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Highlights

1. This is the first study about the corrosion fatigue behavior of selective laser melted (SLM)
biodegradable porous iron based on diamond unit cells. A novel test setup was developed that
complemented the fatigue test machine and ensured that cyclic loading on the specimen could
occur in circulated r-SBF at 37 °C.

2. AM porous iron exhibited high fatigue resistance with fatigue strengths being 70% and 65%
of yield stress in air and revised simulated body fluid (r-SBF), respectively.

3. How biodegradation and cyclic loading affected each other were investigated at both
macro and micro scales. The observed high fatigue strength and slow biodegradation rate

underline the importance of AM porous iron as a promising bone-substituting material.

Abstract
The corrosion fatigue behavior of additively manufactured topologically ordered porous iron
based on diamond unit cells was studied for the first time to understand its response to cyclic
loading in a simulated physiological environment. The material exhibited high fatigue
resistance with fatigue strengths being 70% and 65% of yield stress in air and revised
simulated body fluid, respectively, mainly due to its slow degradation and excellent ductility.
However, cyclic loading significantly increased biodegradation rate, especially at higher
stress levels. The observed extraordinary fatigue strength, slow biodegradation and high

ductility underline the importance of porous iron as a promising bone-substituting material.

Keywords: Additive manufacturing; selective laser melting; iron scaffold; corrosion fatigue;

biodegradation.



1. INTRODUCTION

Additively manufactured (AM) bio-inert porous metals, such as titanium, stainless steel, and
cobalt-chromium alloys, have been excessively studied as promising materials for orthopedic
implants over the last few years [1-5]. AM provides a unique possibility to precisely control
the freeform topology of such biomaterials, which presents an unparalleled opportunity,
given that it allows for tailoring the mechanical properties of porous structures so as to mimic
those of the human bone [6]. Moreover, the interconnected pores of topologically ordered
porous biomaterials support cell proliferation and propagation [7]. However, bio-inert
metallic implants permanently stay in the body, which is not ideal, especially for young
patients [8]. Even for the adult patient population, there is always a risk that a second surgery
is needed, particularly when chronic local inflammatory reactions occur [9].

Using biodegradable metals, such as magnesium, iron, and zinc alloys, could address the
above-mentioned limitation of bio-inert porous metals by adding biodegradability to the
already impressive list of the advantages that AM porous metallic biomaterials offer. Despite
their distinct advantages, there were only a few studies on the development of AM
biodegradable metallic scaffolds for orthopedic applications and electrodeposition [10],
ink/binder-jetting [11-13] have been used. It is, however, difficult (if not impossible) to use
these methods to create fully interconnected porous structures with complex external shapes
and intricate internal architectures in combination with adequate stiffness and strength. The
first reports of applying selective laser melting (SLM) to fabricate topologically ordered
biodegradable porous metals, such as magnesium and iron [14, 15], have just appeared in the
literature. The quasi-static mechanical properties of those topologically ordered AM porous
metals have been found to remain in the range of the values reported for trabecular bone even

after 4 weeks of in vitro biodegradation [14, 15].



Quasi-static mechanical properties alone are, however, not enough for understanding how
biomaterials function under physiological load. Bone-substituting biomaterials including AM
biodegradable porous metals are expected to undergo millions of cycles of mechanical
loading [16, 17], and may therefore experience fatigue fracture, even when the maximum
stress experienced by the material is less than its yield stress. In the case of biodegradable
metals, the complexity of understanding the dynamic nature of the fatigue behavior is
compounded by the fact that biodegradation and fatigue mutually affect each other. Moreover,
both the topological design of the porous structure and material type affect the fatigue
behavior of AM porous biomaterials, even for bio-inert metals [2]. Taken together, the
isolated and coupled effects of all above-mentioned factors make for a complex multi-
factorial biodegradation-, topology- and material-dependent fatigue phenomenon that
requires a detailed systematic study to unravel. The research on the fatigue behavior of AM
biodegradable porous metals has just begun with one single study on AM porous magnesium
(the WE43 magnesium alloy) [18]. No comparable studies exist for AM porous iron or for
any other type of biodegradable porous metals.

In this paper, we present the results of the first study ever on the fatigue behavior of AM
porous iron. As the major mode of loading in orthopedic porous implant is compression
[19], the compression-compression loading mode was chosen for this work. In particular, we
carefully designed our study so as to understand some of the above-mentioned aspects
regarding the fatigue behavior of AM biodegradable porous metals and to distinguish
between the roles of different factors. The topological design was, for example, kept constant
(i.e., being similar to the previous study on magnesium) to decouple the effect of material
type on corrosion-fatigue behavior from that of topological design. We performed all our
experiments both in air and in revised simulated body fluid (r-SBF) using a novel test setup

that complemented our fatigue test machine and ensured that cyclic loading on the specimen



could occur in circulated r-SBF at 37 °C [20]. This parallel design of the study allowed us to
investigate the mutual effects of biodegradation and cyclic loading on each other.

2. MATERIAL AND METHODS

2.1. Scaffold manufacturing and post processing

Iron scaffolds with diamond unit cells (a strut thickness of 200 um and a unit cell size of 1
mm) were designed by using Magics (Materialise, Belgium) to have a height of 10.5 mm, a
diameter of 10 mm and a relative density of 20% (Fig. 1a and b). A ProX DMP 320 machine
(3D Systems, Belgium) with the DMP Suite software (3D Systems, Belgium) was used for
direct metal printing of the samples using the selective laser melting (SLM) technique. We
used a nitrogen gas atomized Fe powder (Material Technology Innovations Co., Ltd., China)
(Fig. 1c) with the following characteristics: purity: 99.88%; particle sizes: D10=32 pm,
Dso=48 pm, and Dgo=71 um; morphology: spherical; apparent density: 4.09 g/cm?; tap
density: 4.88 g/cm?; angle of repose: 157 °; carbon content: 0.0044%. The powder was
deposited in layers of 30 um thick. Only contours but no hatch vectors were used (0.33
W/mm energy density) during the printing process. The samples were built on a steel base
plate and later on removed by means of electrical discharge machining (EDM). Powder
particles entrapped in pores were removed through ultrasonic cleaning in 96 % ethanol for 20
min. Then, the samples were chemically cleaned in 50% HCI for 1 min to remove residuals
from EDM and loose powder particles, followed by 5 min ultrasonic cleaning in 96% ethanol
to wash out HCI. The bulk density of AM porous iron and the porosity within the struts were
determined using the Archimedes’ method.

2.2. Characterization of microstructure

Electron back-scattered diffraction (EBSD) data were collected using an HKL Nordlys II
detector at a step size of 200 nm attached to a JEOL JSM-6500F field emission gun scanning

electron microscope (FEGSEM). Image quality (1Q) and inverse pole figure (IPF) maps were



reconstructed by using the commercial software TSL OIM® Analysis. Samples for EBSD
analysis were prepared by grinding, mechanical polishing up to 1 um diamond abrasives in
liquid suspension, and further mechanical polishing using 0.04 um silica oxide.

2.3. Fatigue tests in air and in r-SBF

Compression-compression fatigue tests were performed at a minimum to maximum stress
ratio of 0.1, a frequency of 15 Hz, and six different stress levels (maximum stress): 0.65ay,
0.70y, 0.750y, 0.80y, 0.850y and 0.9ay, Where oy is the yield stress (=28 MPa [15]) using an
electro-dynamic mechanical testing machine (Instron E10000 ElectroPlus with a 10 kN load
cell). The tests were stopped when specimens failed, unless failure did not occur
until 3x10° loading cycles (which lasted 2.3 days). The stress applied without causing failure
after 3x10° loading cycles is defined as fatigue strength. Corrosion fatigue tests were
performed by using the same machine equipped with a double-wall specimen chamber
designed and manufactured in-house (Fig. 1c). Corundum was used as the material of the
compression head. The specimen was immersed in 300 ml circulated r-SBF [20] inside the
chamber throughout the test. The temperature of r-SBF was held at 37 °C and the flow rate
was controlled at 1.2 ml/min [21] with a peristaltic pump. Purging of CO> at 5% was
maintained during the test. The ratcheting strain rate [22] per cycle was calculated as d/(emax
+ emin)/2]/dN, where emax and emin are the maximum and minimum axial strains in a cycle,
respectively, and N is the number of cycles. The influence of biodegradation on the fatigue
strength was evaluated by the reduction ratio of fatigue strength (RRFS) [17], i.e., (oair —
ossr)/oair, Where oair and osgr are the fatigue strength in air and in r-SBF, respectively. Iron
(pre), calcium and phosphate ion concentration in the r-SBF solution was determined using an
inductively coupled plasma optical emission spectroscope (ICP-OES, iCAP 6500 Duo,

Thermo Scientific). Then, the biodegradation rate was calculated based on the iron ion



concentration data: vor=(prexV)/t, where V is the volume of the r-SBF and t the immersion
time. All the tests were performed in triplicates for each stress level.

2.4. Static immersion tests in r-SBF

Static immersion tests were carried out in 300 ml r-SBF at 37 °C without any mechanical
loading for comparison purposes. The immersion time was in accordance with that of the
corrosion fatigue tests at three stress levels: 0.650y (55.5 h), 0.754y (5.5 h), and 0.94y (1 h). lon
concentration and biodegradation rate was determined similarly as mentioned above in
section 2.3. All the tests were performed in triplicates for each immersion time.

2.5. Characterization of corrosion products

The morphologies and compositions of the corrosion products on the surface of the
specimens after the biodegradation tests with and without cyclic loading were analyzed with
a scanning electron microscope (SEM) equipped with energy-dispersive X-ray spectroscopy
(EDS) (SEM, JSM-IT100, JEOL). An accelerating voltage of 15 kV was used for the EDS
analyses.

2.6. Characterization of crack morphology and distribution

The morphologies of the cracks appearing after the corrosion fatigue tests were examined
using a SEM (JSM-IT100, JEOL). EBSD analysis was performed to reveal the grain
orientations around the cracks. The first nearest-neighbor Kernel Average Misorientation
(KAM) maps, calculated from EBSD data, was chosen to represent the local misorientations.

After the fatigue tests, the specimens were mounted in resin and polished up to 1 pm
diamond abrasives in liquid suspension. A Keyence VHX5000 digital microscope was used
to observe fatigue crack distribution on the cross section of the entire specimen.

2.7. Finite element (FE) modeling

Simulations with the finite element method (FEM) were conducted using the commercial

software package Abaqus (Dassault System Simulia Corp, France) to study the stress



distribution in the fatigue specimens. Single diamond unit cell was developed as the
representative volume elements (RVE) of the porous structure. The RVE models were
subjected to a compressive load of 0.654y. The contours of the first principal stress of the
RVE models were extracted to study stress concentrations.

2.8. Characterization of strain accumulation

X-ray diffraction (XRD) pattern was generated by using an X-ray diffractometer (Bruker D8
Advance diffractometer in Bragg-Brentano geometry). The diffractometer was equipped with
a graphite monochromator and Vantec position sensitive detector and operated at 45 kV and
35 mA with a step size of 0.0214° and a dwell time of 3 s per step using Co Ka radiation. The

top surface of the scaffold was aligned with the goniometer axis. The struts on the top were aligned

with the direction of the X-ray beam. The full width at half maximum (FWHM) was determined
using the “Create Area” function of the Bruker-Eva software. The XRD analysis was
performed in triplicates.

2.9. Statistical analysis

Differences in biodegradation rate between the groups with and without cyclic loading were
analyzed using one-way analysis of variance (ANOVA), followed by post-hoc Turkey test. A
p-value below 0.05 was assumed to indicate a statistically significant difference (p <0.05,
*: n.s. = not significant).

3. RESULTS

3.1. Porosity and microstructural features of the AM iron scaffolds

The bulk porosity of the AM iron scaffolds was 73.2 £ 0.1%. Th porosity within the struts
was determined to be 0.8% + 0.1%. Melt lines were not visible on the cross section of SLM
iron scaffold struts (Fig. 2a). Only several elongated grains along the length of the strut were
observable. The microstructures of the SLM iron scaffolds were featured by a combination of

mostly equiaxed fine grains, several irregular large grains and ultra-fine grains. IPF mapping



and pole figures (PF) showed that the grains had no preferred growth orientation (Fig. 2b and
c).

3.2. Degradation-affected fatigue behavior

Strain ratcheting rate increased with increasing stress level both in air and in r-SBF (Fig. 3a).
However, at the same stress level, the strain ratcheting rates of fatigue specimens in air and in
r-SBF overlapped with each other. The S-N curves showed that the fatigue strength of the
AM iron scaffolds decreases from 0.7y in air to 0.650y in r-SBF (Fig. 3b). Thus, the RRFS of
the AM iron scaffolds was 0.08.

At the macro-scale, there were no visual differences between the fatigue specimens tested in
air and in r-SBF (Fig. 3c). At 2% strain before failure, neither the specimens tested in air nor
the ones tested in r-SBF showed any obvious visual changes (from outside). Even at 5%
strain, no fracture plane was observable under either condition (Fig. 3c). Instead, the structure
of the iron scaffolds slipped slightly sideways (Fig. 3c).

3.3. Fatigue-affected degradation behavior

The biodegradation rates of all specimens tested under cyclic loading increased as compared
to those of the specimens subjected to static immersion tests (Fig. 3d). The increase was more
significant at a higher stress level (compare the corrosion rates at e.g., 0.750y and 0.90y).
Moreover, the biodegradation rate increased with rising stress level (Fig. 3d).

Under cyclic loading, both Ca and P ion concentrations in r-SBF were lower than those in
static immersion (Fig. 3e and f). For the Ca ion concentration, the differences were
significant at 0.650y and 0.75ay, while for the P ion concentration, the differences were
significant at 0.650y and 0.90y.

EDS analysis revealed that the corrosion products all contained C, O, P, Ca and Fe elements.
At the same immersion time, specimens under cyclic loading had higher P and Ca contents in

their corrosion products (Fig. 4). Moreover, pits, as a result of localized degradation, were



only found on iron scaffold struts subjected to cyclic loading (Fig. 4b, d and f), while the
degradation of iron struts without mechanical loading occurred uniformly (Fig. 4a, c and e).
3.4. Fatigue crack distribution and characterization

Under 0.9y cyclic loading, at 2% strain, cracks initiated mostly at the strut junctions and
were distributed randomly within the whole scaffolds (Fig. 5a and b). There was no obvious
increase in the number of cracks in the specimens tested in r-SBF as compared to that tested
in air. At 5% strain, the cracks became wider and longer (Fig. 5¢ and d). However, no cracks
that had propagated through the entire strut were found. The failure modes of the specimens
tested in air and in r-SBF were similar. Under cycling loading, struts were still interconnected
while several layers of struts in the middle of the specimens glided (Fig. 5¢ and d). At 0.650y,
although the specimen did not fail after 3x10° loading cycles both in air and in r-SBF, cracks
in the scaffolds had already initiated (Fig. 5e and f). Unlike fatigue tests at the highest stress
level (i.e., 0.9ay), more cracks had initiated in the specimens tested in r-SBF than those tested
in air (compare Fig. 5e and f).

From the SEM images of crack morphology, it could be inferred that cracks preferentially
initiated from the surface at the junction of struts both for the specimens tested in air and for
those tested in r-SBF (Fig. 6). At 0.94y, cracks coexisted with pits that were formed as a result
of localized degradation (Fig. 6f). At 0.65ay, no cracks in the specimens tested in air were
observed. In r-SBF, however, pits as a result of localized degradation near the cracks were
found, being similar to the specimens subjected to cyclic loading at 0.94y (Fig. 6i).

FE modeling indicated tensile stresses being concentrated at the strut junctions, while
compressive stresses were present mostly in the body of the struts (Fig. 6j).

EBSD analysis showed the crack propagation to be transgranular (Fig. 7a and b). Moreover,
there were no preferred orientations of the cracks with respect to the grains (Fig. 7b). KAM

maps indicated that there were more concentrations of maximum average intragranular
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misorientations around the cracks in the fatigue specimens tested under 0.9y cyclic loading
than those subjected to 0.65a0y cyclic loading and in the as-built specimens (Fig. 7c, d and e).
Obviously, these disorientations did not develop to such an extent that grain splitting was
activated.

3.5. FWHM of the iron scaffolds

XRD showed no marked differences in peak intensity between the specimens before and after
the fatigue tests at 0.65 and 0.90y (Fig. 8a). However, FWHM slightly increased after the
fatigue test at 0.90y (Fig. 8b), while at 0.654y, FWHM remained almost the same as the as-
built specimen at low Bragg angles. Interestingly, the FWHM values even decreased at high
Bragg angles (Fig. 8b).

4. DISCUSSION

For the first time ever, we systematically studied the fatigue behavior of AM topologically
ordered biodegradable porous iron both in r-SBF and in air. The parallel design of the study
allowed us to unravel two novel aspects of this category of AM biomaterials: (i) the effect of
material type on fatigue behavior and (ii) the mutual influences of biodegradation and cyclic
loading. Interestingly, while biodegradation only slightly decreased the fatigue strength of
porous iron from 0.70y in air to 0.650y in r-SBF, cyclic loading significantly increased its
biodegradation rate, particularly at higher stress levels. This is very different from AM
porous magnesium [18] both quantitatively and qualitatively. Quantitatively speaking, the
fatigue strength of AM porous iron is about 2-3 times higher than that of AM porous
magnesium both in air and in r-SBF. In qualitative terms, the effect of biodegradation on the
fatigue life of the porous WE43 magnesium alloy was much stronger than that of porous iron.
The effect of cyclic loading on the biodegradation rates of porous iron and WE43 magnesium
was, however, quite significant and in that sense were not quite different. While some of

these differences (e.g., the effect of biodegradation on fatigue life) can be easily explained by
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the faster biodegradation of WE43 [14], explaining other observations (e.g., higher fatigue
strength in air) requires a more in-depth analysis. For one thing, the intrinsic mechanical
properties of the material itself must be the main reason that pure iron is much more ductile
than the WE43 magnesium alloy. For another, printing quality, e.g., the difference in surface
morphology and defects, such as internal pores, can affect the fatigue performance of all AM
metallic scaffolds to different extents [23].

Further morphological and microstructural examinations of fatigue-tested porous iron showed
that fatigue cracks preferably initiated at the strut junctions of the specimens tested both in air
and in r-SBF. In r-SBF, localized degradation accelerated by cyclic loading may have
promoted crack initiation. A higher degradation rate at a higher stress level could be
contributed by higher internal stresses, according to EBSD and XRD analysis. Unlike
titanium scaffolds [24], crack tips in the iron scaffolds were found to be blunt instead of
being sharp, because of the good ductility of the latter. The cycle number that an implant
needs to sustain in the first months after surgery is typically between 0.1x10° and 1x10°
cycles [25]. The average patient’s walking activity is around 2x10° cycles per year [3]. In this
study, the SLM iron scaffolds did not fail at 0.655y up to 3x10° cycles in r-SBF, making it
qualified as a highly fatigue-resistant biodegradable porous biomaterial.

4.1. Effect of microstructure on biodegradation and fatigue behavior

Microstructure can influence both the biodegradation behavior and fatigue behavior of a
material. SLM iron was found to have a higher degradation rate than the cold-rolled
counterpart [15], as SLM led to the formation of fine grains. Generally, as SLM involves
rapid solidification and high cooling rates, resulting grain sizes are usually much finer than
those of conventionally manufactured counterparts. According to the classical solidification
theory, grain morphology is determined by the ratio of thermal gradient, G, and solidification

rate velocity, R [26]. On the top of the melt pool, the grains are more likely to be fine and
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equiaxed, because of low G/R ratios [27, 28]. At the bottom of the melt pool, however, the
thermal gradient is greater than that on the top and heterogeneous nucleation may be induced
when the previous layer is re-melted. Columnar grains may thus be formed at the bottom [29].
Moreover, unlike previously reported AM solid iron [30, 31], the AM porous scaffolds had
only a limited number of elongated grains oriented in parallel with the length of the strut.
This indicates that the effect of directional solidification would not be as strong as in the case
of the solid counterpart. As the struts of the iron scaffolds were built in a tilted direction, the
scanning contours were offset layer by layer, which could be the reason why some grains
were elongated along the length of struts. Columnar grain growth may be restrained by the
formation of equiaxed grains on the surface of the melt pool. When the re-melted depth is
smaller than the equiaxed grains [32], a mixture of fine equiaxed grains and columnar grains
will be formed. Furthermore, the microstructure of SLM porous iron being different from that
of solid parts can also be caused by different thermal boundary conditions, as the melt pool is
surrounded much more by a powder bed (with low thermal conductivity) when scanning a
strut. Small grains increase the area of grain boundaries that are more reactive in the
corrosive medium [33-35]. In fact, the increased biodegradation is beneficial, given the fact
that the biodegradation rate of iron is normally considered to be too low [36, 37]. In terms of
the fatigue behavior, fine grains are usually capable of inhibiting crack initiation and
increasing the number of barriers to early crack propagation [38]. Moreover, the good
ductility of pure iron itself can improve the fatigue properties of AM iron scaffolds. As the
stress concentration factor, Kt, and fatigue notch factor, Ky, are both important for the fatigue
behavior, the notch sensitivity g, i.e. (1- Kr)/(1- Ky), is frequently used to express the degree
of difference between these two quantities. Kr is dependent not only on the specimen
geometry but also on the material properties [39]. For a material with good ductility, as the

plastic deformation in the vicinity of crack tips reduces the influence of stress concentration
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on crack growth, Kt is normally lower than Ks [40, 41]. The notch sensitivity, g, is therefore
lower for ductile materials than brittle ones [41]. The failure mode of the iron scaffolds is
different from that of the AM porous titanium reported in the literature [2]. There was no
fracture plane through the iron scaffolds (Fig. 3c) and the cracks were blunting (Fig. 5c, Fig.
6¢) instead of propagating sharply through the whole strut. As discussed above, this could be
attributed to the high ductility of iron.

In addition, defects, such as pores caused by lack of fusion, may affect the fatigue behavior of
AM iron as well. Internal pores and unmelted powder particles on the strut surface could both
serve as stress concentration sites for fatigue crack initiation [2]. As the internal pore volume
fraction was found to be negligibly low in the present AM iron scaffolds, it would be
beneficial for their fatigue resistance.

4.2. Effect of cyclic loading on biodegradation

The corrosion products formed on the surface of scaffold struts could fall off under cyclic
loading, as their mechanical properties are totally different from those of the iron substrate.
Furthermore, the extrusion and intrusion of persistent slip bands during cyclic loading may
break up the layer of corrosion products at the surface [17]. In addition, pitting potentials
under cyclic loading are much smaller than those without stress, and the pitting potentials
decrease with increasing stress level [42-45]. The acceleration of pitting degradation may
promote intergranular degradation [42]. For topologically ordered porous structures, stress
distribution follows a certain pattern. Taking the diamond unit cell lattice structure as an
example, tensile stress tends to be concentrated at the strut junctions according to the results
obtained from FE modeling (Fig. 6j). Concentrated tensile stress can cause micro residual
stress and local strain, which can be seen in the KAM maps (Fig. 7c and d) and FWHM (Fig.
8b). KAM quantifies the average misorientation around a measurement point with respect to

a defined set of nearest neighbor points [46]. It therefore provides a qualitative measurement

14


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pore-volume

of the distribution of micro residual stresses or local strains [47]. Local strains cause
dislocations to slip and multiply in iron grains. Because of the barrier effect of grain
boundaries, the slipped dislocations pile-up at these interfaces and normally this phenomenon
IS more obvious at higher cyclic stress levels [42]. FWHM is related to the dislocation density
and the so-called type Il micro residual stresses [48]. For the specimens tested under the
loading stress level of 0.94y, there were more obvious local strain concentrations around the
cracks (Fig. 7c), leading to larger FWHM values (Fig. 8b) than those tested at 0.650y.
However, as the curvature of AM porous materials does not allow for accurate FWHM
readings, the increase of FWHM values is not obvious. The slip bands and dislocation pile-
ups at the strut junctions are the preferred sites for cracks to initiate because of stress
concentration [49]. Consequently, cyclic loading increased the degradation rate of the
specimens in r-SBF. This increase was substantial at higher stress levels (Fig. 3d). The
increased biodegradation rate was confirmed by the analysis of ion concentrations (Ca, P) in
r-SBF (Fig. 3e and f). The faster biodegradation rate may favor the formation of corrosion
products. The rise of pH value may facilitate the precipitation and deposition of phosphates,
including Mgs(POa)2, Cai0(PO4)s(OH)2, and Fes(POa)2-8H20 [50]. Indeed, for the specimens
in r-SBF under cyclic loading, the concentrations of Ca and P ions were lower in r-SBF,
while more Ca and P contents were found in the corrosion products (Fig. 4).

4.3. Effect of biodegradation on fatigue properties

In addition to crack initiation and propagation, strain accumulation can affect the fatigue
properties of a porous metallic structure [24, 51]. At the early stages of fatigue testing, the
fatigue behavior of the iron scaffolds is controlled by strain ratcheting, which may be caused
by the cyclic strain ratcheting of the unit cell [52, 53]. Higher stresses leads to higher
ratcheting strain rates of the unit cells. As cyclic loading progresses, the cyclic softening of

porous metallic structure starts to contribute to crack initiation and propagation as well [24,
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51, 54]. In this study, the strain ratcheting rates of the iron scaffolds in air and in r-SBF were
quite similar (Fig. 3a), probably because the overall amount of biodegradation was quite
small. For example, under cyclic loading at 0.94y, only 0.07+0.03 mg iron was lost from the
specimen after fatigue testing (Fig. 3d). Such a slight mass loss would not substantially
weaken the entire scaffold. However, according to the S-N curve, at the same stress levels,
the fatigue strengths of the Fe scaffolds all decreased from those in air to those in r-SBF (Fig.
3b). The localized biodegradation occurring to the specimens in r-SBF could be the main
reason behind this, as the pits created could act as the preferred sites for crack initiation (Fig.
6f and i) [55]. Furthermore, biodegradation could accelerate fatigue crack propagation, as
anodic reaction or hydrogen embrittlement might occur at the crack tips [56].

In r-SBF, the above-mentioned slip bands and dislocation pile-ups (section 4.2) could
increase the chemical and electrochemical potentials [42, 57]. Iron ion dissolution at or near
dislocations and slip bands may form pits, which will in turn introduce higher stress
concentrations [56]. Crack may then initiate as soon as the local stress concentration reaches
a certain value. In addition, it has been reported that iron oxide could be easily formed on
fresh slip bands due to its high chemical activity [56]. Subsequently, if the previously
extruded slip bands intrude back, some hard iron oxides may be carried into the surface of the
specimen. The corrosion products can impede the normal slipping of slip bands and, thus,
may initiate cracks. At a high stress level, the mechanical damage may play a more important
role than the corrosion attack in crack initial propagation [47]. This may be the reason why at
0.90y, crack initiation did not show clear differences between the specimens in r-SBF and in
air, while at 0.650y, there were more cracks initiated at the strut junctions in the iron scaffolds
tested in r-SBF, as compared to the specimens tested in air (Fig. 5e, f).

5. CONCLUSIONS
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The AM porous iron exhibited extraordinarily high fatigue resistance, even when fatigue was
accompanied and influenced by biodegradation in r-SBF. Indeed, biodegradation only
reduced the fatigue strength of the SLM iron scaffolds from 0.70y in air to 0.654y in r-SBF.
On the other hand, cyclic loading significantly accelerated the biodegradation rate, especially
at higher stress levels. Cracks preferred to initiate at the strut junctions where tensile stresses
were concentrated. Cyclic loading introduced micro strain-favored pit formation, which in
turn promoted crack initiation. The extraordinarily high fatigue resistance and slow
degradation rate make AM porous iron a promising biodegradable metallic material for bone
substitution.
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Figure captions:

Figure 1. lron scaffold design and corrosion fatigue test setup: (a) diamond unit cell; (b)
scaffold; (c) corrosion fatigue test setup. BD: building direction.

Figure 2. EBSD characterization of AM iron scaffold struts on the longitudinal section: (a)
IQ map; (b) IPF map; (c) PF. BD: building direction; SLD: strut length direction.

Figure 3. Fatigue behavior of the AM iron scaffold specimens in air and in r-SBF: (a)
ratcheting rate; (b) S-N curve; (c) failure mode; (d) degradation rate; (e) Ca and (f) P ion
concentrations.

Figure 4. Corrosion products analysis: (a) (b) surface morphology of as-built specimen; (c)
(d) specimens after static immersion in r-SBF (c) and after fatigue test in r-SBF under 0.9cy
dynamic loading (d); (e) (f) specimens after static immersion in r-SBF (e) and after fatigue
test under 0.750y dynamic loading (f); (g) (h) specimens after static immersion in r-SBF (Q)
and after fatigue test under 0.65cy dynamic loading (h). Arrow: EDS analysis points; red
square: localized degradation and higher magnification overlay; scale bar: (a) 500 um; (b-h)
50 pm.

Figure 5. Fatigue crack distributions in the whole scaffold: (a) (b) specimens after fatigue
test till 2% strain in air (a) and in r-SBF at 0.9cy (b); (c) (d) specimens after fatigue test till 5%
strain in air (c) and in r-SBF at 0.9cy (d); (e) (f) specimens after 3x10° cycles of fatigue test at
0.65cy in air (e) and in r-SBF (f). Circles: cracks; area between two parallel lines: deformed
struts; scale bar: 200 um.

Figure 6. Fatigue crack morphologies: (a) (b) (c) specimen after fatigue test until 5% strain
in air at 0.90y; (d) (e) (f) specimen after fatigue test until 5% strain in r-SBF at 0.9cy; (g) (h)
(i) specimen after 3x10° cycles of fatigue test in r-SBF at 0.65ay; (j) stress distribution in a
diamond unit cell under compressive loading. Circles: cracks; square: pitting.

Figure 7. EBSD characterization of the fatigue crack track in air: (a) 1Q map of the specimen
tested at 0.9oy; (b) IPF map of the specimen tested at 0.9oy; (¢) KAM map of the specimen
tested at 0.96y; (d) KAM map of the specimen tested at 0.65cy; () KAM map of the as-built
sample.

Figure 8. XRD analysis of the AM porous iron before and after the fatigue test in air at 0.9cy:
(@) XRD patterns; (b) FWHM.
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Figure 1. Iron scaffold design and corrosion fatigue test setup: (a) diamond unit cell; (b)
scaffold; (c) corrosion fatigue test setup. BD: building direction.
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Figure 2. EBSD characterization of AM iron scaffold struts on the longitudinal section: (a)
1Q map; (b) IPF map; (c) PF. BD: building direction; SLD: strut length direction.
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Figure 3. Fatigue behavior of the AM iron scaffold specimens in air and in r-SBF: (a)
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concentrations.
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Figure 4. Corrosion products analysis: (a) (b) surface morphology of the as-built specimen;
(c) (d) specimens after static immersion in r-SBF (c) and after fatigue test in r-SBF under
0.96y dynamic loading (d); (e) (f) specimens after static immersion in r-SBF (e) and after
fatigue test under 0.75cy dynamic loading (f); (g) (h) specimens after static immersion in r-
SBF (g) and after fatigue test under 0.650y dynamic loading (h). Arrow: EDS analysis points;
red square: localized degradation and higher magnification overlay; scale bar: (a) 500 um; (b-
h) 50 pum.
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Figure 5. Fatigue crack distributions in the whole scaffold: (a) (b) specimens after fatigue
test till 2% strain in air (a) and in r-SBF at 0.9cy (b); (c) (d) specimens after fatigue test till 5%
strain in air (c) and in r-SBF at 0.9cy (d); () (f) specimens after 3x10° cycles of fatigue test at
0.650y in air (e) and in r-SBF (f). Circles: cracks; area between two parallel lines: deformed

struts; scale bar: 200 pm.
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Figure 6. Fatigue crack morphologies: (a) (b) (c) specimen after fatigue test until 5% strain
in air at 0.9oy; (d) (e) (f) specimen after fatigue test until 5% strain in r-SBF at 0.9cy; (g) (h)
(i) specimen after 3x10° cycles of fatigue test in r-SBF at 0.65cy; (j) stress distribution in a
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diamond unit cell under compressive loading. Circles: cracks; square: pitting.
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Figure 7. EBSD characterization of the fatigue crack track in air: (a) IQ map of the specimen
tested at 0.9cy; (b) IPF map of the specimen tested at 0.9cy; (¢) KAM map of the specimen
tested at 0.9cy; (d) KAM map of the specimen tested at 0.65cy; () KAM map of the as-built

sample. Scale bar: 25 pm.
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Figure 8. XRD analysis of the AM porous iron before and after the fatigue test in air at 0.9cy:
(@) XRD patterns; (b) FWHM.
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