
Materials and Design 194 (2020) 108899

Contents lists available at ScienceDirect

Materials and Design

j ourna l homepage: www.e lsev ie r .com/ locate /matdes
The effects ofmicroporosity in struts of gyroid lattice structures produced
by laser powder bed fusion
A. du Plessis a,b,⁎, S.M.J. Razavi c, F. Berto c

a Research group 3D Innovation, Stellenbosch University, Stellenbosch 7602, South Africa
b Department of Mechanical Engineering, Nelson Mandela University, Port Elizabeth 6001, South Africa
c Department of Mechanical and Industrial Engineering, Norwegian University of Science and Technology (NTNU), Trondheim 7491, Norway
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Microporosity induced in gyroid lattice
structures by process parameters

• X-ray tomography used to confirm and
quantify porosity content

• Static and fatigue compression tests
performed

• Both stress-relieved and hot isostatic
pressed states investigated

• Effect of porosity found to be more det-
rimental for lack of fusion defects
⁎ Corresponding author at: Research group 3D Innov
Stellenbosch 7602, South Africa.

E-mail address: anton2@sun.ac.za (A. du Plessis).

https://doi.org/10.1016/j.matdes.2020.108899
0264-1275/© 2020 The Author(s). Published by Elsevier L
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 9 April 2020
Received in revised form 21 May 2020
Accepted 18 June 2020
Available online 26 June 2020

Keywords:
Metal additive manufacturing
Laser powder bed fusion
Microporosity
Pores
Hot isostatic pressing
X-ray tomography
Additive manufacturing by laser powder bed fusion allows the production of complex parts including lattice
structures in popular metal alloys such as Ti6Al4V. Lattice structures are a class of meta-materials which hold
many advantages such as the possibility for the production of lightweight parts with tailored mechanical and
other properties: these have many potential applications in aerospace and medical fields. The laser powder
bed fusion process can result inmicroporosity inside the producedmaterial, which can affect themechanical per-
formance of these types of materials. In this work, different typical microporosity distributions are induced in
manufactured gyroid lattice structure samples and themechanical performance is tested by both static compres-
sion and compression-compression fatigue. X-ray tomography was used to validate the microporosity distribu-
tions and samples were tested in stress-relieved state and hot isostatic pressed state. In particular, it is found
that small amounts of keyholemodemicroporosity of ~0.2%make no differencewhile lack of fusion is critical, es-
pecially when this results in inefficient HIP pore closure. The results highlight the effect of microporosity on the
mechanical performance of these materials and the results add to the knowledge base and trustworthiness of
these materials.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Metal additive manufacturing (AM) is fast growing in industrial ap-
plications due to the ability to manufacture components in distributed
locations, with short lead times and with high part complexity [1,2].
Laser powder bed fusion (LPBF) is the AM technology that is used
er the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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most widely and allows the highest-complexitymanufacturing ofmetal
parts with typical feature sizes down to 0.1 mm in most popular metal
alloys [3–5]. Despite the progress in recent years and its use in high-
end applications, there are still some material quality issues and vari-
ability in the reported mechanical properties [4,6,7]. The mechanical
properties are a function of microstructure, surface roughness, porosity
content, residual stress and geometry of sample, which are all affected
by numerous parameters during and after processing [1,8–10]. Many
of these issues originate from manufacturing errors including the for-
mation of microporosity, which can especially act as crack initiation
sites in cyclic loading [11,12].

Microporosity in LPBF can be related to different underlying causes
and therefore may occur in different shapes and distributions in the
part. Two well-known and widely occurring types are lack of fusion
and keyhole mode porosity. These are well described in [9] in the con-
text of the major process parameters of typical LPBF systems and also
discussed in somedetail in a previous study ofmicroporosity quantifica-
tion using X-ray tomography of coupon cubes [13]. Some of the early
identification of different porosity formation regimes in LPBF was al-
ready shown in [14]. More recently, high speed X-ray imaging has
been used to observe the LPBF process and unravel the dynamics of
pore formation [15,16]. One interesting result from this type of work
is the finding that the keyhole cavity is present in a wider range of pro-
cess parameters than previously thought [17]. Similar high speed X-ray
imagingwork has been conducted to image other pore formationmech-
anisms and continues to provide insight into the complexities of LPBF,
especially when high speed imaging is combined with simulation [18].

Generally, lack of fusion porosity occurs in when the laser power is
too low or the scan speed is too high, causing a single track to be
narrower or shallower than expected, causing imperfect melting be-
tween adjacent tracks and subsequent layers. This type of porosity is ir-
regular shaped and particularly detrimental to mechanical properties
[11,19,20]. Keyhole mode porosity occurs when the laser power is too
high or scan speed too low, causing a deep meltpool with a vapour cav-
ity which becomes unstable creating and leaving rounded pores in the
solidifiedmaterial.Many variations or instabilitiesmay occur: for exam-
ple when the local meltpool temperature changes, the meltpool condi-
tions change causing potential for porosity formation. In particular,
this is correlated to porosity formation at the downward-facing regions
of parts which are not supported and which have higher local tempera-
ture during processing. In fact, thermal simulation can help in identify-
ing such conditions and analytical modelling of the porosity formation
in LPBF has been widely investigated recently, see for example [21,22].

The effects of these pores on mechanical performance have been
studied widely, showing that porosity at levels more than 1% typically
affects mechanical performance but this varies with material type and
geometry [11,23]. At porosity levels of less than 1%, static performance
is typically not affected (yet exceptionsmay occur depending on the po-
rosity type, shapes and locations in the part) but fatigue properties are
still impacted. In this context, it has been reported that the presence
of porosity has a more dramatic effect on the fatigue behaviour of AM
components compared to their performance under static loading
[24,25]. Themain point is that porosity has a negative effect onmechan-
ical performance and must be minimized to ensure safety. When pro-
cess parameters are optimized (and porosity minimized), excellent
mechanical properties comparable to the wrought material can be ob-
tained, as shown for example for Ti6Al4V in [26,27]. This is not always
the case and a wide variety of mechanical performance results have
been reported in general for additive manufacturing of Ti6Al4V
[28,29], for electron beam PBF in particular [30,31] and for L-PBF in par-
ticular [32].

Optimized process parameters are already well known or are devel-
oped for specific systemswith specific powders. This includes the values
of laser power and scan speed, coupled with the laser spot size, hatch
spacing between adjacent tracks and layer height between successive
layers. The scan strategy is typically a combination of zig-zag (back
and forth) hatch tracks and a contour scan track/s all around the perim-
eter. Process monitoring is also increasingly used to ensure a stable
build process [33,34]. Finally, post-process inspection of parts is done
non-destructively by X-ray tomography [35–37]. There are also well-
defined stress-relief heat treatments widely used to ensure residual
stresses are removed, and various post processingmethods can improve
the microstructure, surface quality and even the density of the parts by
hot isostatic pressing (HIP) [38,39]. The HIP process has beneficial ef-
fects on fatigue performance due to microstructure homogenization
and coarsening and closure of porosity as discussed in [6,40–42]. Recent
work revealed the HIP efficiency of pore closure for a range of intention-
ally designed pores by varying LPBF process parameters, and imaged by
X-ray tomography [39].

While proper parameters and inspection can ensure high quality
parts suitable for critical applications, there is an interest to manufac-
ture highly complex parts including lattice structures or topology opti-
mized designs. The structural integrity of these more complex parts is
a topic of high importance, in order to realize the full potential of
metal AM and make use of the available design freedom [43].

Lattice structures are a category of complex designs allowing unique
mechanical properties and functionality which can be tailored by the
design and manufacturing process. They find application for medical
implants where the elastic modulus is matched to the local bone elastic
modulus in order to minimize stress shielding and also allow
bone ingrowth into the porous structure for better long term attach-
ment. They also find application in engineering designs where
light-weighting is of interest, andhave advantages in impact protection
applications, amongst others. Various reviews of the design of lattice
structures, their mechanical properties and their applications are avail-
able in [44–50]. Unfortunately, lattice structures often have poor me-
chanical properties and especially poor fatigue performance, which
requires more investigation [50,51].

In this work, we investigate the structural integrity of gyroid lattice
structures manufactured by LPBF in Ti6Al4V (ELI). This is done with in-
tentionally induced differences in porosity content in the lattice struts,
to reveal the effect of defects on the static and fatigue properties of
these samples. In addition to variations in porosity content by controlled
variations in process parameters, some samples are subjected to hot iso-
static pressing (HIP). Both static and fatigue tests were undertaken and
X-ray tomography used to provide insight into correlations between
microporosity and the observed mechanical properties.

2. Methods

Lattice structure coupon samples were produced by laser powder
bed fusion in Ti6Al4V (ELI) using the EOSM290 system located at Exec-
utive Engineering Pty (Ltd) near Cape Town, South Africa. Gas-atomized
powder used was EOS-supplied Ti6Al4V (ELI) with typical spherical
morphology reported as having D90 size of 50.0 μm. The chamber is
filledwith argon andflowed across the build platformduringprocessing
as is default for this system. The baseplate of Ti6Al4V is default
250×250×25 mm.

The gyroid lattice design was selected due to its impressive manu-
facturability and lack of sharp corners which should enhance its fatigue
properties (lack of stress concentrations typical in corners). For this
work, a design density of 50% was used in order to obtain reasonable
wall thickness. A total of five unit cells of 3mm in each directionwas se-
lected to produce a total cube sample size of 15 mm, with a wall thick-
ness of 1.2 mm. Using smaller unit cells or lower density would have
resulted in thinner walls, complicating the manufacturability and
resulting in potentially poormechanical results as shown in recent stud-
ies with walls and struts below 1 mm [52,53].

In this work, the effect of defects (microporosity) was the primary
topic of interest, which necessitated wall thickness N 1 mm. At this
thickness, multiple adjacent laser scanning tracks are used to manufac-
ture the sample, resulting in good quality production. In similar recent
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work on gyroid sheet-based designs manufactured in Ti6Al4V [54], it
was clearly shown and discussed how thin gyroid sheets consisted of
only one scan track in places. Their work mentions the potential for
pore formation at the overlap between hatch and contour tracks, some-
thing that has been discussed in the previous work [13] but was not
present in this work. Other differences include the stress-relief heat
treatment used here, which eliminates residual stress.

The total sample number was limited by the available mechanical
test facilities and cost to produce samples. In this work, the internal po-
rosity inside the strut material is referred to as microporosity, different
from the designed macro-porosity between struts. Microporosity per-
centage is thus calculated as relative to material volume as usual for
bulk materials.

X-ray tomographywas used extensively in this work, a review of the
use of this technique in additive manufacturing is found in [35]. Scans
were performed with a GE Nanotom S system. Full samples were
scanned at 14 μmvoxel size, using 150 kV and 130 μA, with 0.5mmcop-
per beam filter, and 3000 images in a full rotation. Close-up scans of tips
of the samples were performed at 3.75 μm (with a reduced field of
view), for improved quantification of the homogenous porosity distri-
butions intentionally created. These scans were performed with
140 kV and 20 μA, without beamfilter andwith 2800 images in a full ro-
tation of the sample. All analysis from microCT data was performed by
the software Volume Graphics VGSTUDIOMAX 3.3. Porosity quantifica-
tion was performed according to the same procedure as in previous
work [55] using in this case a selected region of interest to minimize
image artefact error (near edges). To minimize human bias in
thresholding, this procedure uses a threshold which is selected manu-
ally as usual, but this is followed by an automatic local refinement of
the threshold based on the local grey values up to 4 voxels on either
side of the initial threshold, across the entire volume. This allows for
an improved (sub-voxel interpolation based) segmentation despite
possible variations of brightness across the image and despite some
possible human error in initial selection. This is used directly as input
for porosity quantification, not relying on any further defect detection
algorithms.

An initial characterization of the important features of the produced
lattice is given in Fig. 1. X-ray tomography data is presented in the form
of a 3D surface rendering in Fig. 1(a) and a cross-sectional slice image in
1(b). The slice image clearly shows the formation of microporosity in-
side the gyroid walls in this case. Fig. 1(c) shows a wall thickness anal-
ysis which indicates the majority of the structure has a constant wall
thickness of 1.2 mm. Fig. 1(d) shows a nominal-actual comparison
which highlights deviations from the nominal CAD design. In this
“frontal” 3D view it is clear that some excess material is found at the
downward facing regions (“down-skin”) as seen in red. A video and
close-up image of this are provided as supplementary material.

The sample shown in Fig. 1 wasmeasured as 14.7 × 14.7 × 14.8mm,
with an actual density of 49% (the design was 15x15x15 mm and 50%
density). Small differences between design and actual produced sample
are expected, and are system-specific – likely in this case due to layer
slicing and scan strategy. Local variations show excess material at
downward facing areas as seen in Fig. 1 (d). Samples were produced
with a variety of process parameters, in a similar process as done re-
cently for small cubes in [13]. The nominal/suggested process parame-
ters for Ti6Al4V at 1200 mm/s and 280 W produced no observed
porosity at the resolution of the microCT scan of the whole sample,
therefore high resolution scans of the tips of the samples were per-
formed additionally for quantification. These high resolution scans of
3.75 μmwere performedwith theNanotom S system using scan param-
eters 140 kV and 20 μA.

Samples were produced with default prescribed parameters for
Ti6Al4V on the EOS M290 system – these are 280 W, 1200 mm/s scan
speed, 0.14mmhatch spacing, 0.03mm layer height andhatch scanning
in zig-zag formation with 67 degree rotation on each layer. Contour
scanning is performed after the hatching on each layer as per default
on the system. Variations of these parameters were implemented to in-
tentionally manufacture samples with lack of fusion pores as well as
keyhole pores, by varying the power only over the range of power set-
tings from 100 W to 360 W (all other parameters including scan
speed fixed). In addition, one porous case was produced using custom
settings (termed “special”) – this setting was custom developed for
medical implant use and details may not be shared, but usually this is
meant for much thinner lattices and might therefore be optimized on
contours and not inner hatch. A final casewas investigatedwith no con-
tour track scanning – the contour tracks presumably improve the sur-
face roughness and it was of interest to include this case without
contours for comparison (inner hatch parameters identical to control
samples). In total 10 different process parameters were used, with
four samples of each used in this study, totalling 40 samples.

The energy density parameter is often reported in order to facilitate
comparison between different LPBF studies. This parameter has some
serious limitations as described in [56] and must be used with care.
We nevertheless report that at 360W (our highest power used), the en-
ergy density in our case was 67 J/mm3 and in this case we find approx-
imately 0.2% keyhole mode porosity.

Samples were all subjected to stress-relief heat treatment (650 de-
grees in argon for 3 h) prior to cutting from the baseplate. One sample
of each process parameter was subjected to quasi-static compression
test under a displacement rate of 0.3mm/min and one of each to fatigue
test using an MTS landmark servohydraulic test machine (Minnesota,
USA) with a load cell capacity of 50 kN. Uniaxial fatigue tests were per-
formed under load control with a frequency of 20 Hz and a loading ratio
of 0.1. Themaximum fatigue stresswas set to 70% of the static compres-
sive strength. The load-displacement data was directly recorded from
the test machine during static tests and the number of cycles to failure
was recorded in fatigue tests, selecting a reduction of elastic modulus
by 2% as failure.

Two of each process parameter type was subjected to hot isostatic
pressing (HIP) followed by static and fatigue test similar to above. HIP
was performed at Kitty Hawk Products Inc. (USA) according to the rou-
tine aerospace standard cycle for Ti6Al4V – typically 920 °C at 100 MPa
and 2 h hold time. The same cycle was used in a prior study of porosity
changes in Ti6Al4V produced by LPBF – showing the same variation of
pore distribution and showing efficient pore closure for the settings
above 120 W [39] There was a complication to the samples subjected
to HIP, in that the sample numbers were not visible after HIP. The
tests conducted on stress-relieved samples is summarized in Table 1
and the samples intended for HIP were according to the same test ma-
trix. All 20 samples from HIP (10 for static and 10 for fatigue test)
were microCT scanned to measure their porosity and a random selec-
tion of samples wasmade for static and fatigue tests. Only four samples
showed porosity in microCT scans so these were used for fatigue tests,
to better identify the effect of pores on the fatigue life despite the im-
proved ductility of the bulk material.

3. Results and discussion

3.1. Stress-relieved samples

MicroCT scans of tips of samples in stress-relieved state were done
for each process parameter set, with microporosity quantified in each
case. Initial scans of the entire lattice cube (as in Fig. 1) did not allow de-
tailed inspection of the microporosity due to resolution limits, which
prompted additional scans of the tips of samples at a higher resolution.
In Fig. 2 a representative microCT slice image (cross sectional image) is
shown for each process parameter, with square regions of interest used
for quantification (seen by contrast enhancement). The cubic regions
selected for analysis were selected in the middle of strut material to
minimize edge errors due to beam hardening (an image artefact).
These results follow the same trend as a previous study of 5 mm
cubes of the samematerial producedwith the same process parameters



Fig. 1. Characterization of gyroid lattices by X-ray tomography: (a) 3D surface rendering, (b) cross sectional slice image showing presence of microporosity, (c) thickness analysis showing
1.2mmwall thickness even across the structure, (d) deviation from design showingmost of partwithin 0.05mmwith some dross formation on down-skin surfaces (red indicates positive
deviation from design up to 0.2 mm). A supplementary video is provided for visualization of (d).

Table 1
Test matrix for static compression tests (1 sample of each = 20 sam-
ples total).

Process parameter Stress-relieved HIP

100 W Yes Yes
150 W Yes Yes
200 W Yes Yes
250 W Yes Yes
300 W Yes Yes
330 W Yes Yes
360 W Yes Yes
Control (280 W) Yes Yes
Special Yes Yes
No-contour Yes Yes
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and reported in [55] in more detail. At laser power of 100W, lack of fu-
sion is excessive and clearly visible in the image with microporosity
more than 15%. At 150 W only small pores are seen with a value of
1.7% randomly distributed. At 200 W, 250 W and 300 W, no pores are
detected. At 330 and 360W, small isolated and rounded pores are visi-
ble which can be related to keyhole porosity at levels of only 0.05% and
0.18% respectively. The samples produced with special parameters are
clearly highly porouswith a porosity value of 26.3%, with unmelted par-
ticles seen in the images and larger cavities present, likely due to
unmelted regions. The final “no contour” sample does not contain mi-
croporosity. This is not surprising, as the lack of contour scanning is ex-
pected to influence only the surface and not the internal microporosity.

Static compression tests were conducted at a displacement rate of
0.3 mm/min and failure load and deformation at failure recorded.
Fig. 3 illustrates the compressive strengths of the tested lattice samples.
As shown in Fig. 3, the samples with high levels of porosity (100W and
special case) hadvery poor compressve strengthswhile increasingqual-
ity (with less microporosity) resulted in higher compressive strength.
Interesting is that the highest compressive strength was in the case of
360 W including spherical keyhole pores at a level of approximately
0.2%. Finally, it is also interesting to observe the sample lacking contour
tracks has a slightly lower compressive strength – confirming experi-
mentally the surface roughness does indeed affect the static strength
properties for these structures.

Compression-compression fatigue tests were conducted at a load
ratio of 0.1 using the maximum stress at 70% of the compressive
strength obtained from static compression tests in each case. In Fig. 4
the cycles to failure are shown for each of these process parameter
sets. Poorest results are found for themost porous samples as expected,
with the “special” case having the shortest fatigue life. As the density in-
creases (microporosity decreases), the cycles to failure increases even
up to the high power region including keyhole pores. The presence of
keyhole pores at levels approximately up to 0.2% as here does not
seem to negatively influence the fatigue life. The “no-contour” sample



Fig. 2.High resolutionmicroCT scans andmicroporosity values for each process parameter type. Lack of fusion pores at lowpower (e.g. 100W) are irregular shaped,while keyhole pores at
high power (e.g. 360 W) are rounded.

0

100

200

300

400

500

600

700

Co
m
pr
es
siv

e
st
re
ng
th

(M
Pa
)

Process Parameter

Fig. 3. Compressive strength at each process parameter set.
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Fig. 4. Fatigue life for each parameter set at 70% of the compressive strength in each case (e.g. 384 MPa for control sample).

Table 3
Fatigue test results for stress-relieved samples.

Description Microporosity (%) Max stress (MPa) Fatigue life

100 W 15.8 182 14,227
150 W 1.7 325 30,568
200 W 0 358 36,443
250 W 0 376 41,985
300 W 0 391 41,975
330 W 0.05 394 42,488
360 W 0.18 401 42,671
Control 0 384 42,726
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shows lower number of cycles to failure, indicating the positive contri-
bution of contouring tracks on the fatigue life. This is presumably due
to rougher surface of contourless samples with higher number of
crack initiation locations.

The summary of all mechanical test results for stress-relieved sam-
ples is provided in Tables 2 and 3. Additional information such as the
strain at failure and specific max stress in each fatigue test is included
in the Tables. Only one sample of eachwas tested due to the large differ-
ences in porosity content. The microporosity measured from the tips of
each sample is also included.
Special 26.8 176 8686
No contour 0 349 31,937
3.2. Hot isostatic pressed samples

Samples were subjected to hot isostatic pressing (HIP) according to
standard procedure for Ti6Al4V, with the aim to close themicroporosity
and improve the ductility of the material. This was done in order to
investigate the effect of these improvements on the mechanical perfor-
mance of the gyroid samples for a direct comparison with the stress-
relieved samples. HIP is often used to improve the performance of AM
parts which prompted this investigation. One sample of each state
was destined for static and fatigue tests totalling 20 samples subjected
toHIP. All sample labels disappeared during theHIP process presumably
due to the high temperature, which complicated the analysis. However,
microCT was used to analyze the remaining porosity which was effec-
tively zero for 16 out of 20 samples. Fig. 5 shows high resolution scans
of the tips of samples after HIP, one example of each with and without
porosity. The inefficient pore closure of four samples is explained as
Table 2
Static loading test results for stress-relieved samples.

Description Microporosity
(%)

Compressive
strength
(MPa)

Strain at
failure
[(%)

100 W 15.8 260 9.43
150 W 1.7 464 13.99
200 W 0 512 11.77
250 W 0 537 12.71
300 W 0 559 12.48
330 W 0.05 562 11.64
360 W 0.18 573 11.50
Control 0 549 12.63
Special 26.3 251 9.82
No contour 0 499 11.82
the cases with initially high porosity (100 W and special parameters
cases) of which two of each were subjected to HIP. Presumably, the
high interconnectivity and high porosity ensured gas penetrated the
cavities and did not close these pores, as reported in [39].

Since samples were randomly selected for mechanical tests, no di-
rect correlation is possible, but it is known that four of 20 samples had
porosity in excess of 15% while pores were closed in all others. Observ-
ing the static test results in Table 4, all compressive strengths are lower
than the control value of stress-relieved samples, and strain at failure is
higher. This can be explained by the improved ductility of the material
due to the HIP process. The details of fatigue test data are given in
Fig. 6 and Table 5. Four samples showed extremely lownumber of cycles
to failure while the other six all had very high fatigue life. It is highly
likely that the four early failures are due to inefficient HIP of the four
samples resulting in residual internal porosity (e.g. Fig. 5(b)).

3.3. Failure modes

All stress-relieved samples failed in a clear diagonal shear pattern
under static compression as in Fig. 7(a). Samples subjected to HIP also
show crack formation along a diagonal pattern but the cracks are
smaller and vertically oriented as shown in Fig. 7(b). Stress-relieved
samples show somediscolourationwhich can indicate surface oxidation
either during LPBF or during the stress relief cycle. This can affect the
mechanical properties, reducing the ductility of the material. All sam-
ples were subjected to the same stress relief cycle, including the sam-
ples subjected to HIP subsequently.

Fatigue failure occurred for both stress-relieved and HIP samples as
in Fig. 8, with vertically oriented cracks mainly along diagonal regions.



Fig. 5. Evidence of (a) efficient pore closure observed in 16 samples, and (b) inefficient pore closure due to highly connected microporosity in four samples.

Table 4
Static load test results for 10 samples after HIP.

Compressive strength (MPa) Strain at failure (mm)

469 21.95
504 22.19
537 21.31
479 21.47
515 20.00
506 25.58
545 21.46
433 19.01
515 20.95
436 24.03

Table 5
Fatigue test results for 10 samples after HIP, at fixed
maximum stress of 278 MPa.

Porosity Cycles to failure

Yes 269
Yes 427
Yes 273
Yes 241
No 201,170
No 560,255
No 253,308
No 874,820
No 656,180
No 601,430
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4. Discussion

A number of interesting results are revealed by these experiments.
Firstly, there are clear effects ofmicroporosity on themechanical perfor-
mance of the gyroid lattice structures in stress-relieved state. The lack-
of-fusion porosity causes reduced static compression strength and
lower fatigue life for stress-relieved samples, with increasing compres-
sive strength and fatigue life for increasing power (and less lack of fu-
sion). The keyhole mode porosity, while only in low amounts, does
not seem to affect the compressive strength or the fatigue life at all,
which is an interesting result. This means that the safe processing
window is shifted towards higher power: even when some keyhole po-
rosity is present, the mechanical performance is acceptable. This
might be due to microstructure changes as the power increases –
more remelting occurs and finer microstructure is produced in the as-
built state with increased power. The “special” case of modified process
parameters clearly results in lack-of-fusion porosity and results are sim-
ilar to the case for 100 W (excessive lack of fusion) with low strength
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Fig. 6. Fatigue life of 10 samples at fix
and low fatigue life. Similar results were reported for sheet-based
gyroid lattice samples with some porosity differeneces related to
contour-hatch overlap in [54]. The “no-contour” sample shows slightly
reduced strength and fatigue life, despite the lack of porosity. This high-
lights the importance of both surface quality and microporosity in me-
chanical performance [42].

The samples that were subjected to HIP showed improved ductility
and slightly reduced strength in static compression, compared to the
stress-relieved samples. This is consistentwith the coarsening of themi-
crostructure and shown for bulk Ti6Al4V [6,42]. The coarsening of the
microstructure improves the ductility and slightly reduces the strength
as also shown in [57]. The failure mode is different in HIP samples, with
small cracks located along diagonals, in contrast to the fully diagonal
shear observed in stress-relieved state. Due to higher ductility of the
HIP samples, uniform deformation of the cubic samples with increased
lateral dimensions was evident (see Figs. 7 and 8). On the other hand,
stress relieved samples represented a sudden brittle type of failure
with lower strain at failure. Fatigue tests showed four cases of very
15 16 17 18 19 20
Sample Nr

ed maximum stress of 278 MPa.



Fig. 7. Static compression failure modes: (a) stress-relieved samples, (b) HIP samples. Scale: cube width is 15 mm.

Fig. 8. Fatigue failure modes: (a) stress-relieved samples, (b) HIP samples. Scale: cube width is 15 mm.
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low life which could be correlated with the highly porous samples after
HIP (100 W and special case) – due to highly interconnected porosity
open to the surface, the HIP process was ineffective for these samples.
The equivalent stress-relieved samples have compressive strengths of
~250 MPa. At a fixed maximum fatigue load for these samples, the
short life is to be expected. In the case of the other six samples with
high density in struts, all fatigue lives were high. This higher fatigue
lives compared to the samples with stress-relieved condition is related
to two factors namely the microstructural evolution and reduced
amount of porosity. The elevated temperature during the HIP process
increases the ductility, making thematerialmore resistant against cyclic
loadings. Additionally, the lower amount of internal defects in HIP sam-
ples lower the stress concentrations and consequently results in a less
critical stress state in the struts. These varied from 200,000 to
900,000 cycles, which shows that despite porosity being zero in all
cases, there is still a wide spread of results. Despite not being directly
comparable, this is consistent with results reported for sheet-based
gyroid lattices subjected to 60% load cycles in compression fatigue
[58]. Since these samples presumably have the same microstructure
and lack of pores, the variability in fatigue life can be explained by the
surface roughness only. It might be that surface quality is a factor in dif-
ferences between these samples as cracks can initiate on the surface and
this was studied in some detail in recent work for cylindrical lattice
struts [59]. The presence of vertical cracksmight indicate the cracks ini-
tiate in the rough downskin (downward-facing) surface.

5. Conclusions

The reported experimental data improves our understanding of the
mechanical performance of lattice structures produced by laser powder
bed fusion. The role of microporosity is related to the performance of
stress-relieved samples, showing that high density (lack of microporos-
ity in struts) is important for strength and fatigue life, but keyhole po-
rosity is not critical at the low levels investigated. This has
implications for using a wider processing window, with some levels of
keyhole porosity being acceptable. The negative effect of the surface
roughness by lack of contour track scanning is shown to cause reduction
in strength and fatigue life, in the absence of any other differences be-
tween control and no-contour samples. This effect presumably becomes
more important as the relative surface area increases for different lattice
designs and warrants more detailed investigation, especially as lattices
typically contain large surface areas, and surface modification might
be crucial for improved performance.

The HIP of lattices with different porosity distributions results in
slightly reduced strength and higher ductility as expected, but some
samples show pores are not closed by HIP with resulting very poor fa-
tigue life. Nevertheless, the fully densified samples subjected to HIP all
show very high fatigue life considering the high loads used. The results
reported here are promising and motivate further studies to improve
the performance of lattice structures produced by laser powder bed
fusion.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2020.108899.
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