99 and 99.98% relative densities respectively, while joining
these regions with a 30 mm region and measuring at the interface
gives 99.92, 99.88 and 99.77% respectively.

Across all samples, micrographs display typical prior- b grains
that appear elongated in the xz-plane and equiaxed in the xy-
plane as seem from Fig. 5.This means columnar grain growth is evi-
dent in the build direction (z direction), as is typical in LPBF
Ti6Al4V [36] (see Fig. 5). The microstructure observed in the 30–
30 and 30–60 mm samples is very similar and can be seen to share
grains across the boundary interface that match the general size,
morphology and direction of the remainder of the sample. This
provides some insight that good fusion occurs across the interface,
that did not significantly disrupt the grain growth of each region,
but rather blended the two together. This is not the case for the
30–90 mm samples, in which there is a clear band at the boundary
of the butt jointed samples and in which texture of the grains has
been affected. Some finer horizontal grains can be seen to grow
outward from the interface line into the bulk of each region either
side.

Another identified phenomenon is a change in directionality of
the columnar grains across the interface, observed in the xy-plane
and evident only in the 30–60 and 30–90 mm samples – the 30–
Fig. 3. 90 mm layer thickness bulk porosity compared with porosity at a 30–90 mm layer
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30 mm samples show a consistent directionality across the whole
surface. Observed from the xz-plane, the columns appear
unchanged and aligned vertically in the build direction. However,
the xy-plane reveals disparate angles in the alignment of the cross
section of the columnar grains when comparing the two regions
each side of the interface. The samples showed an angle disparity
across the interface of 3.9, 35 and 23.1� for the 30–30, 30–60 and
30–90 mm samples respectively.
3.2. Tensile properties

Stress–strain curves and tabulated data are presented for base-
line 30, 60 and 90 mm samples as well as 30–30, 30–60 and 30–
90 mm samples featuring both butt and castellated joints between
regions. As shown in the tensile response displayed in Fig. 6,
repeatability of the samples is good for AM parts, owing to two fac-
tors. Firstly, a very high relative density and hence lack of internal
defects that would give rise to less consistent failure; secondly,
robust melt pool control producing consistent grain size. Conse-
quently, the scatter among repeats is difficult to discern. In addi-
tion, the tensile response of the 30, 60 and 90 mm baseline
specimens are indistinguishable. As a result, a second set of graphs
(Fig. 7) has been included, in which the stress range depicted on
the y-axes is magnified from 1200 to 80 MPa to focus on the plastic
region, in which ultimate tensile stress and fracture point is
observed.

All tested samples exhibited failure within the gauge section. In
the case of the baseline 30, 60 and 90 mm samples, fracture
occurred at random points along the gauge. In the case of all
jointed samples (30–30, 30–60 and 30–90 mm, butt and castel-
lated), fracture occurred at the midpoint of the gauge - the location
of the interface between the two regions.

Fig. 7 (a) shows minor disparity amongst the tensile response of
the baseline samples, showing an average UTS of 1126, 1131 and
1129 MPa for 30, 60 and 90 mm layer thicknesses respectively.
There is no apparent trend in the baseline samples, and these
minor changes (<0.5%) can be attributed to wider manufacturing
tolerances associated with AM techniques. Elastic modulus (calcu-
lated from the gradient of the elastic region in the stress–strain
graph), elongation to failure, strength and yield stress can also be
considered comparable in each case – see Table 2.

This is explained by sound parameter optimisation and process
control. It is clear from the graph that the 30 mm and two 30–30 mm
jointed samples exhibit similar Young’s modulus and UTS values -
confirmed in Table 2 to range between 127.8 and 133.8 GPa and
1122–1130 MPa respectively for the three sample sets. However,
while the butt jointed 30–30 mm samples perform very similarly
to the standard 30 mm samples in terms of elongation (9.07% and
thickness interface, highlighting the increased presence in the region of interfaces.



Fig. 4. Optical micrographs showing porosity at layer thickness interfaces in the xy plane (left column) and xz plane (right column) for butt joint and castellated joint
boundaries; 30–30 mm regions (top rows), 30–60 mm regions (middle rows) and 30–90 mm regions (bottom rows); images depict an increase in defect presence and size at the
interfaces, the extremity of which increases as layer thickness increases.
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Fig. 5. Optical micrographs showing grain structure at layer thickness interfaces in the xy plane (left column) and xz plane (right column) for butt joint and castellated joint
boundaries; 30–30 mm regions (top rows), 30–60 mm regions (middle rows) and 30–90 mm regions (bottom rows).
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Fig. 6. Stress–strain curves displaying the tensile response of reduced-size, cylindrical dog bone specimens, manufactured by LPBF from Ti6Al4V feedstock and featuring
disparate layer thickness interfaces at the gauge-length midpoint; top-left graph displays the baseline tensile responses of single layer thickness samples of 30, 60 and 90 mm
layers; top-right graph displays 30–30 mm butt and castellated joint samples compared with the 30 mm baseline; bottom-left displays 30–60 mm butt and castellated joint
samples compared with the 60 mm baseline; bottom-right displays 30–90 mm butt and castellated joint samples compared with the 90 mm baseline.

Fig. 7. Identical graphs and layout to Fig. 5, refining the y axes over an 80 MPa range to better visualise data scatter.
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9.70% respectively), the castellated 30–30 mm joints exhibit failure
at 6.71% elongation.

The bottom-left graphs in Fig. 6 and Fig. 7 depict the perfor-
mance of the 30–60 mm jointed samples compared with the base-
line 60 mm layer thickness. The trend is comparable to the 30–
9

30 mm joints, in that the butt jointed samples perform very similar
to the baseline samples; while the castellated joints, however,
experience failure at 6.94% elongation compared with 8.74% and
8.78% for 60 mm baseline and 30–60 mm butt joints respectively.
The blending of microstructure across the interface in these sam-



Table 2
Tensile properties of interlaced layer thickness Ti6Al4V parts produced by LPBF, including Young’s modulus, elongation, UTS and yield stress; a comparison from literature and to
wrought Ti6Al4V with similar heat treatments is included at the bottom of the table.

Sample Set Elastic modulus (GPa) Avg. elongation (%) Avg. UTS (MPa) Avg. Yield Stress (MPa)

30 mm 133.8 ± 1.01 9.70 ± 0.34 1126 ± 0.32 1071 ± 2.12
60 mm 129.1 ± 3.07 8.74 ± 0.90 1131 ± 2.54 1072 ± 4.30
90 mm 128.6 ± 3.82 9.78 ± 0.76 1129 ± 1.04 1074 ± 1.01
30–30 mm butt 127.8 ± 9.28 9.07 ± 0.61 1130 ± 1.95 1074 ± 3.89
30–60 mm butt 127.5 ± 2.66 8.78 ± 0.75 1135 ± 4.19 1074 ± 9.01
30–90 mm butt 124.2 ± 6.77 5.92 ± 0.25 1129 ± 3.68 1067 ± 8.83
30–30 mm castellated 130.4 ± 4.81 6.71 ± 0.22 1122 ± 2.98 1067 ± 4.85
30–60 mm castellated 140.9 ± 11.93 6.94 ± 0.78 1128 ± 1.94 1071 ± 0.57
30–90 mm castellated 127.0 ± 8.20 6.15 ± 0.37 1110 ± 17.6 1052 ± 16.2
Wrought Ti6Al4V [37] 113.8 14 950 880
LPBF Ti6Al4V [38] 94.4 – 110.9 2 – 19.7 840–1320 974
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ples has been shown to be good in section 3.1.2, with the only dif-
ference to the 30–30 jointed samples being a change in direction-
ality observed in the xy-plane between the two regions (the angle
of grain alignment differs). Since the performance of the 30–60 mm
jointed samples appears very similar to the 30–30 mm counter-
parts, it would suggest this change in directionality does not affect
the tensile performance when loaded in the y-direction as in this
study.

Fig. 7 (d) shows the samples with the largest disparity in layer
thickness – the 30–90 mm jointed samples. The butt jointed sam-
ples, in this instance, give a similar Young’s modulus, UTS and yield
stress to the baseline samples; however, these specimens are the
only butt jointed tests to yield premature failure and hence lower
ductility in line with the castellated samples – dropping from the
region of 9% elongation to failure to 5.92%. The 30–90 mm castel-
lated samples again show premature failure and a reduction in
ductility to the same extent as the 30–30 and 30–60 mm castellated
interfaces. These are the first samples, however, to begin to show
any depreciation in UTS and yield stress, as well as elongation
Fig. 8. Focus variation images of the fracture surfaces introduced when tensile testing th
baseline samples of singular layer thicknesses 30, 60 and 90 mm respectively; middle row
90 mm respectively; bottom row (g, h and i) includes castellated joints between layer th
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(Young’s modulus remains consistent). There is a marginal drop
of around 1.4 and 1.6% in average UTS and yield stress respectively;
while this is a very minor change, it is the first sign of any influence
on stress response.
3.3. Fracture behaviour

Since the sample sets investigated are comprised of interfaces
at the midpoint of the gauge, in two geometrical variations and
three combinations of layer thickness (butt and castellated joints
featuring 30, 60 and 90 mm regions), the fracture locations and sur-
faces were investigated. The baseline samples, Fig. 8 (a), (b) and (c),
all failed at random points within the gauge length. This was
expected due to the singular laser scan path producing a consistent
grain structure and random porosity throughout the entire sample.
The jointed samples, including butt joints and castellated joints
featured in Fig. 8 (d, e, f and g, h, i respectively), all fractured at
the midpoint of the gauge where the joint interfaces are situated.
e interlaced layer thickness LPBF specimens to failure; top row (a, b and c) includes
(d, e and f) includes butt jointed layer thickness regions of 30–30, 30–60 and 30–

ickness regions of 30–30, 30–60, and 30–90 mm respectively.
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The baseline samples all exhibit a standard cup and cone frac-
ture surface, in which the high lips (red) and low recesses (blue)
indicate the moderate ductility reported in the tensile results.
The rougher texture displayed in the 90 mm surface (top-right in
Fig. 8) is indicative of lower structural homogeneity brought about
as a result of greater porosity within the sample, and thus yields a
greater number of localised peaks and recesses, or ‘dimples’ – sim-
ilar evidence was reported by Khalid Rafi et al. in 15–5 PH steel
[39]. Despite this evidence, the 90 mm sample performed similarly
with both the 30 and 60 mm samples under tension.

The butt jointed samples (Fig. 8d, e and f) show the inverse rela-
tionship between layer thickness and ductility found in the tensile
data. The 30–30 mm joint maintains the lips and recesses around
the perimeter, characteristic of a ductile cup and cone fracture; this
is less apparent in the 30–60, and the 30–90 joint shows very little
evidence of ductility, implying the more brittle, premature failure
reported in the mechanical data as a consequence of interfacial
porosity. The rougher texture and dimples observed in the 30–
30 mm butt joint fracture surface when compared with the baseline
30 mm surface suggests a greater presence of pores, each dimple
representing localised brittle behaviour in the vicinity of a pore.
This strongly supports the hypothesis that the jointed samples fail
at the layer thickness boundary as a result of interfacial porosity.
Nonetheless, the fracture surface of this sample implies superior
material uniformity and load sharing capability when compared
with all other jointed samples, as was supported by showing the
least interfacial porosity and strongest grain blending at the
boundary in the microstructural analysis.

In agreement with the mechanical data, more brittle failure is
evident across the board for the 30–30, 30–60 and 30–90 mm
castellated samples; less evidence of standard cup and cone failure
is apparent since little deformation was achieved prior to failure.
Dimples are evident in all three surfaces again, further supporting
the theory that interfacial porosity is the root cause of fracture
occurring at the interface, as well as causing premature failure of
the sample.
4. Discussion

4.1. Porosity and grain structure

The results suggest that producing LPBF parts comprising of dif-
ferent layer thickness regions gives rise to increased porosity (size
and frequency) at the boundary. A trend is also evident in which
increasing the thickness of the coarser layer region increases the
extent of interfacial porosity. This trend can likely be attributed
to two factors. Firstly, keyhole pores are increasingly more evident
in LPBF parts as layer thickness increases, since melt pool stability
becomes more difficult to maintain at greater depths of penetra-
tion. Thus, an increase in layer thickness in one or both regions is
likely to give rise to a greater fraction of larger defects; especially
since the border laser pass for each region is shared at the inter-
face, and hence will be scanned twice over at a greater energy den-
sity input. Moreover, greater porosity exists at the interface in
larger layer-thickness builds than exists in the bulk 60 and
90 mm regions, hence the introduction of a joint must be responsi-
ble for the presence of these interfacial pores. The trend also
implies an increase in the coarse region layer-thickness increases
the extent to which interfacial pores occur. The second contribut-
ing factor is thought to be the timing with which the two regions
are processed. Since the 60 and 90 mm regions are only lased every
second or third layer respectively, while the 30 mm regions are
lased every layer, one can expect a vertical wall of consolidated
material against loose powder at the interface. For example, in lay-
ers where both a 30 mm and 90 mm layer region is processed, there
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exists a 60 mm consolidated region bordering 60 mm of loose pow-
der beneath – where two 30 mm layers were processed, but the
90 mm layer is yet to be processed. This means when the border
laser pass for the 60 or 90 mm regions is processed, a workpiece
consisting of half consolidated material is produced (with near
fully dense material) and half loose powder with a 65% packing
density. The two are expected to exhibit significantly different
laser absorptivities, with loose powder yielding superior energy
absorption owing to the reflectivity of spherical Ti6Al4V powder
particles enhancing laser irradiation [4041]. It is possible, then,
that the increased presence of keyhole pores can be attributed to
a consistent remelting of previously consolidated material, since
each 60 or 90 mm layer will require processing both a part-solid
and part-loose-powder vertical interface below the current
30 mm layer being processed (one or two 30 mm layer region/s hav-
ing been consolidated, and a loose powder 60 or 90 mm layer
region). The parameters used to manufacture the specimens were
optimised for consolidation of a uniform powder bed, hence fur-
ther work modelling melt conditions at disparate layer-thickness
interfaces (in which the powder bed is non-uniform) would likely
inform methods to reduce interfacial porosity. Alternatively, cus-
tom scan paths can be explored to process each region as one con-
tinuous part to remove this phenomenon.

The presence of these larger pores aligned along the layer thick-
ness interface is important, since it likely dictates both the fracture
location and direction. In excess, this has potential to cause prema-
ture failure and hence lower ductility when compared with a single
layer thickness, single region part, since keyhole pores accelerate
crack initiation and propagation – see Fig. 9. This was confirmed
by the tensile results and discussed in section 4.2.

The micrographs in Fig. 5 show a band of fine grains growing
out horizontally from the interface of the 30–90 mm butt jointed
samples. This can likely be attributed to the remelting required
of 90 mm layers. Since more time has passed to allow the previous
two 30 mm layers to solidify, heat flux flows horizontally from the
90 mm layer of loose powder in to the 60 mm solid wall (plus 30 mm
loose powder above) and encourages horizontal grain growth in
the opposite direction. These finer horizontal grains are not evident
in the castellated joint samples, possibly owing to the geometry of
the teeth preventing a consistent vertical wall as it shifts 900 mm
periodically. Apparent instead, is a clear arced interface in the
microstructure that highlights a harsher boundary between the
two metal matrices (highlighted in Fig. 5l), suggesting blending
of the two is poor among these samples.

Another change observed in the micrographs is a change in
alignment of the columnar grains. This was shown to have no bear-
ing on the mechanical response and is attributed to the vector ori-
entation of the laser path as opposed to having any link to the layer
thickness or layer thickness interface.

4.2. Tensile properties

It is clear the introduction of a joint reduces elongation to fail-
ure in the majority of samples. This may raise the point that a
(single-layer-thickness) 90 mm layer part is the best option, since
these samples exhibit the greatest productivity increase through
processing the fewest layers, with no obvious penalty to mechan-
ical response reported in the tensile data. However, mechanical
performance is not the only reason one might limit thicker layers
to regions of low interest as opposed to an entire part: surface fin-
ish, dimensional accuracy and staircasing are all worsened by sig-
nificantly increasing layer thickness. To maintain higher part
quality across various metrics then, it is important to maintain
regions of finer layers in areas of high interest; hence interlacing
of 30–60 and 30–90 mm layers is deemed valid here despite iden-
tical tensile performance of the baseline samples.



Fig. 9. A schematic to show the role of porosity in failure of samples featuring layer thickness interfaces compared with baseline samples, and the effect on ductility.
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The 30–30 mm jointed samples (top-right in Figs. 5 and 6) were
manufactured to isolate the introduction of a joint, and hence two
parallel regions of one part, as the sole variable. In this way, layer
thickness, build parameters and therefore grain structure remains
similar either side of the join. Thus, observing any changes in
mechanical response within the 30–30 mm jointed sample sets
allows one to attribute said changes directly to the union of the
two regions, since the bulk material is the same each side of the
interface. Since these jointed samples failed exactly at the inter-
face, despite the blending of grain structures at the boundary
appearing to be seamless, it is thought that interfacial porosity is
the root cause of the premature failure observed in the 30–
30 mm castellated joins. By extension, all samples featuring an
interface between two regions (30–30, 30–60 or 3–90 mm) likely
fail due to interfacial porosity since they fail at the boundary loca-
tion, however, the 30–30 and 30–60 mm butt jointed samples do
not exhibit any penalty to elongation to failure, while the remain-
ing 30–90 mm butt jointed samples and all three castellated sam-
ples do. One might anticipate the castellated joints provide a
stronger union than butt jointed samples, due to the interlocking
geometry increasing the region of blending between the two metal
matrices, as was the intention with these designs. Nonetheless, it is
hypothesised that, since interfacial porosity is likely the cause of
premature failure, the significantly increased area of the castel-
lated interface provides a larger region for defect formation when
compared with the butt interface. This greater number of pores
lends itself to accelerating crack initiation and propagation to a
greater extent. We can therefore propose that interface design
requires careful consideration with respect to the mating area
between interfaces.

The 30–90 mm samples feature layer thickness boundaries dis-
playing significantly greater interfacial porosity, both in terms of
frequency and size as more keyhole pores became evident. Simi-
12
larly, at 90 mm, these samples were the first to display evidence
of an interface in the grain structure (section 3.1), exhibiting
poorer fusion between the two regions. This could suggest 90 mm
represents a critical layer thickness, at which the two metal matri-
ces begin to show a clear microstructural boundary; this hypothe-
sis may be supported further by the 30–90 mm castellated joins
being the only sample set to show any reduction in UTS and yield
stress, albeit very minor (1.4% and 1.6% respectively). It is possible
that the observed microstructural boundaries have an effect on
mechanical response of the joins; nonetheless, the increase in
interfacial porosity in the 90 mm sample sets likely dominates
failure.

4.3. Fracture behaviour

Fracture surfaces indicative of more brittle failure are evident in
the jointed samples as a whole, when compared with baseline
samples. Similarly, an increase in layer thickness exhibits even less
evidence of plasticity – indicated by flatter and rougher fracture
surfaces as the coarser layer regions becomes thicker (30, 60 and
90 mm from left to right columns in Fig. 8). As discussed in the ten-
sile results section of the study (section 3.2), this is attributed to an
increased fraction of internal defects at the interface between the
two distinct regions of the part, using two parallel laser scan paths.

Simonelli et al. [15] reported that LPBF Ti6Al4V experiences
intergranular fracture, owing to weak texture and a-laths arranged
with high-angle boundaries. Since these samples were manufac-
tured horizontally on the substrate, they feature large columnar
prior-b grains perpendicular to the load direction. While interfacial
porosity initiates crack growth in these samples, the crack propa-
gates along the long edge of these prior-b grains (parallel) in the
region of the interface. Altering the build orientation to angle the
columnar grains will likely affect the failure of these samples. For
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example, vertically built samples will feature columnar grains par-
allel to the gauge length and thus fracture will likely occur perpen-
dicularly through the cross sections of the grains - Fig. 5 shows the
direction of the columnar grains relative to the build axes.

5. Conclusions

A novel method to interlace multiple layer thicknesses within
single LPBF components has been presented. This study charac-
terises samples featuring a union between finer and coarser layer
thickness regions to compare part quality with standard, single-
layer thickness parts. This method enables increased build rates
as thicker layers require significantly reduced laser-on time, while
maintaining finer layers in regions of high interest to preserve part
performance for specific load cases. Two interface geometries were
examined - a flat surface join, or ‘butt’ joint, and interlocked teeth,
or a ‘castellated’ joint. The samples were characterised by porosity
analysis, microstructural analysis, tensile testing and fractography.

While the findings here have demonstrated the validity of this
method, some optimisation of the interfaces between disparate
layer thickness regions is necessary, depending on the application.
If adopted entirely for increasing throughput, further work is
required to improve the fusion between the two regions to reduce
interfacial porosity and therefore minimise penalties to mechani-
cal performance. The primary focus for achieving improved fusion
is likely through custom laser scan paths, in which a tertiary laser
pass may remelt the interface region to eliminate existing pores,
the two regions may comprise of one continuous scan path as
opposed to two parallel passes, or simply an optimised overlap
between the two scan paths, for example. Alternatively, this
method may be adopted to tailor localised material properties at
the interface, to achieve a desired mechanical response or to guide
crack propagation under fatigue and creep conditions. For example,
interface geometry can be designed to guide stress out of plane for
a given service condition to improve part performance. There
exists no one optimal interface geometry, but rather the design
of the union must be optimised for each specific load case; for
example, more complex load cases than that presented in this
study may experience torsion as well as tension, and thus joint
geometry will be required to combat sheer as well.

Dependent upon the application, the components investigated
in this study may achieve a sufficient tensile response, given that
Young’s modulus, UTS and yield stress remain comparable across
sample sets; however, a reduction in elongation of roughly one
third must be tolerated in the 30–90 mm butt joints and all castel-
lated samples when compared with the baseline samples, 30–30
and 30–60 mm butt interfaces. While this response may be tolera-
ble in uniaxial tension, genuine service conditions are likely to
exhibit more complex loading and further experiments to investi-
gate sheer would provide useful information.

The conclusions are summarised as:

� Fabrication of components featuring regions of multiple layer
thicknesses is possible, and geometry of the interfaces can be
used to exploit design freedoms of LPBF.

� This method is capable of significantly reducing laser-scan
times as well as manipulating metallurgy to control local part
properties. Elongation to failure and UTS could be engineered
into a given part.

� Further work is required to minimise interfacial porosity
between two disparate layer thickness regions, as well as to tai-
lor geometrical interface design for testing under a more com-
plex load case, conducive to in-service conditions.
13
� High cycle fatigue testing is required to measure cycles to fail-
ure in these parts, since literature has proven the role of poros-
ity in failure is amplified under cyclic loading.
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