
Citation: Sharp, R.; Pelletier, M.H.;

Walsh, W.R.; Kelly, C.N.; Gall, K.

Corrosion Resistance of 3D Printed

Ti6Al4V Gyroid Lattices with Varying

Porosity. Materials 2022, 15, 4805.

https://doi.org/10.3390/

ma15144805

Academic Editors: Rhys Jones and

Raul Figueroa

Received: 31 May 2022

Accepted: 5 July 2022

Published: 9 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

Corrosion Resistance of 3D Printed Ti6Al4V Gyroid Lattices
with Varying Porosity
Rachael Sharp 1, Matthew H. Pelletier 1,* , William R. Walsh 1 , Cambre N. Kelly 2 and Ken Gall 2

1 Surgical and Orthopaedic Research Laboratories, Prince of Wales Clinical School, University of New South Wales,
Sydney 2052, Australia; rachael.sharp@unsw.edu.au (R.S.); w.walsh@unsw.edu.au (W.R.W.)

2 Department of Mechanical Engineering and Materials Science, Duke University, Durham, NC 27708, USA;
cambre.kelly@duke.edu (C.N.K.); kag70@duke.edu (K.G.)

* Correspondence: m.pelletier@unsw.edu.au

Abstract: Corrosion of medical implants is a possible failure mode via induced local inflammatory
effects, systemic deposition and corrosion related mechanical failure. Cyclic potentiodynamic po-
larisation (CPP) testing was utilized to evaluate the effect of increased porosity (60% and 80%) and
decreased wall thickness in gyroid lattice structures on the electrochemical behaviour of LPBF Ti6Al4V
structures. The use of CPP allowed for the landmarks of breakdown potential, resting potential and
vertex potential to be analysed, as well as facilitating the construction of Tafel plots and qualitative
Goldberg analysis. The results indicated that 60% gyroid samples were most susceptible to the onset
of pitting corrosion when compared to 80% gyroid and solid samples. This was shown through
decreased breakdown and vertex potentials and were found to correlate to increased lattice surface
area to void volume ratio. Tafel plots indicated that despite the earlier onset of pitting corrosion,
both gyroid test groups displayed lower rates of corrosion per year, indicating a lower severity of
corrosion. This study highlighted inherent tradeoffs between lattice optimisation and corrosion
behaviour with a potential parabolic link between void volume, surface area and corrosion being
identified. This potential link is supported by 60% gyroid samples having the lowest breakdown
potentials, but investigation into other porosity ranges is suggested to support the hypothesis. All 3D
printed materials studied here showed breakdown potentials higher than ASTM F2129′s suggestion of
800 mV for evaluation within the physiological environment, indicating that under static conditions
pitting and crevice corrosion should not initiate within the body.

Keywords: corrosion; gyroid; polarisation; tafel; Ti6Al4V

1. Introduction

Titanium and titanium alloys are the most prevalent materials utilized within the
orthopaedic space, with over 1000 tons of titanium devices being implanted worldwide
every year [1]. High specific strength, good biocompatibility and good corrosion resistance
when compared to other metals [2–5] make it a popular choice. However, despite this
good corrosion resistance, all metals undergo a finite level of corrosion, particularly in
the hostile environment of the human body, with the resulting corrosion remaining as a
failure mode [6]. This generalized acceptance of titanium’s good corrosion resistance has
led to studies investigating the effects of optimizing geometry and physical composition
with little to no consideration of the impact on corrosion performance. These studies lack
electrochemical endpoint testing, leaving an open question of the effect of design changes
on the corrosion behaviour.

Potential adverse implications of corrosion include local inflammatory effects, systemic
deposition, toxicity, and an overall reduction in mechanical stability with corrosion acting
synergistically with wear to further accelerate the degradation [1,6–10]. These complications
arise from the dissolution of the passive surface oxide layer leading to an increased release
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of metallic ions [11–13]. These complications have been observed in retrieval studies of
Ti6Al4V implants, with reports of yellow nail syndrome, hypersensitivity, peri-implantitis,
vanadium toxicity and a hypothesized link between aluminum ions and Alzheimer’s
disease arising in research [1,14–23].

Currently, there is a rapid increase in both research and application of additively man-
ufactured (AM) custom-made designs [24]. The clinical benefits of additive manufacturing
in orthopedics are evidenced by reports of earlier mobilization rates and increased implant
stability [25–31]. These clinical benefits have been researched and attributed to the creation
of patient-specific implants with complex topologies and physical lattice structures to
increase the implant porosity and decrease the effects of stress shielding [25–31]. Increasing
void volume is a leading method utilized to optimize the osseointegration and increase load
sharing abilities of an implant, with de Vasconellos et al. demonstrating greater percentages
of new bone growth in 40% porous samples compared to 30% samples through histomor-
phometric studies [26]; multiple other studies have confirmed the ability for additively
manufactured lattices to lower the elastic modulus of titanium from 100–110 GPa to that
closer to cortical bone (10–30 GPa) [28,32,33]. These lattice structures aim to increase the
porosity through the introduction of voids in either a random manner as seen in foams, or
through a uniform repeated unit with one method being triply periodic minimal surfaces
(TPMS). TPMS structures allow for both the elastic modulus and porosity to be tailored to
mimic natural bone, whilst also providing a high level of performance predictability and
reliability between samples [34].

One common TPMS structure being utilised in lattice-based implants is the gyroid.
This is typically selected due to its desirable properties of having a high surface area to
volume ratio, smooth transitions between unit cells, high toughness, and the ability to
withstand elevated stresses [34–36]. Titanium gyroid lattices with porosities between 50%
and 80% have elastic properties similar to that of trabecular and cortical bone, whilst
also being able to withstand physiological loading conditions of everyday movement [34].
Recently, Kelly et al. demonstrated a non-linear relationship between osseointegration
shear strength and titanium alloy gyroid implants with varied porosity in an ovine cortical
model, concluding the porosity and thus surface area of the implant are important factors
for stabilization. These findings are supported by experiments showing that the gyroid
lattice is suited to biomorphic scaffold design in tissue engineering and has a superior
ability to promote cell differentiation and proliferation when compared to other traditional
arrangements [37,38]. Additionally, the corrosion of 80% gyroid lattices have recently been
explored with Qin et al. demonstrating that Zn-0.7Li gyroids displayed lower weight
loss than their bulk equivalent [39], whist another study showed that gyroid lattices
exhibit higher polarisation resistance compared to 80% primitive and diamond lattices
when exposed to a potassium hydroxide solution, suggesting gyroids have the strongest
resistance to corrosion within the TPMS category [40].

At present, research into the electrochemical behaviour has investigated differences
between additive manufactured solid samples and their wrought equivalent, identifying
an increased risk of pitting onset produced in AM manufactured parts, and identifying that
the electrochemical behaviour of wrought samples cannot be extrapolated to modern AM
produced implants as once assumed [8,41,42]. By extension, lattice structures may have the
potential to further increase this risk of pitting onset through the introduction of voids and
crevices whilst also increasing the surface area exposed.

The purpose of the present study is to investigate the effect of introducing TPMS
lattices with varying porosity on the electrochemical performance of 60% and 80% porous
gyroid lattices created by laser powder bed fusion (LPBF), and solid control samples
produced in the same manner. The 60% and 80% gyroid test groups that were selected as a
study by Kelly et al. revealed that 60% samples experienced higher rates of osseointegration
and increased mechanical fixation strength in a bicortical defect model, whilst samples
exceeding 80% porosity were found to show diminishing bone ingrowth and strength [43].
Key identifiers from polarisation testing and qualitative analysis allowed for both the
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severity and susceptibility of samples to be compared, with an initial hypothesis being
that an increase in porosity will increase both the susceptibility and severity of corrosion
encountered.

2. Materials and Methods
2.1. Sample Preparation

Test samples featuring gyroid structures of 60% and 80% porosity as well as solid
control samples were fabricated according to ASTM F3001 by laser powder bed fusion
(LPBF) techniques (ProX DMP320, 3D Systems, Rock Hill, SC, USA) using Ti6Al4V ELI
powder under an inert argon atmosphere. All samples’ external dimensions were 25 mm
length by 10 mm width by 5 mm thickness, with the void volume of the gyroid structures
altered through varying the wall thickness. Table 1 displays the theoretical surface area,
porosity and volume of each test group as extrapolated from CAD (SolidWorks).

Table 1. Sample details derived from CAD (SolidWorks) for solid samples, 60% samples, and 80%
samples with 25 mm by 10 mm by 5 mm external dimensions.

Solid Sample 60% Sample 80% Sample

Test Group Size (n) 6 6 6

Porosity (%) 0 60.1 80.8

Surface Area (mm2) 703 933 824

Volume (mm3) 747 298 144

Excess powder was removed, and all samples underwent hot isostatic pressing (HIP)
per ASTM F3001 (2 h, 900 C, 1000 bar) prior to removal from the build plate by wire
electrical discharge machining. After removal from the build plate, samples underwent a
surface blasting treatment and passivation in nitric acid prior to electrochemical analysis.

The samples were imaged with stereozoom and scanning electron microscopes to
survey the initial surface texture. Following this, surface roughness measurements were
taken with a MarSurf PS10 mobile roughness instrument and were repeated 5 times at
varying locations on the flat surface of the sample. The stylus was set to a traversing length
of 3 mm and both the arithmetic mean surface deviation (Ra) and the 10-point mean surface
deviation (Rz) were recorded.

2.2. Cyclic Potentiodynamic Polarisation (CPP)

Cyclic potentiodynamic polarisation (CPP) testing was conducted on 6 samples from
each test group as described by Munir et al. [44] and in accordance with ASTM Standard
F2129-19 [45]. Test sample holders were constructed and insulated by three coatings of
stop-off lacquer, to prevent corrosion of the stainless-steel clamp and crevice corrosion
between the sample holder and the Ti6Al4V specimen.

Prior to every cyclic potentiodynamic test, the corrosion vessel (700 mL cylindrical
flask) was cleaned by scrubbing and three rinses each of household detergent, de-ionised
water, 95–100% ethanol and phosphate buffer saline (PBS) solution. CPP testing was
completed with the use of a three-electrode polarisation cell featuring the Ti6Al4V sample
(working electrode), an Ag/AgCL reference electrode (3 M KCl) and platinum mesh counter
electrode submerged into the PBS solution regulated at a pH of 7.4 and temperature of
37 ◦C. The electrochemical cell was de-aerated throughout the test via nitrogen (N2) gas
bubbling at a rate of 150 cm3/min. The open circuit potential was recorded after 60 min of
de-aeration under a no current load. Following this, the forward scan was initiated with a
speed of 1 mV/s and a current threshold of 1 A at which the scan was then reversed.
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2.3. Post Corrosion Analysis

Post corrosion, the samples were removed from the potentiostat and photographed
with corrosion by-products on the surface. Following this they were cleaned by submersion
in dichloromethane, followed by overnight submersion in MMA polymer to remove lacquer
stains or discoloration on the surface. Finally, high-pressure water was applied through a
high-pressure washer, at pressures of 120 bar, to remove corrosion by-products from within
the structure. During the high-pressure water cleaning the samples were clamped in place,
with the polymeric vice clamp contacting the edges of the sample that did not undergo
corrosion and were not under investigation.

Quantitative data was collected through both cyclic potentiodynamic polarisation
(CPP) curves and Tafel plots. CPP curves were exported from Nova software into MATLAB
with a smoothing factor of 0.0005 applied to reduce the effect of noise. Multiplication
factors of 0.753 and 0.854 were applied for 60% and 80% porous samples, respectively, with
each multiplication factor representing the ratio of available surface area for solid samples
to porous samples. These factors ensured all CPP landmark data were normalised to an
exposed surface area of 351.6 mm2 to match the solid test group. Tafel plots were then
constructed with OriginPro plotting software utilising 150 mV of data either side of the
OCP or resting potential. Corrosion parameters were extrapolated from OriginPro, with
the corrosion rate being calculated through Faraday’s equation as shown below. As all tests
were conducted on Ti6Al4V alloy the density (ρ) was taken to be 4.5 g/cm2 and equivalent
weight (EW) of 11.9 g [46,47]. As only half of each sample was available to corrode due to
application of stop-off lacquer, the area (A) was taken to be half of the theoretical surface
area shown in Table 1.

Corrosion Rate =

(
3.272× 10−3)× (Jcorr)

10−6 × EW
ρA

(
mm
year

)
(1)

Qualitative analysis was completed through stereo-light microscopy and scanning
electron microscopy at multiple magnification levels. The images obtained were then
utilized to perform two methods of semi-quantitative analysis of the spread and severity.
The spread was determined with MATLAB image analysis software to determine regions
of discoloration and corrosion damage as a percentage of total area, whilst a modified
Goldberg grading scale (as shown in Table 2) was utilised to determine the severity of
corrosion encountered on the surface.

Table 2. Modified Goldberg severity scale utilised to qualitatively grade the surface corrosion [8,44].

Score Severity Criteria

0 No Corrosion No visible corrosion

1 Mild Corrosion Surface is discolored or dull

2 Moderate Corrosion
Surface is discolored, features
shallow pitting and unclear

corrosion boundaries

3 Severe Corrosion
Deep pitting and loss of
surface material. Clear
corrosion boundaries

Statistical analyses for all quantitative and qualitative grading were performed by a
one-way ANOVA using IBM SBSS statistics 26 software (IBM, Armonk, NY, USA) followed
by post hoc comparisons between test groups. These were performed with a null hypothesis
condition of p < 0.05 to determine statistical significance. A student t-test under the same
null hypothesis condition was performed for the surface roughness as only data from solid
and 60% test groups were obtained. Additionally, some conclusions were generated with
p values close to or outside of this null hypothesis. These conclusions were correlated
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through multiple analysis methods to account for the large amounts of scatter as predicted
in ASTM G16 Standard [48].

3. Results
3.1. Pre-Corrosion Analysis

Stereozoom and SEM images at 100× magnification showed all samples to have a
rough surface with high proportions of sintered powder beads at the surface creating a
functional porous structure, as shown in Figure 1. When comparing solid samples to both
groups of porous samples under SEM, the gyroid lattice surfaces were shown to exhibit a
“rippled” surface creating unidirectional folds. Additionally, both the 60% and 80% samples
appeared to exhibit both a higher definition and proportion of sintered beads at the surface
in comparison to the solid samples.

Materials 2022, 15, x FOR PEER REVIEW 5 of 15 
 

 

3. Results 
3.1. Pre-Corrosion Analysis 

Stereozoom and SEM images at 100× magnification showed all samples to have a 
rough surface with high proportions of sintered powder beads at the surface creating a 
functional porous structure, as shown in Figure 1. When comparing solid samples to both 
groups of porous samples under SEM, the gyroid lattice surfaces were shown to exhibit a 
“rippled” surface creating unidirectional folds. Additionally, both the 60% and 80% sam-
ples appeared to exhibit both a higher definition and proportion of sintered beads at the 
surface in comparison to the solid samples. 

 
Figure 1. Stereozoom surface images of a LPBF Ti6Al4V produced; (A) solid sample; (B) 60% porous 
gyroid sample; (C) 80% porous gyroid sample. SEM surface images at 100× magnification of (D) 
Figure 1. Stereozoom surface images of a LPBF Ti6Al4V produced; (A) solid sample; (B) 60% porous
gyroid sample; (C) 80% porous gyroid sample. SEM surface images at 100× magnification of (D)
solid sample; (E) 60% porous gyroid sample; (F) 80% porous gyroid sample. SEM images displayed
increased definition and proportion of beads and “rippling” on the surface of both porous test groups.
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Dross material was observed on both the 60% and 80% samples indicating downward
facing surfaces in relation to the build direction (Figure 2). The dross material was found to
increase both the variability and absolute surface roughness when compared to the concave,
convex and boundary proportions of the test samples.
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Figure 2. Stereozoom surface images of dross material (circled in red) observed in (A) 60% porous
Ti6Al4V gyroid sample and (B) 80% porous Ti6Al4V gyroid sample produced by LPBF.

Surface roughness measurements were then taken along the raised edges of both solid
and 60% samples. These measurements utilized at 3 mm stylus traversing length, resulting
in the 60% sample recordings being completed on the flat edge created at the boundary
and no measurements being completed for 80% samples due to the lack of a straight edge.
These results showed increased surface roughness for 60% samples with the Ra and Rz
values being higher than solid samples as shown in Table 3.

Table 3. Surface roughness measurements of solid samples were compared to 60% porous gyroid
samples. Five repeat measurements of each sample were taken on the flat exterior edge and averaged.
The 80% porous gyroids were excluded due to the lack of an available flat section. A student t-test
was completed to determine significance between groups (p < 0.05).

Solid Samples 60% Samples p Value

Ra (µm) 4.25 ± 0.26 5.46 ± 0.36 0.012

Rz (µm) 23.55 ± 0.86 30.50 ± 1.39 0.003

3.2. Polarisation Results

Through comparing the potentiodynamic polarisation curves after surface area adjust-
ment, it was observed that solid samples displayed superior corrosion resistance as shown
by higher breakdown and vertex potentials. This was followed by 80% porous samples
and then 60% porous samples which were seen to have the most relative susceptibility to
the onset of pitting corrosion, as shown in Figure 3.

It was observed that the majority of samples (12/18) did not feature an intersection
between the reverse scan and forward scan as described in ASTM F2129 standards [45].
However, all samples featured a distinct change of gradient where the reverse scan ap-
proached the forward scan. This change of gradient was closely aligned with the behaviour
of re-passivation (Figure 1A) rather than the open hysteresis loop that occurs in the absence
of passivation (Figure 1B of ASTM F2129) [45]. This change of gradient in the reverse scan
when in close proximity of the forward scan was coined the “near passivation” potential, at
which samples are assumed to have undergone passivation, yet did not intersect due to
current elevations at high voltages.
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Figure 3. Comparison of example cyclic polarisation curves with solid samples shown in black;
80% porous gyroid sample shown in blue; 60% porous gyroid sample shown in red. All sample
results were normalised to match the solid sample’s theoretical surface area of 351.6 mm2. Highest
breakdown and vertex potentials observed in solid samples followed by 80% then 60%.

Landmarks from the polarisation curves were extrapolated and expressed in Table 4.
The open circuit or resting potentials showed no significant difference at low potentials;
however, there were distinct differences observed between test groups with all other CPP
plot landmarks. The solid samples displayed higher breakdown and vertex potentials,
followed by 80% and 60% indicating that solid samples were more resistant to the onset of
pitting corrosion. When investigating the rate of corrosion, the hysteresis between the near
passivation point and the breakdown potential showed no statistical significance between
the test groups. This resulted in no conclusions regarding the rate or severity of corrosion
being made from cyclic potentiodynamic polarisation data alone.

Table 4. Cyclic potentiodynamic polarisation landmark summary—mean values and standard
deviation for each landmark. ** Denotes statistical significance to both groups (p < 0.05). * Denotes
statistical significance to solid samples (p < 0.05) (one-way ANOVA, Tukey).

Solid Samples 60% Samples 80% Samples

Resting Potential (Er/OCP) (mV) −381 ± 110 −247 ± 45 −252 ± 129

Breakdown Potential (Eb) (mV) 2262 ± 245 ** 1590 ± 135 * 1842 ± 128 *

Near Passivation Potential (Enp) (mV) 1839 ± 34 ** 1375 ± 24 ** 1548 ± 59 **

Vertex Potential (Ev) (mV) 3061 ± 141 ** 2137 ± 115 * 2387 ± 195 *

Hysteresis (Eb—Enp) (mV) 423 ± 220 215 ± 122 294 ± 131
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3.3. Tafel Plot Results

Tafel plots were constructed and analysed for 4 out of 6 curves from each group
utilizing data 150 mV either side of the OCP. Those that were not analysed were heavily
affected by noise at low potentials and therefore presented multiple Ecorr peaks; these were
excluded from the analysis. Solid samples demonstrated a higher corrosion current density
per area resulting in a higher corrosion rate per year, whilst both porous samples displayed
similar results as summarized in Figure 4. These results indicated that porous samples
underwent a lower rate or severity of corrosion than solid samples.

Materials 2022, 15, x FOR PEER REVIEW 8 of 15 
 

 

Table 4. Cyclic potentiodynamic polarisation landmark summary—mean values and standard 
deviation for each landmark. ** Denotes statistical significance to both groups (p < 0.05). * Denotes 
statistical significance to solid samples (p < 0.05) (one-way ANOVA, Tukey). 

 Solid Samples 60% Samples 80% Samples 
Resting Potential (Er/OCP) (mV) −381 ± 110 −247 ± 45 −252 ± 129 
Breakdown Potential (Eb) (mV) 2262 ± 245 ** 1590 ± 135 * 1842 ± 128 * 

Near Passivation Potential (Enp) (mV) 1839 ± 34 ** 1375 ± 24 ** 1548 ± 59 ** 
Vertex Potential (Ev) (mV) 3061 ± 141 ** 2137 ± 115 * 2387 ± 195 * 
Hysteresis (Eb—Enp) (mV) 423 ± 220 215 ± 122 294 ± 131 

3.3. Tafel Plot Results 
Tafel plots were constructed and analysed for 4 out of 6 curves from each group uti-

lizing data 150 mV either side of the OCP. Those that were not analysed were heavily 
affected by noise at low potentials and therefore presented multiple Ecorr peaks; these were 
excluded from the analysis. Solid samples demonstrated a higher corrosion current den-
sity per area resulting in a higher corrosion rate per year, whilst both porous samples 
displayed similar results as summarized in Figure 4. These results indicated that porous 
samples underwent a lower rate or severity of corrosion than solid samples. 

 
Figure 4. Average calculated Tafel corrosion rate of samples, with solid samples shown in grey, 80% 
porous gyroid in blue and 60% porous gyroid samples in red. * Indicates 60% samples having sta-
tistical significance to solid samples (p < 0.05) whilst 80% porous samples having p = 0.0532. (One-
way ANOVA, Tukey). 

3.4. Post Corrosion Analysis 
Qualitative observations confirmed that all samples underwent corrosion, with all of 

them showing deposition of corrosion by-products on the surface when removed from 
the potentiostat. Following the cleaning process, five key observations were made as sum-
marized below: 
1. Within test groups there was a high amount of variability in the extent of corrosion 

observed; 
2. Corrosion appeared to initiate and focus on the corners and raised edges of most 

samples (17/18) as expected. See Figure 5; 
3. Corrosion of solid samples was highly interconnected, with finger-like propagations 

extending from the edges; whereas porous samples featured primarily distinct and 
isolated patches across the whole surface as shown in Figure 6; 

Figure 4. Average calculated Tafel corrosion rate of samples, with solid samples shown in grey,
80% porous gyroid in blue and 60% porous gyroid samples in red. * Indicates 60% samples having
statistical significance to solid samples (p < 0.05) whilst 80% porous samples having p = 0.0532.
(One-way ANOVA, Tukey).

3.4. Post Corrosion Analysis

Qualitative observations confirmed that all samples underwent corrosion, with all of
them showing deposition of corrosion by-products on the surface when removed from
the potentiostat. Following the cleaning process, five key observations were made as
summarized below:

1. Within test groups there was a high amount of variability in the extent of corrosion
observed;

2. Corrosion appeared to initiate and focus on the corners and raised edges of most
samples (17/18) as expected. See Figure 5;

3. Corrosion of solid samples was highly interconnected, with finger-like propagations
extending from the edges; whereas porous samples featured primarily distinct and
isolated patches across the whole surface as shown in Figure 6;

4. The dross material observed in porous samples did not directly relate to an increase
in corrosion, with many samples’ dross proportions being unaffected by corrosion;

5. All samples showed breakdown potentials higher than ASTM F2129′s suggestion of
800 mV for evaluation within the physiological environment.

Following qualitative observations, MATLAB image analysis was employed to quan-
tify the spread of corrosion. As shown in Table 5 below, both porous samples showed
greater spread of corrosion across the surface compared to solid samples, with no statistical
difference seen between the 60 and 80% samples.
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Figure 5. Stereozoom images of corrosion coverage on both faces of (A,D) solid sample; (B,E) 60%
porous gyroid sample; and (C,F) 80% porous gyroid sample. All samples are Ti6Al4V and produced
via LPBF. Corrosion was highly variable on sample surfaces and focused on raised edges and sample
corners. Sections of corrosion indicated in red and characterized by discoloration and/or loss of
material.
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Figure 6. Stereozoom comparison of spread and interconnected finger-like propagations of corrosion
on a (A) Ti6Al4V solid sample and isolated patches on a (B) 80% porous Ti6Al4V gyroid sample
produced by LPBF.

Table 5. Corrosion spread analysis, percentage and surface area that experienced corrosion. **
Denotes statistical significance to solid samples p < 0.05 (One-way ANOVA, Tukey).

Solid Sample 60% Sample 80% Sample

Exposed surface area (mm2) 351.57 466.66 411.92

Corroded percentage (%) 14.10 29.66 ** 32.22 **

Corroded surface area (mm2) 49.57 138.40 ** 132.72 **

The Goldberg scale revealed that solid samples experienced the highest percentages of
both no corrosion and severe corrosion, whilst the porous samples showed a larger spread
of mild and moderate corrosion, with a summary shown in Figure 7.
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Figure 7. Semi-quantitative analysis of corrosion severity. Summary of no corrosion, mild, moderate,
and severe corrosion on solid, 80% gyroid and 60% gyroid samples. * Indicates statistical significance
to solid test group (p < 0.5). No significant differences were detected between the two porous groups
(60% and 80% gyroids) (One-way ANOVA, Tukey).
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4. Discussion

The potentiodynamic polarisation curves illustrated that 60% porous gyroid samples
are slightly more susceptible to the onset of pitting corrosion, as indicated by the lower
breakdown potentials when compared to 80% and solid samples. From this, no direct link
was found between decreasing wall thickness and increasing pore size with 80% samples
exhibiting higher breakdown and vertex potentials than 60% samples. These results instead
are believed to follow a mathematical relationship between void volume and surface area
as shown by Grobe-Brauckman [49]. This relationship follows a parabolic curve, and the
breakdown potentials of each gyroid were found to show the inverse relationship as shown
in Figure 8. The Grobe-Braukman curve implies that the largest surface area of a gyroid
regardless of wall thickness or pore size will occur at 50% porosity, which is the location of
zero mean curvature.
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Figure 8. Generalized inverse parabolic relationship between breakdown potential and gyroid area to
void volume ratio. Gyroid area curve adapted from Grobe-Braukman [49]. All values are normalised
to a maximum value of one.

If applicable in this scenario, the relationship indicates that gyroid lattices of 50%
porosity may be most susceptible to corrosion shown by having the lowest breakdown
potentials, whilst high void volumes such as 95% may experience superior corrosion
resistance similar to that of solid samples. As for other TPMS structures, the point of zero
mean curvature with respect to the volume fraction may represent the most susceptible
corrosion volume fraction of that lattice type. Future work would do well to include
additional data points to further understand this relationship to overcome the inherent
limitation of this study, which only investigated solid samples against 60% and 80% gyroid
samples. In application for design of medical implants, the resistance to corrosion must be
considered alongside mechanical performance and void volume for bone ingrowth. Thus,
these factors often require complex tradeoffs depending on the intended clinical use of the
device.

When evaluating the severity of corrosion, the opposite relationship to the suscepti-
bility results was observed with solid samples experiencing the highest rates of corrosion
as indicated by the increased hysteresis loop in CPP curves. This increased hysteresis
loop represents the time taken for the sample to re-passivate after initial damage, with a
larger voltage difference between the breakdown potential and the near-passivation or
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passivation point indicating an increased time to re-passivate and prevention of further
corrosion. The severity was confirmed by Tafel plots where both porous groups exhibited
lower average corrosion rates when compared to the solid test group. Despite 80% samples
failing to reject the null hypothesis (p = 0.0532) through experiencing a large amount of
scatter, the net average was lower than solid samples. This randomized scatter is identified
within ASTMG16 [48] to be prevalent in electrochemical tests due to minor impurities
in sample and/or test materials, and remains a challenge in electrochemical testing and
statistical analysis. However, the combination of both qualitative, hysteresis potentials and
qualitative analysis all correlate one another with the same observation that both porous
groups exhibited a lower severity of corrosion when compared to the solid test group.

Qualitative analysis showed that the solid samples experienced higher rates of severe
corrosion when compared to the 60% porous group (p < 0.05), and both porous groups
instead exhibited higher proportions of mild and moderate corrosion. These observations
were physically observed with solid samples showing interconnected and uniform corro-
sion propagating from the corners, whilst both porous groups were observed to result in
isolated patches of varying severity of corrosion. These isolated patches may be caused by
the increased rippled surface and the presence of unidirectional folds providing multiple
regions for the forced initiation of crevice corrosion. These isolated patches were found
not to correlate with the presence of dross material, instead focused at raised ridges and
edges created at the external rectangular boundary. This observation may be related to
the sharp change of build direction when manufactured, leading to the development of an
uneven protective oxide film. These hypothesized theories support the earlier initiation of
pitting and crevice corrosion in porous gyroid samples; however, gyroid lattices conversely
showed a decreased severity of corrosion. The mechanisms behind this decreased severity
are likely linked to the high and variable voltages, as explained in the limitations below. It
is suggested that further experiments exploring the severity of corrosion of lattice structures
be completed in future studies.

All samples showed breakdown potentials higher than ASTM F2129′s suggestion of
800 mV for evaluation within the physiological environment, indicating that under static
conditions pitting and crevice corrosion should not initiate within the body [45]. This
is supported as the solid samples in this study experienced the highest rate of corrosion
at approximately 0.02 mm/year or 0.5 MPY which is comparable with existing Ti6Al4V
implants, with gyroid samples showing a further decrease in rate [50,51].

5. Limitations

Cyclic potentiodynamic polarisation testing is the accepted method for assessing
pitting corrosion for implant devices, and has been found to be a good general indicator
for corrosion. CPP is limited to only investigate the occurrence of pitting and crevice
corrosion on a stationary sample, meaning it does not account for movement at modular
joints resulting in fretting corrosion, or the synergistic relationship between wear as well as
excluding the effects of infection, inflammation and other biological responses that have
been shown to affect the in vivo corrosion response [15,52,53].

Additionally, ASTM standards predict that oxygen evolution within PBS solution will
occur around 0.5 V (SCE) [45]; at this point oxygen is released from the solution resulting in
elevations of the measured current which are unrelated to the samples corrosion. For this
reason, the current density was only investigated in Tafel plots of the forward scan where the
potential applied had not yet reached 0.5 V at the point of measurement. These elevations at
the threshold current are believed to have created the near passivation potential, resulting
in the curves showing no intersection between forward and reverse scans.

High and variable potentials applied in this study. This test method was selected
to ensure that breakdown of all materials occurred, as a constant current density was
utilized rather than applied voltage. This method allowed for identification of breakdown
potentials to accurately occur, however limited the accuracy of severity analysis as different
samples underwent varying exposure times post breakdown potential with solid samples
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experiencing higher net voltages and increased loading compared to porous samples. These
high potentials required an increased scan rate of 1 mV/s; these larger steps increased the
effect of noise on the lower potentials leading to multiple Tafel plots exhibiting multiple
peaks and therefore could not be used for Tafel corrosion rate analysis. To overcome this
result, it is recommended to complete linear polarisation measurements between −500 mV
and 100 mV with a scan rate of 0.167 mV/s prior to potentiodynamic polarisation to enable
Tafel plot construction with decreased risk of low voltage noise.

6. Conclusions

Cyclic potentiodynamic polarisation testing demonstrated that 60% porous gyroid
samples experienced the lowest resistance to corrosion and had an increased susceptibility
to the onset of pitting. This behaviour was contrary to the hypothesis that increased porosity
would increase the corrosion, with the results aligning with a parabolic relationship between
volume, surface area and susceptibility to corrosion. Additionally, solid samples showed
higher rates of severe corrosion on the surface. This result is believed to be impacted by
both the re-passivation speed of the samples and through the higher voltages encountered
by solid samples. These two key observations in corrosion resistance and severity are
clinically significant as they identify variations in the electrochemical properties with the
same Ti6Al4V material through alteration of the physical shape and structure, which has
not yet been widely documented in literature.
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