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To exploit the design freedoms of Powder Bed Fusion, parameters can be varied within sub-volumes of com-
ponents to achieve the optimal part for both service conditions and manufacturing productivity. This involves
prioritising mechanical strength in areas of structural significance and high volumetric build rates in areas of low
structural significance. In theory, a component with similar mechanical behaviour to that seen in standard Laser
Powder Bed Fusion parts can be built in significantly less time and at a reduced cost. In practice however, the
boundary between such regions is yet to be understood and discretising components into sub-volumes can induce
interfacial defects. In this study, an in-depth analysis of interfaces between disparate layer thickness volumes in
single components has been explored, to gain information vital to solving interface quality issues so that LPBF
design freedoms can be fully exploited. A novel 3D reconstruction technique has been demonstrated to char-
acterise transient plastic behaviour of interfacial pores post-fracture. This technique enables post-mortem
evaluation of additively manufactured parts and tracking of pore deformation during subsequent mechanical
testing. X-ray Computed Tomography (XCT) identified interfacial pores up to 170 pm Feret diameter, with a
voxel resolution of 6 um. Micro tensile testing with in-situ microscopy exhibited a real-time mechanical response,
observing evidence that these interfacial defects lead to fracture at interface locations. The 3D reconstruction
technique found that pores constricted 10.0 — 14.1% in the x direction and 10.3 — 14.6% in the y direction after
fracture — normal to the loading direction. These findings contribute towards improving Additively Manufactured
biomedical implants and airframe components with reduced time and cost.

Compared with other AM techniques (Directed Energy Deposition for
example), LPBF suffers from long build times owing to slower volu-

1. Introduction

Laser Powder Bed Fusion (LPBF) continues to gain traction in the
aerospace, automotive and biomedical sectors, as the primary Additive
Manufacturing (AM) technique enabling high geometrical design
freedom [1] using a growing range of high-performance alloys [2]. The
technology focusses on small-batch, high value parts that cannot be
produced by traditional manufacturing technologies, due to the
geometrical complexity [3] and process control [4] attainable through
LPBF. There has been a significant research drive recently to optimise
the mechanical properties of LPBF components [5] and reduce toler-
ances to a level comparable with wrought counterparts [6]. To further
enable the integration of the process into industry, the topics of pro-
duction economics and build time reduction have also been the subject
of much research interest [7].
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metric deposition rates, due to fine layer thicknesses, slow laser scan
speeds and laser power limits [8]. Achieving greater throughput at no
cost to the function or properties of a component is critical to the
widespread adoption of LPBF. Commercial quad-laser systems are now
available to allow four times the laser utility and hence four areas of the
powder bed can be processed simultaneously [9]. Large build volume
[10], dual-hopper and automated powder reclamation [11] systems
have all been introduced as methods of reducing time spent in between
build cycles, by allowing greater component yield and reducing powder
handling respectively. These methods all aid in improving the econo-
mies of scale for LPBF, however at an increased cost and complexity of
the process.

It is possible to reduce build times within the confines of standard
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powder bed processing, by selection of build parameters conducive to
high build rates and accepting some penalties to mechanical perfor-
mance. For example, Shi et al. [12] used a 400 W laser to process at a
nominal layer thickness of 250 um, compared to a standard regime of
typically 30-60 pm layers. A build rate of 9 mm?/s and relative density
of 99.99% was achieved in 316 L specimens; however, tensile properties
featured at the low end of those described in the literature for LPBF 316
L [13]. Besides layer thickness, laser power, spot size and hatch distance
can be varied to produce greater scan speeds. This has been proven to
reduce build time at the cost of dimensional accuracy, owing to the
larger heat affected zone generated with greater energy input and a
larger spot size [14].

Post process heat treatments can also somewhat compensate for
increased porosity associated with high build rate strategies. Herzog
et al. [15] knowingly tolerated poor relative densities when adopting
high laser scan speeds, prior to Hot Isostatic Pressing (HIPing) to suc-
cessfully reduce pores formed in the build process. Du Plessis et al. [16]
took this concept further by producing shelled parts, i.e. with loose
powder inside and relying on the HIP process to enclose the large cavity
and compensating for shrinkage in part geometry. X-ray Computed
Tomography (XCT) data showed HIPing was able to fully enclose the
cavity and the tensile response was very similar to specimens that were
fully dense prior to HIPing. Only processing the shell of components
allows for significantly reduced lasing time during builds. However, this
approach was not as successful when specimens were subject to fatigue
testing for shelled [17] or highly porous parts [18]. Additionally, some
complex geometries associated with LPBF, such as internal lattices and
cooling channels, are not appropriate for the HIP process, since the ge-
ometry is expected to morph drastically due to large shrinkage during
the HIP process.

De Formanoir et al. [19] sought to avoid penalties to dimensional
accuracy by using a method called the ‘hull-bulk’ strategy, in which the
component shell was fabricated using a fine layer thickness to improve
geometrical accuracy while the core was produced using a coarse layer
thickness to increase production rate. While this solves geometrical is-
sues with high build rate parameters, it does not address the drop in
mechanical performance associated with coarse layer thicknesses [20],
and as such is still poorly suited to high performance part production.
Discretising components into volumes built with different layer thick-
nesses was explored in further detail by Gullane et al. [21], this time
prioritising mechanical properties and considering parts that may use
fine layers in areas of structural significance and coarse layers in areas of
low significance. Fusion, tensile strength and geometrical design of in-
terfaces between 30 pm and 90 pm layer thickness volumes were
investigated. The study found that additional porosity was prevalent at
the interface between the two volumes, and failure occurred consistently
at the interface location.

Microscale test specimens have previously enabled tracking of all
subsurface points of interest within additively manufactured compo-
nents, such as pores and microstructural heterogeneities, so that indi-
vidual contributions to failure can be assessed [22]. With the added
benefit of in-situ microscopy during tensile testing, this method presents
a powerful method of interface analysis for the research presented.
Typically, fracture surfaces of additive components are assessed using
Scanning Electron Microscopy (SEM) and evidence of pores are high-
lighted retrospectively in 2D [23]. Sanchez et al. [24] have recently
highlighted the benefits of Focus Variation Microscopy (FVM) in
measuring fracture surfaces in 3D, enabling z-height information that is
crucial to understand pore size and morphology post-failure. The ben-
efits of these methods have been combined and built upon in this study.
By using XCT of micro-specimens, a small number of pores are tracked
and fracture surface data has been used to compare defect state pre and
post-test in 3D.

Combining layer thicknesses is a potentially useful way to benefit
from the build rates associated with coarser layers, while maintaining
local properties in high stress areas using finer layers. For this approach
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to be viable at a practical and economic scale, it is critical to understand
the mechanical impact of the interface between regions of differing layer
thicknesses and in particular the role interfacial defects play in part
performance. The characteristics of porosity present at various interface
types from different layer thicknesses, are critical to designing and
mitigating against premature failure under load. With insight into pore
characteristics, interfaces can be designed and blended between dispa-
rate regions accordingly, with the ultimate goal of reducing build times
without detriment to component quality. The lessons regarding blending
layer thickness interfaces may also extend to multi-material interfaces,
although not explored in this study.

Using a single set of parameters to produce parts fails to exploit the
high local process control possible through LPBF. Components can be
optimised for service conditions as well as production rate, by varying
parameters in local regions of the part; however, this is not common
practice in the literature due to barriers such as interface quality. Since
only skin and bulk parameters are typically distinguished in the litera-
ture, the bulk mechanical response is dominated by material consoli-
dated by a single parameter set. Hence there has been no critical analysis
of the interface between regions of disparate parameters — especially
different layer thicknesses. The interface between sub-volumes plays a
crucial role in part performance, since there is discontinuity in laser
processing and small discrepancies in resultant material properties.
Fusion across these boundaries and mechanical behaviour of the in-
terfaces are yet to be characterised and understood. Hence a detailed
analysis of interface failure modes and defect formations is explored
here.

In this study, an in-depth analysis of interfaces between disparate
layer thickness volumes in single components was explored, to gain
information vital to solving interface quality issues so that LPBF design
freedoms can be fully exploited. A novel 3D reconstruction technique
has also been demonstrated to characterise transient plastic behaviour
of interfacial pores post-fracture. This technique enables post-mortem
evaluation of additively manufactured parts and tracking of pore
deformation during subsequent mechanical testing. For the first time,
tensile specimens were fabricated for micro tensile testing with in-situ
microscopy to observe the role of interfacial pores along disparate
layer thickness boundaries, and XCT has been used to characterise
interfacial pore signatures. These findings contribute towards improving
additively manufactured biomedical implants and airframe components
produced in less time and at a reduced cost.

2. Methodology

Fig. 1 shows the methodology workflow followed in this study,
which consists of: i) build preparation, in which dual layer thickness part
files were prepared and sliced with two distinct parameter sets, ii)
component fabrication, whereby wire electrical discharge machining
was used to cut micro dog bones from blanks, iii) X-ray Computed To-
mography to scan several samples at once to gather subsurface infor-
mation, iv) sample preparation of the dog bones to ensure
microstructure and pores were visible during testing, v) micro tensile
testing with in-situ microscopy (fracture surface images were used to
observe failure modes of the specimens) and vi) a 3D fracture recon-
struction technique was developed to characterise pore behaviour.

2.1. Build preparation

Specimens built entirely of 30 pm layers were produced as a refer-
ence, while counterparts comprised of both 30 um and 90 um layer re-
gions with a boundary at the midsection. STL files of each half of the
tensile specimens were sliced separately in EOSprint slicer software
(EOS GmbH, Germany), according to the 30 um and 90 ym parameter
sets. These volumes were then brought together within the slicer soft-
ware to form one volume, by ensuring the Cartesian coordinates align
the interface to share a common border laser pass. Hence both regions
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i) Build preparation

iv) Sample preparation

ii) Component fabrication

v) Micro tensile testing
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vi) Fractography + 3D reconstruction

Fig. 1. The process workflow for achieving the specimens and data described in the present study.

scan the volume up to one hatch distance from the common border,
before both scanning the border itself.

2.2. Component fabrication

LPBF specimens were produced on a commercial EOS M290 LPBF
system (EOS GmbH, Germany), by Oerlikon AM Europe GmbH in
Feldkirchen, Germany. The system uses a 250 x 250x325 mm build
envelope, continuous 400 W Yb-fibre laser, and is operated with an
85 um spot size. Grade 5 Titanium alloy Ti6Al4V with a 20 — 63 pm
particle size distribution, sourced from EOS, was used as the powder
feedstock. Optimised build parameters (to achieve relative densities
>99.9%) from EOS were used for both 30 um and 90 um layer thick-
nesses. Volumetric energy densities are 55.6 J/mm® and 27.8 J/mm?>
respectively, whereby greater energy input for 90 um layers creates a
deep keyhole melt morphology that requires less energy per unit volume
since greater absorption and penetration depths are more easily ach-
ieved [25]. Oxygen content within the build chamber was maintained at
0.1% and the temperature < 45 °C.

Blocks were produced and 3 tensile specimens were machined from
these blocks by wire electrical discharge machining (EDM) -
45 x 5.8 x 0.4 mm outer dimensions and a 2 mm length gauge with
0.4 x 0.4 mm cross section. Specimen dimensions were chosen accord-
ing to the micro tensile testing system, which is restrictive in both
dimension and load cell capacity. The 45 mm length was selected so the
specimen tips lay flush with the far ends of each clamp to ensure sound
gripping. The width was selected to achieve a sufficiently large surface
for gripping and to maintain a similar aspect ratio to macro-scale dog
bones of this type. The gauge cross-section, and subsequently sample
thickness, was calculated by scaling down the ratio of maximum-load-
to-cross-sectional-area from full scale specimens, built identically
except for geometry.

The heat-affected zone created by the Wire EDM cutting process
leaves a fine layer of recast that normally exhibits different character-
istics to that of the bulk material, e.g. cracking and porosity [26]. This
was removed from a series of trial specimens through hydrofluoric acid
(HF) etching and the tensile responses were compared to counterparts
still featuring a recast layer. Removing the recast layer had no effect on
tensile response, and so it was tolerated in the specimens mechanically
tested. One sample surface was prepared below the recast layer to

interrogate as the surface of interest for optical imaging.

Six sample sets were produced for this study: namely standard 30 pm
layer thickness samples as a reference, and samples with a 30-90 ym
layer thickness interface at the midpoint of the gauge section, with the
two variations built in 0°, 45° and 90° build orientations (see Fig. 1).
Build orientation is important here, since the orientation of the interface
is also affected and as such is likely to impact the porosity and tensile
data - previously only studied in one orientation [21]. It is also useful to
observe real-time fracture of the anisotropic grain structure in different
orientations at the microstructural level [27].

2.3. X-ray computed tomography

A Nikon MCT225 XCT machine (Nikon, Japan) was used to scan two
samples per sample set (12 total) prior to tensile testing, to gather
proximity, frequency, and size information regarding any pores in the
gauge section captured in the scans. The voxel resolution of the scans
was 6 um — low resolution is a benefit of the micro-specimen geometry.
The resultant image stack was processed in ImageJ software (ImageJ2
version 2.3.0, United States) to produce a 3D reconstruction of the gauge
volume. BoneJ (an ImageJ plugin) was then used to run particle analysis
on the XCT stack to count pores, create a surface mesh of each pore to
measure enclosed volume, Feret diameter, and produce a 3D represen-
tation of porosity. Feret diameter represents the largest chord that can
be fit between two points of the pore surface. BoneJ uses a greyscale
thresholding criterion that is used to distinguish between pores and
material. Relative density is also measured, representing the percentage
volume of the gauge length comprising solid material, with the
remaining percentage representing pores.

2.4. Sample preparation

Dog-bone specimens were adhered to mounting blocks using wax
and polished manually on stationary silicon carbide (SiC) abrasives due
to the size, before polishing with 1 pm diamond suspension and colloidal
silica. Additional dog bones were produced for microstructural analysis
— primarily to observe microstructure at the interface and to visualise
grain structure in each build orientation. The gauge sections were cut
shorter to allow the specimens to be set within a 30 mm diameter resin
block, before preparing using an automatic polisher and finally etching
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with Kroll’s reagent (92.8% water, 6.1% nitric acid, 1.1% hydrofluoric
acid) to reveal grain boundaries. Etching was performed at room tem-
perature for approximately 10 s per sample. The samples were then
imaged on a Nikon eclipse LV100ND optical microscope (Nikon, Japan)

files of subsurface defects were obtained by running the XCT data
through a MATLAB script. This enabled a 3D reconstruction comparison
for post-mortem evaluation of failed specimens, by aligning corre-

with a spatial resolution of 1 pm.

2.5. Micro tensile testing with in-situ microscopy

Tensile testing whilst recording the microscope field of view at 60 fps
and capturing frequent images of the gauge section was conducted on a

Deben MicroTest 200 N tensile stage (Deben UK Ltd, United Kingdom),
with a Leica M205 FA optical microscope (Leica Camera AG, Germany)
in-situ. The microscope has a spatial resolution of 0.95 um.

Tensile data points were recorded in the Deben MicroTest software
with a sample time of 500 ms and a test speed of 0.2 mm/min. The cross-
sectional area at the midpoint of each sample was measured prior to
testing and this information inputted into the software to calculate
stress-strain from load-displacement measurements. Two specimens
from each sample set (those subject to XCT) were tested to failure under
the optical microscope, and a third tested without microscopy.

2.6. Fractography and 3D pore reconstruction

SEM images of the fracture surfaces were collected using a JEOL
JSM-6490LV Scanning Electron Microscope to provide additional
insight into failure modes of the specimens. Fractography provided ev-
idence of any sub-surface pores that may have instigated failure at that
location and such was correlated to the XCT data to identify these pores.
Fractography also supported any ductility discrepancies in the tensile
data and enabled observation of fracture in different orientations across
a small volume of material.

Fracture surfaces were also measured using an Alicona ‘Infinite
Focus’ Focus Variation Microscope to gain 3D data and z-height infor-
mation, with a lateral resolution of 176 nm and vertical resolution of
30 nm. STL files of the fracture surfaces were exported from focus
variation data through Mountains surface metrology software, and STL
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sponding fracture surfaces and pore files in CAD software. By using
fracture surface counterpart STLs, it was possible to also reconstruct the
pores post-test from the fracture data by aligning the fracture surface
and using Boolean operation to extract the voids. This method is suc-
cessful in extracting medium-to-large pores (> 50 um in this study),

however, small pores are difficult to discern amongst the fracture sur-
face texture.

3. Results

3.1. Porosity

Fig. 2 shows an example of XCT data for a 30-90 um specimen with
45° build orientation. A 3D render of the XCT image stack provides a
visualisation of the gauge section, while a second 3D render of strictly
porosity is superimposed over it to provide trend and location
information.

A comparison of porosity across sample sets can be seen in Fig. 3 and
numerical data is presented in Table 1, detailing the mean Feret diam-
eter across all pores, with total number of pores present in each gauge
volume. Only a small number of pores are evident in the specimens due
to featuring geometry at the microscale, however, this enables individ-
ual defect contributions to failure to be observed. For the 30-90 ym
jointed samples, 0° orientation shows a small number of large pores,
concentrated at the interface location. XCT and particle analysis of the
two samples investigated measured mean Feret diameters of 88.5 and
58.5 pm — the two largest of all samples measured. Despite the size, there
were fewer pores than evident in the 45° orientation. The 45° specimens
exhibited a greater number of pores, as well as showing a more sparse

distribution over the gauge length that does not give a clear indication of
interface location. The mean Feret diameters for these two samples were
40.8 and 44.6 pm. Only one pore was evident between the two 90°
joined specimens, with a small Feret diameter of 4.6 um and located

ean

Binary XCT
slices

Fig. 2. A 3D XCT render of the dog bone gauge length for a 30-90 um sample built at 45° orientation, with a 3D render of porosity superimposed over; a z-projection

of porosity (top left) and XCT slices corresponding to pores (right) are shown.
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b) 30 um

0° 45° 90°

Fig. 3. 3D render of XCT scans showing gauge section and subsurface porosity in 0°, 45° and 90° build orientations for a) 30-90 um joined specimens, and b) 30 um

standard specimens.

Table 1
Porosity characteristics of specimens subject to mechanical testing.

Sample Set Sample No. of Mean Feret Avg. relative
No. pores diameter (um) density (%)
0° jointed 1 3 88.5 +25.5 99.994
2 7 58.5 + 57.6
45° jointed 1 8 40.8 +19 99.996
2 9 44.6 +41.3
90° jointed 1 0 0 100
2 1 4.6
0° reference 1 0 0 100
2 0 0
45° 1 2 3245+ 3 99.999
reference 2 2 23.7 £3.8
90° 1 16 41.5 +14.1 99.995
reference 2 17 27.3+29.8

away from the interface location, implying the interface does not induce
additional porosity in this build orientation. The single pore found
amongst these specimens is likely a gas pore, naturally produced during
any standard laser processing and not a result of the dual-layer thickness
method adopted in this study. (Table. 2).

The 30 um standard specimens serve as a comparison to confirm
interfacial porosity in dual layer thickness specimens. The data confirms
this, as no pores were evident in the 0° orientation and only 2 small
keyhole pores were evident in the 45° orientation (based on size and
morphology), attributed to formation during standard processing con-
ditions. The 90° orientation, however, features more pores than all other
sample sets, including jointed specimens — some of which reach Feret
diameters in excess of 50 um. Given that the large pores are aligned

Table 2
Micro tensile data for the 30-90 um and reference specimens.
Layer Build Elastic Elongation  UTS Yield
thickness orientation modulus (%) (MPa) Stress
(um) ©) (GPa) (MPa)
30-90 0 4.98 22.1 +£4.1 857 803 + 53
+0.81 + 26
30-90 45 5.37 27.1+1.1 883 754 + 145
+0.16 + 65
30-90 90 5.54 26.4+1.1 901 842+ 6
+ 0.36 +9
30 0 5.59 24.1+0.9 870 804 + 31
+0.16 + 35
30 45 6.35 23.2+09 855 760
+ 1.46 + 96 + 124.5
30 920 5.19 275+1 814 757 + 37
+0.39 + 34

directly on top of each other in the build direction, it is most likely the
gauge volume has captured an area of the powder bed that suffers from a
recurring defect, hence the same area is affected at random layer in-
tervals. Since both specimens subject to XCT were built adjoining and
are only 400 um thick, it appears both were affected by the problem area
and display a large number of standard formed pores.

3.2. Microstructure

Fig. 4 shows the polished gauge sections of each 30-90 um specimen
in 0°, 45° and 90° build orientation. There is no evidence of poor fusion
across the interfaces, such as grain discontinuity, nor appears any
obvious disparity in grain size or texture between the 30 um and 90 ym
regions. As expected, columnar grains appear perpendicular to the
gauge length in the 0° orientation, parallel in the 90° orientation, and
45° to the gauge length in the 45° orientation; however, this appears
clearer in Fig. 5 depicting the microstructure of the 30 um reference
samples due to the etch better highlighting the grain boundaries.

The images of the 30 um reference samples give a clearer indication
of the number of grains represented in the gauge volume of the speci-
mens, and more importantly, their distribution across the width of the
gauge. In the 0° orientation, several grains can be seen with length
> 400 um and hence span the full width, meaning it is difficult to
calculate an accurate average length. Of the grains for which length is
measurable, the average grain is 266 um in length. Each grain is 109 pm
in width on average and so roughly 4 grains will stack throughout the
thickness of the sample. A similar phenomenon is evident in the 45°
build orientation specimen, with slightly more grains visible due to the
orientation allowing greater lengths of columns to be captured. Lastly,
the 90° build orientations capture the greatest number of grains since
the columns are packed parallel to the gauge length. Nonetheless, it is
important to note that even in the 90° orientation, tensile tests are
evaluating roughly 16 grains at most for any given cross-section, and 4
in the case of 0° specimens. Therefore this cannot be considered an ac-
curate representation of bulk Ti6Al4V material, but rather the selection
of grains.

3.3. Micro tensile behaviour

The micro specimens display a typical elastic and then plastic tensile
response. Low values for elastic modulus were recorded between 4.98
and 6.35 GPa, and high values of elongation to failure were recorded
within 22.1 — 27.5%. This is attributed to the small number of grains
captured within the micro gauge section, as described in Section 3.2.
Ultimate tensile strength and yield strength values were around 20 —
30% lower than is generally seen in full scale LPBF Ti6Al4V [28]. There
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Fig. 4. Optical micrographs displaying microstructure in dog bone gauge lengths for 30-90 um specimens; 0° (top), 45° (middle) and 90° (bottom) build orientations

are shown; 30 um regions are on the left and 90 pm regions are on the right.

«——— 30 ym—— tbuild direction

Fig. 5. Optical micrographs displaying microstructure in dog bone gauge lengths for standard 30 pm specimens; 0° (top), 45° (middle) and 90° (bottom) build

orientations are shown.

is little to separate the responses of the 6 sample sets, nor the joined
specimens with reference specimens, in part due to poor repeatability. A
previous study on macro-scale specimens describes the discrepancies in
tensile properties with greater confidence [21]. The elongation value for
the 30-90 um specimens build at 0° is noticeably lower compared with
45° and 90° (22.1% compared with 27.1% and 26.4% respectively) and
it is evident from the curves that the specimens fail quickly after entering
the plastic region.(Fig. 6).

Fig. 7 gives an example of a 30-90 um 0° orientation specimen, with
a surface pore identified at the beginning of the test that ultimately leads

to crack initiation and fracture. The figure displays this process in four
stages. A small surface pore of Feret diameter 23 ym can be seen in the
top image prior to testing. Once in the plastic region, the pore has grown
to 53 um and begins to initiate a crack in the second image. In the third
image, the crack has begun to develop and the pore measures 74 pm.
There are visible signs of local plastic deformation surrounding the pore,
indicated by a change in reflection of the light. Finally, failure occurs at
the pore location and propagates along the grain boundaries visible in
the earlier images.

This behaviour can be contrasted with that shown in Fig. 8, in which
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Fig. 6. Tensile curves of Ti6Al4V micro dog bones, built by LPBF in 0°, 45° and 90° build orientations; 30-90 pm dual layer thickness samples (left) and standard

30 um samples (right).

Fig. 7. Staged optical images during micro tensile testing of a 30-90 um 0° build orientation specimen, showing evidence of an interfacial pore that leads to failure.

the same 0° build orientation is shown for a standard 30 pm specimen
that exhibited no pores when subject to XCT. There is no pore location to
focus on, however strain is visible in the second image when comparing
a marker location with the first image. The third image shows signs of
deformation and necking around one region of the specimen, not
concentrated as seen with the pore in the previous figure. Lastly the final
image shows fracture along the grain boundaries once again.

3.4. Fracture behaviour

Fig. 9 shows a fracture surface for each instance: 30-90 pm joined
specimens in 0°, 45° and 90° build orientations (a, b and c respectively),
and 30 pm standard specimens in 0°, 45° and 90° build orientations (d, e

and f respectively). In image (a), multiple large pits can be seen with a
smooth surface texture not thought to be generated via failure. This
implies a material discontinuity and hence the pits are thought to
represent pore locations. The same evidence was found at a smaller scale
in images (b) and (f), implying that 30-90 um 0° and 45°, as well as
30 um 90° all failed at the site of an internal defect, with more extreme
defects observed in the 30-90 0° specimen.

Images (c), (d) and (e), show no evidence of similar pits or evidence
of discontinuity, implying failure was not initiated by an internal defect
for 30-90 um 90° and 30 um 0° and 45°. In all cases, this agrees with the
porosity trends found in the XCT analysis.

All specimens exhibited a ductile fracture surface. Fig. 10 shows
evidence of the fine micro-dimples that describe ductile fracture, as well
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Fig. 8. Staged optical images during micro tensile testing of a standard 30 um 0° build orientation specimen, showing failure of a dog bone containing no pores.

as highlighting some pore characteristics found in a 30-90 pum 0° build
orientation specimen. Image (a) shows features of molten material that
have remained intact, while image (b) displays partially melted powder
particles (or possibly spatter particles) and a martensitic grain structure
from the underlying as-built microstructure, both preserved due to
material discontinuity.

4. Discussion
4.1. Porosity

This research provides significant evidence that discretising single
components into sub-volumes with disparate layer thicknesses creates
large pores at the interface between regions. It is clear this additional
porosity is a result of introducing layer thickness interfaces and that
process optimisation is necessary to better blend the 30 pym and 90 ym
layer volumes together. Interlacing geometry had little effect previously
[21], however, optimised scan strategies that process the part in one
continuous pass are likely to improve fusion. At present, this requires
custom writing of scan vector files.

Interface build orientation has a direct effect on the extent of inter-
facial porosity. The 90° build orientation has not suffered from large
interfacial porosity, likely due to featuring a horizontal interface (i.e.
substrate or xy plane). Since the interface is parallel to the substrate,
30 um layers have been processed up to the interface and 90 uym layers
thereafter — there are no layers in which 30 um and 90 um regions are
processed together. If the interface is taken out of a plane parallel to the
substrate, 30 um and 90 pm regions require processing in common
layers. In these interfaces, such as the 0° and 45° part orientations
presented here, interfacial porosity becomes an issue, implying laser
processing of the 30 um and 90 pm areas in mutual layers is the source
issue. This provides strong evidence that optimising laser scan strategy
when processing both 30 pm and 90 um regions in mutual layers is key
to eliminating interfacial porosity.

This hypothesis agrees also with the distribution and size of pores
across the specimen gauge length. In the 0° build orientation, the

interface is processed at the same location on the substrate every layer
and hence the porosity affected zone is limited to this area throughout
the build - displayed in Fig. 11. This gives rise to more concentrated
pores seen in the XCT scans and large pore sizes since consistent defects
in this area contribute to defects formed directly above in successive
layers. The same effect is seen in the 45° specimens; interfacial pores
affect successive layers and hence pores are grouped primarily in one
half of the gauge section — since this half was positioned higher in the
build volume and processed after interface areas. However, due to the
angle of the part, the interface area translates laterally each layer, which
in turn keeps pore sizes smaller than the 0° build orientation by avoiding
stacking interfacial pores directly on top of each other. These affected
zones are depicted in Fig. 11 below. Standard pore formation mecha-
nisms have been reported frequently, predominantly highlighting lack
of fusion and keyhole pores as a function of volumetric energy density
and varying process parameters [29]; however, the present study de-
scribes new pore formation mechanisms as a result of process parameter
disparity among component sub-volumes.

4.2. Micro tensile behaviour

Due to porosity and microstructural discrepancies having an ampli-
fied effect at this scale, large errors were present in the tensile data
making it difficult to compare sample sets. This was not the case in a
previous study by Gullane et al. [21], in which full-size specimens were
examined and discrepancies were clear with very low uncertainty
compared to the present study. This was expected, due to the micro
specimen geometry capturing only several grains in the cross section,
exhibiting a very localised mechanical response as opposed to a typical
bulk material response. Benzing et al. [22] have also reported differing
tensile response in meso-scale additively manufactured Ti6Al4V com-
ponents when compared with bulk material. However, this does not
affect the research objectives of the study, since failure modes and
fracture behaviour are the primary concern and micro tensile testing
with optical microscopy in-situ has enabled the role of individual defects
to be tracked and understood.
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Fig. 9. Fracture surface images a) 30-90 pm 0° build orientation b) 30-90 um 45° build orientation c¢) 30-90 pm 90° build orientation d) 30 pm 0° build orientation

e) 30 um 45° build orientation f) 30 um 90° build orientation.

The data from the present study does show superior elongation
values in the 90° specimens when compared with the 0°. This is
attributed to the columnar grain orientation, with longitudinal columns
providing superior ductility, whereas transverse grains induce more
brittle behaviour, as is displayed by the narrower plastic regions evident
in the 0° tensile curves. This is more prevalent in the 30-90 pm
0° orientation curves, where failure can be seen to occur very quickly
after entering the plastic region. Since this was not seen in the reference
samples, the further increase in brittleness is directly attributed to the
large pores.

The same premature failure was not seen in the 45° orientation
30-90 pm specimens despite a high number of large pores. It could be
possible the critical pore size lies somewhere between 85.9 and
116.1 ym for these dog bone dimensions (the maximum for 45° and
0° build orientations respectively); however, it is more likely the

premature failure in 0° orientation specimens is a result of the combi-
nation of interfacial porosity and transverse grain orientation.

Fig. 7 shows the microscope was able to capture a pore on the surface
of a 0° orientation 30-90 pm specimen that ultimately led to failure, the
location of which strongly agrees with the location of concentrated pores
in the XCT data, meaning it is more than likely an interfacial pore. This
provided excellent proof in support of interfacial porosity being the root
cause of premature failure in full scale samples. It is a good example of
the role interfacial defects play as single point stress raisers that can lead
to failure, and also evidence that failure location can be selected in
components through interface placement. To this end, in the columnar
grain structure in LPBF Ti6Al4V, cracks were found to propagate along
the long edge of prior-p grains, parallel to grain growth in the build
direction. Hence, with careful consideration, crack initiation site and
propagation direction can be engineered into components.
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Fig. 10. Evidence of pores on the fracture surface of a 30-90 pm 0° build orientation specimen.

Sparse interfacial pores . 90 um

30 um
Concentrated interfacial pores

No pores

Fig. 11. The effect build orientation has on pore distribution throughout 30-90 um specimens.

Material removal reveals pore on SUrface st

’.

Fig. 12. A correlation of fractography, 3D and 2D XCT data, and in-situ microscopy of micro tension for a 30-90 um 0° build orientation specimen; the figure
highlights the interfacial defect responsible for failure of the specimen.
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4.3. Fracture behaviour

The three sample sets that exhibited a high number of large pores
(30-90 um oriented at 0° and 45°; and 30 pm oriented at 90°) all showed
specimens featuring evidence of internal defects in the fracture surfaces,
consistent with other studies in the literature that have identified pores
in LPBF fracture surfaces [30]. However, the additional benefit in this
study is the small number of pores captured in the micro-specimens can
be tracked from initial XCT to fracture signature with ease. This is
further strong evidence that these pores typically invoke crack initia-
tion. The 30 um 90° orientation specimens are somewhat anomalous,
given that very little porosity was evident in the other reference samples;
the excessive porosity seen in these samples is likely a result of being
built in an area of the substrate that suffered from a periodic defect,
affecting all successive layers. This may have been caused by a spatter
particle or an area of the powder bed in which layer height briefly
fluctuates (a large particle removed by the recoater blade for example).

Fracture surface data has been compared with XCT data in the same
location. Fig. 12 shows this comparison for a 30-90 um 0° build orien-
tation specimen — the most extreme case and the scenario most repre-
sentative of joining disparate layer thickness volumes with interfaces in
xz or yz planes. This location in the XCT stack features the largest pore
measured by particle analysis (170 pm Feret diameter), on the lower left
of the images, and so is the primary defect likely responsible for crack
initiation. The pore has a large keyhole morphology spanning close to
the surface polished for micro tensile testing and appears the polishing
process removed sufficient material for the pore to become visible on the
surface. The in-situ optical recordings showed this pore to be responsible
for fracture; despite appearing small on the surface, fractography and
XCT have shown that, subsurface, the interfacial pore was very large and
extremely likely to have instigated fracture of the specimen.

Focus Variation data was collected to provide additional z-height
information that was not available from two-dimensional SEM fracto-
graphs. Fig. 13 shows the surface topography of fracture surfaces from
each sample set. This method also clearly shows pore locations, as well
as revealing additional grain boundary pits, owing to crack propagation
adhering to grain boundaries in which tips of prior f§ grains create pits in
the fracture surface. These pits show typical ductile fracture surface
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texture, hence it is clear homogenous material existed in these areas and
not voids that would otherwise show smooth surface texture. Addi-
tionally, the pits believed to be caused by grain boundaries match
columnar grain orientation; (a) and (d) do not show grain pits, since the
grain boundaries span the full thickness perpendicular to the gauge
section; (b) and (e) show elliptical pits as the columns cross the section at
45°; (c) and (f) show circular pits since the columnar grains run parallel
to the gauge section. These microstructural features are consistent with
the literature findings for Ti6Al4V crack propagation in various orien-
tations [31], with the addition of new pore formations found in the
fracture surfaces of this study.

4.4. 3D reconstruction

Fig. 14 shows an example of interfacial pores (prior to tensile tests)
aligned with pore location sites found in the fracture surface in 3D space.
This technique presents an especially comprehensive way to visualise
internal defects and their contribution to component failure. There was
strong agreement in location, size, and morphology between the two;
however, there were minor discrepancies given plastic deformation
altered the geometry of defect sites in the fracture surface. Each pore
was measured in x and y directions in pre-test XCT data and post-test
fractographs. Pore sites were found to be 10.0 — 14.1% smaller in the
x direction and 10.3 - 14.6% in the y direction. Larger pores generally
exhibited the greatest reduction in size, likely due to experiencing
plastic deformation earlier as an area of higher stress concentration. This
technique has the significant benefit over the literature of measuring
transient pore behaviour across the tensile test, whereby most studies
have previously simply established pore size and location [32]. The
method could also be extended to make use of more recent pore in-
spection techniques researched in the literature, such as acoustic wave
spectroscopy [33] or pyrometry [34]. These methods typically exhibit
greater scan speeds at much lower cost compared with XCT, and are
conducive to future in-situ inspection methods.

A mesh comparison is shown in Fig. 15 to display the discrepancy in
size and morphology of pores in the pre-test state compared with the
post-test state. Contrasting XCT measurements with FVM measurements
yields a combined measurement uncertainty of 6.18 um laterally and

) 200
Grain
boundaries
150
100
50
O um

Fig. 13. Focus variation images of fracture surfaces compared with SEM fractographs for a) 30-90 um 0°, b) 30-90 um 45°, ¢) 30-90 um 90°, d) 30 pm 0°, ) 30 um

45°, £) 30 um 90°.
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Fig. 14. A 3D STL reconstruction of fracture surface from focus variation data and subsurface pores from XCT data prior to testing, compared with surface

topography map and XCT slice.

X

a) o Deformation

Polished
surface
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Revealed
pore 1000
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0 0.08 0.16 0.24 0.32
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Fig. 15. A comparison of pores prior to testing (XCT data) and post-testing from reconstructed fracture surfaces, a) shows an STL mesh comparison of pores in both
states and highlights the deformation in a colour map, b) and c) show the progression of pore deformation in various stages of tensile stress.

6.03 pm vertically (i.e. a voxel resolution of 6.18 x6.18 x6.03 um). The
cross section (plane perpendicular to the gauge length) of the pores is
seen to constrict, while elongating in the strain direction, as typical with
tensile testing. The pore identified earlier as the crack initiation site
shows additional deformation around the surface, where early stages of
crack propagation have been captured in the fracture surface. This is not
evident in other pores in this specimen, and so demonstrates the ability
of this method to highlight defects responsible for instigating component
failure.
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Image (b) and (c) in Fig. 15 shows the progression of pore
morphology at crucial intervals of the tensile test i) pre-test, neutral state
ii) elastic behaviour iii) plastic behaviour iv) fractured state, post-test. In
the elastic region, the pore changes aspect ratio but mostly maintains the
surface morphology; beyond the yield point, the pore begins to show
rough plastic deformation around the surface. Observing 3D pore
behaviour under load adds a new dimension over current class pore
characterisation that is typically limited to pre-test XCT or microscope
imaging [30]. This method enables a finite element model to interpolate
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between test stages and observe the full progression of subsurface pores
or cracks under given strain conditions and could be improved further
with additional mid-test data. The information is likely to be more useful
under cyclic loading conditions to aid in modelling fatigue response,
since the role of internal defects is amplified and current state of the art
is lacking in pore behaviour information [35]. With enough preliminary
data, fracture surfaces can also be reverse engineered to approximate
subsurface information around the failure location prior to mechanical
testing, without the need for XCT data, and is significantly more time
and cost effective.

5. Conclusions

The study presents dual layer thickness LPBF components with layer
thickness interfaces in various planes. Discretising components into sub-
volumes allows high stress areas under external load conditions to be
processed with fine layers to maintain part performance, while using
coarse layers in areas of lesser importance to reduce build times — design
freedoms and process control that is seldom exploited. This builds
significantly on the current literature, whereby typically only skin
strategies are varied (compared to the bulk) for improved surface
roughness. The study has highlighted and characterised the prevalence
of interfacial pores between sub-volumes as a result of adopting the
presented build techniques, as a manner to inform a solution.

XCT and micro tensile testing with optical microscopy in-situ were
used to gain a deeper understanding of defect formation at the interfaces
between sub-volumes and the knock-on effect for tensile response. An
advanced post-mortem evaluation technique has also been demon-
strated to assemble fracture surface data and reconstruct subsurface
pores in 3D for comparison with pre-test XCT data. This enables tracking
of defect deformation under strain and can be used to inform finite
element models, as well as reverse engineer subsurface defect state of
components at the fracture location without the need for XCT. The
conclusions are summarised as:

i) The presented method enables greater LPBF throughput and se-
lection of component failure location.

ii) A 3D pore reconstruction methodology has been exhibited to
compare defect state both pre-test and post-test that will prove
useful for modelling and post-mortem defect inspection, reducing
the need for more costly characterisation methods. The technique
found that pores constricted 10.0 — 14.1% in the x direction and
10.3 - 14.6% in the y direction after fracture — normal to the
loading direction.

iii) With current class scan strategies, interfacial pores (ranging from
10 to 170 pm Feret diameter) form at the boundary between layer
thickness sub-volumes when both regions are lased in common
layers. This includes all interfaces in planes > 0° from the xy
substrate plane, with 90° exhibiting the largest interfacial defects
in this study.

iv) No additional porosity forms when only one layer thickness is
processed per layer, as opposed to processing both 30 um and
90 um regions in common layers. This includes interfaces parallel
to the xy substrate plane.

v) XCT analysis, micro tensile testing with in-situ microscopy and
fracture surface analysis provided strong evidence that interfacial
porosity leads to fracture at the interface location. Material
discontinuity reduces plasticity, leading to 2% lower elongation
to failure values in specimens displaying the largest interfacial
defects.

vi) New class scan strategies must be generated to improve consoli-
dation of material at the interface when disparate parameter re-
gions are combined in single layers.

In summary, a method has been presented in which additive com-
ponents can be achieved for biomedical implants, airframe or
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automotive components with greater build rates. Interfacial pores have
been characterised as the main barrier at the current stage of develop-
ment, with new-class laser strategies suggested as the area of future
work likely to solve the issue.
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