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Due to its excellent biocompatibility, pure iron is a very promising implant material, but often features
corrosion rates that are too low. Using additive manufacturing and modified powders the
microstructure and, thus, the material properties, e.g., the corrosion properties, can be tailored for
specific applications. Within the scope of this study, pure iron powder was modified with different
amounts of CeO, or Fe,O3 nanoparticles and subsequently processed by Electron Beam Powder Bed
Fusion (PBF-EB/M). The corrosion-fatigue behavior of CeO, and Fe,O; modified iron was investigated

using rotation bending tests under the influence of simulated body fluid (m-SBF). While the
modification using Fe>O3 showed reduced fatigue and corrosion-fatigue strengths, it could be
demonstrated that the modification with CeO. is characterized by improved fatigue properties. The
superior fatigue properties in air are attributed to the positive impact of dispersion strengthening.
Additionally, an increased degradation rate compared to pure iron could be observed, eventually
promoting an earlier failure of the specimens in the corrosion fatigue tests.

In the biomedical sector additive manufacturing (AM) has become
increasingly important in recent years. This is due to the high design free-
dom and, eventually, the possibilities to specifically adapt the implant to the
patient and location of application'. In addition to other processes in AM,
Electron Beam Powder Bed Fusion (PBF-EB/M) has become widely
established in the past few years”. Due to a high probability of presence of
process-related defects, the fatigue behavior of additively manufactured
components is a key aspect, as defects have a huge effect on the fatigue
behavior of any component™. However, the fatigue strength of AM mate-
rials can be equivalent, or even superior, to that of conventionally processed
material when an adequate microstructure is established and the process
parameters are adjusted to minimize the fraction of or even avoid internal
defects’. It was further shown for PBF-EB/M processed pure iron that based
on an appropriate microstructure design, i.e., a microstructure being
characterized by low angle grain boundaries (LAGB), the fatigue strengths is
superior to conventionally processed materials®.

Materials based on magnesium or zinc have been established as
common biodegradable implant materials within the last few years””.
However, for applications where the implants are subjected to high

mechanical loads, materials with superior mechanical properties,
such as iron, are required’. Here, a possible application are stents, as
iron-based materials are characterized by higher strengths and
Young’s moduli compared to magnesium-based alloys'’. Another
feasible application is the development of degradable intramedullary
nails to avoid explant surgery. At present, intramedullary nails are
often based on titanium materials'’. However, the challenge is to
increase the corrosion and the degradation, respectively, as they are
often too low for in vivo applications'>"”. The corrosion rate of as-
cast pure iron is approx. 0.008 mm/year’. Thus, the main challenge
for the application of pure iron as a biodegradable implant material is
to increase the degradation through the manufacturing process and/
or the related microstructure modification. One possibility here is
microalloying. Various studies have shown that alloying with Mn
significantly increases the corrosion rates compared to pure iron.
Depending on further post-processing, the corrosion rate in Hank’s
solution can be in between 0.12 to 0.29 mm/year™'. Other elements
such as Co, W, C and S also led to an increase in corrosion rates in
Hank’s solution between 0.142 to 0.187 mm/year". These corrosion
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rates are still well below those of magnesium alloys, which can be in
the range of up to 22.5 mm/year'® (in 1% NaCl solution).

Another way for increasing the degradation is the use of constructive
approaches, such as the integration of defined porosities or lattice structures,
or the targeted application of defects stemming from AM processing. In
particular, AM processes can be employed to specifically create open
structures to promote crevice corrosion. In case of an AISI 316 L stainless
steel processed by laser powder bed fusion (PBF-LB/M), it was possible to
show that the corrosion behavior in general does not differ fundamentally
from that of conventionally processed wrought alloys of the same type.
However, the corrosion behavior changes as a result of the process-induced
defects, which lead to a reduction in the re-passivation capability of the AM
processed condition"’.

Besides the geometrical design advantages offered by AM, also
other ways for alloy production and modification can be exploited,
which cannot be realized in conventional processes, e.g., casting. For
example, heterogeneous nucleation promoted by nano-scale particles
can be exploited in the PBF-EB/M process after the addition of oxide
particles, eventually significantly affecting the final microstructure
established. This effect also has been demonstrated for a PBF-LB/M-
processed Al alloy in combination with ZrH, nanoparticles'. In
addition to the grain refinement to be expected, as also shown for
other alloys'®", the oxide particles themselves influence the con-
ductivity within the powder bed in PBF-EB/M and, thus, the man-
ufacturing process”. AM processing and various related aspects
concerning material, synthesis and manufacturing of oxide dispersion
strengthened alloys are detailed and discussed in Wilms et al. *'.

The material modifications presented in the present paper have already
been investigated in a previous study with regard to the resulting micro-
structure and its evolution following AM”. In addition, the mechanical and
the corrosive properties were investigated. The results can be summarized as
follows:

The previous study investigated the effects of different amounts
of Fe,0O; and CeO, nanoparticles on PBF-EB/M processed Fe. A
significant refinement of the grain structure due to the use of oxides
was not observed, as pure Fe is already characterized by relatively
small grains due to the AM-specific intrinsic heat treatment and
multiple phase transformations during layer-by-layer fabrication.
Only the material with the lowest Fe,O; content showed slightly
smaller grain sizes compared to pure PBF-EB/M-Fe. Material mod-
ifications with CeO, were characterized by significant grain coar-
sening compared to pure PBF-EB/M-Fe. Only a slight decrease in
grain sizes with increasing CeO, content was observed, which was
attributed to the higher number of defects in this condition. The
microstructural changes did not affect the texture. Differences seen in
terms of grain sizes were primarily attributed to the different thermal
histories of the material. Differences in prevailing temperatures were
assumed to result from the different electrical resistivities and ther-
mal conductivities of the powder modifications in the powder bed.
The following conclusions can be drawn from the results™:

 The evolution of the microstructure is dominated by the prevailing
temperature level during the PBF-EB/M process, in which always the

same processing parameters were applied. The use of CeO, resulted in a

strong coarsening of the microstructure, mainly due to the higher

process temperatures. Refinement of the grain microstructure by oxi-
des was hardly observed. The smallest grain sizes after PBF-EB/M
processing were observed for pure Fe and for the Fe,O; modification
with the lowest fraction of nanoparticles.

¢ In the case of the Fe,O5; modifications, the resulting grain size clearly
dominated the mechanical properties under quasistatic loading. In
accordance to the Hall-Petch relationship, hardness, ultimate tensile
strength, and yield strength increased with decreasing grain size.

» The mechanical properties showed more pronounced scatter in the
case of CeO,-modified conditions, which was due to the higher
number of AM induced defects.

Pure PBF-EB/M manufactured Fe without any modification already
has been examined regarding its corrosion-fatigue properties in Wack-
enrohr et al.””. The anticipated benefits of achieving a finer microstructure
through PBF-EB/M processing, which could enhance fatigue life through
the Hall Petch relation™, were counterbalanced by defects introduced
during the process, such as pores and lack of fusion. These defects further
promoted the corrosion rates and, thus, the degradation.

As a continuation of the research in refs. 20 and”, the modified
materials initially processed by Torrent et al”* were investigated for their
combined corrosion and fatigue properties in the present study. The
objective here is to find a material condition with superior fatigue properties,
which simultaneously fails earlier under the additional influence of corro-
sion. This condition is thought to be a perfect basis for a material with an
increased degradation for the later use as degradable implant material.

Results

Corrosion-fatigue behavior of Fe,O; modified PBF-EB/M-Fe
The results of the corrosion-fatigue tests in simulated body fluid (m-SBF) for
the Fe,O5; modified conditions are shown in Fig. la-c in the form of S-N
curves (stress amplitude Ao/2 plotted over the number of cycles N). For
better comparability, the results of pure PBF-EB/M-Fe from a previous
study have been recompiled from Wackenrohr et al.””. For clarity, the test
duration is also indicated on the x-axis.

For the condition with the lowest addition of Fe,O5 (Fig. 1a), the fatigue
strength is slightly increased compared to the pure PBF-EB/M-Fe, especially
in the high cycle fatigue (HCF) regime. One specimen reached the endur-
ance limit (set as 5x 10° Cycles) at 200 MPa, so the fatigue strength is
increased by around 50 MPa compared to pure PBF-EB/M-Fe. For the tests
under additional corrosive influence, the 0.011 wt.-% Fe,O; modified
condition also shows slightly increased fatigue strength and is, on average,
about 50 MPa higher compared to the pure PBF-EB/M-Fe. An increase in
the degradation, which would lead to an earlier failure and, eventually, to a
steeper slope of the trendline, was not observed. The material state with a
medium addition of oxides (0.022 wt.-% Fe,O;, Fig. 1b) generally shows an
increased scatter in the fatigue life. In general, the fatigue strength decreases
compared to the condition with the lowest addition of Fe,O; (Fig. 1b),
especially in the low cycle fatigue (LCF) range. Due to the more pronounced
scatter, no clear conclusion can be drawn on the course of the individual
trend lines for the 0.022 wt.-% Fe,O5; modified condition. For the condition
with the highest addition of Fe,O5 (0.045 wt.-% Fe,Os, Fig. 1c), scatter
increases again, so that the trend lines do not allow any clear comparison
and interpretation, respectively. However, in general the fatigue strength
decreases after adding higher amounts of oxides, i.e., more than 0.022 wt.-%
of Fe,03, compared to the pure PBF-EB/M-Fe.

Corrosion-fatigue behavior of CeO, modified PBF-EB/M-Fe

The results of the corrosion-fatigue tests for the CeO, modified conditions
are displayed in Fig. 2a-c. The material condition with the lowest addition of
CeO, shows hardly any change in fatigue behavior compared to the PBF-
EB/M-Fe (Fig. 2a). This holds true for the tests without and with additional
corrosive influence. With increasing CeO, content (0.016 wt.-% CeO,, Fig.
2b), the fatigue strength increases in the specimens tested without corrosive
influence. The slope of the trendline decreases significantly in this case,
compared to the pure PBF-EB/M-Fe. In addition, one specimen reached the
endurance limit at 200 MPa. In the HCF regime the fatigue strength
improved by about 50 MPa compared to the PBF-EB/M-Fe. Under addi-
tional corrosive influence, it can be seen that the fatigue behavior has hardly
changed compared to the condition modified with 0.008 wt.-% CeO, An
increase in the degradation, which would lead to a steeper slope of the
trendline, was not observed for the conditions modified with 0.008 wt.-%
CeO, and 0.016 wt.-% CeO,_The largest impact on the fatigue properties
can be seen for the condition with the highest fraction of CeO, (Fig. 2¢).
Without additional corrosive influence, the fatigue strength is significantly
increased, as indicated by the lower slope of the trend line. The endurance
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Fig. 1 | S-N-curves focusing on the Fe,O3 modified material states and pure
PBF-EB/M-Fe. a Fe+ 0.011 wt.-% Fe,O5 b Fe+ 0.022 wt.-% Fe,O3, ¢ Fe+ 0.045
wt.-% Fe,0s.

limit was found to be around 300 MPa, which was reached by one specimen.
Compared to the PBF-EB/M-Fe the fatigue strength is about 100 MPa
higher in the LCF range and 150 MPa higher in the HCF range. However,
under additional corrosive influence there is a significant increase in the
degradation. The specimens fail at distinctly lower number of cycles, so that
no specimen reached the endurance limit. In general, the test results of the
condition with the highest amount of CeO, are subject to more pronounced
scatter compared to the conditions with a lower amount of oxides.
Fracture surfaces were examined by scanning electron microscopy
(SEM). Figure 3 a depicts a representative fracture surface for Fe+ 0.031 wt.-
% CeO, tested in air (Ac/2 =350 MPa, 1.5 x 10* cycles). On the fracture
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Fig. 2 | S-N-curves focusing on the CeO, modified material states and pure
PBF-EB/M-Fe. a Fe-+ 0.008 wt.-% CeO,, b Fe+ 0.016 wt.-% CeO,, ¢ Fe+ 0.031
wt.-% CeO,.

surface areas suffering lack of fusion (LoF) defects as well as less defective
areas with fatigue-induced striations (Fig. 3b, ¢) can be seen. Figure 3d shows
a specimen of Fe+ 0.031 wt.-% CeO, that was tested under the additional
influence of corrosion (Ac/2 = 350 MPa, 3.3 x 10* cycles). The formation of
corrosion products on the fracture surface is clearly visible.

Discussion
Various influences of the particle modification on the manufacturing
behavior and microstructure evolution have already been detailed and
discussed in Torrent et al.”’. Hence, the following discussion is limited to the
corrosion-fatigue behavior of the modified conditions.

The approach to increase corrosion and degradation, respectively, for
pure iron using powder modification before AM has already been
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Fig. 3 | Representative images depicting fracture
surfaces obtained by SEM (secondary electron
contrast). a Fatigued Fe+ 0.031 wt.-% CeO, speci-
men tested in air (Ao/2 = 350 MPa, 1.5 x 10* cycles)
with an overview of the entire fracture area, areas
with b LoF defects and c fatigue-induced striations.
d Fatigued Fe+ 0.031 wt.-% CeO, specimen tested
under mechanical load and corrosion (Ao/

2 =350 MPa, 3.3 x 10* cycles).

Fig. 4 | Micrographs of the material conditions in focus. All relevant directions are labeled. a Pure PBF-EB/M-Fe, b Fe+ 0.011 wt.-% Fe,Os, ¢ Fe+ 0.022 wt.-% Fe,O3, d Fe+
0.045 wt.-% Fe,03, e Fe+ 0.008 wt.-% CeO,, f Fe+ 0.016 wt.-% CeO,, g Fe+ 0.031 wt.-% CeO,.

successfully accomplished in various studies, e.g., by adding manganese and
silver, respectivel 426 However, to the best of the authors’ knowledge, in-
depth studies on the corrosion-fatigue behavior of such alloys, as well as
nanoparticle-modified alloys, are not yet available. In previous studies
reporting on the corrosion-fatigue behavior of pure iron, it was shown that
in case of PBF-EB/M processed conditions the degradation significantly
increased compared to the conventionally processed condition, as indicated
by a reduction in fatigue life under additional corrosive influence. The

increased degradation of the PBF-EB/M-Fe was attributed to the increased
defect density following AM™.

For the Fe,O; modification, neither an increased density of process
induced defects nor a change in texture could be detected in previous
studies™ (cf. Table 2). However, in the present study the fatigue strength is
found to be inferior with increasing Fe,O; content. This is in line with the
results of the previous mechanical investigations (cf. Table 2). The
mechanical properties showed decreasing tensile strengths and yield
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strengths with increasing amounts of Fe,O3. The test results are therefore in
good agreement with the Hall Petch relation™. It can accordingly be deduced
that the changes in the mechanical properties can mainly be attributed to the
altered properties during PBF-EB/M manufacturing, i.e., changes in thermal
history due to variations in electrical resistivities and thermal conductivities
of the powder bed. The Fe,O; itself is thought not to cause any significant
change in the microstructure in this case. The more pronounced scattering
seen for the Fe,O; modified conditions points at an inhomogeneous dis-
tribution of defects and pore sizes, respectively, which lead to inhomoge-
neous stress and strain distribution during fatigue testing. The impact of
defects on fatigue properties and structural integrity of AM processed
materials is subject of comprehensive research since years and has been
summarized, e.g. in Zerbst et al.””. In the present study the Fe,Oj; particles do
not appear to have any further strengthening effect such as dispersion
hardening, which would lead to increased fatigue strength at least for a
number of specimens, where defects are not located in direct vicinity of the
surface (i.e., for specimens located at the upper bound of the scatter band).
Due to the even more pronounced scatter of results, no clear trends in the
corrosion-fatigue properties can be observed. Still, in direct comparison to
the tests conducted in air a decreased fatigue strength becomes obvious.
In contrast, the modification with CeO, shows promising results. With
increasing content of CeO, the fatigue strength increases. At the same time
the degradation increases, as can be seen from the different slopes of the
trend lines within the S-N curves. The increase in degradation is also in good
agreement with the increased corrosion rates reported in previous studies
(see Table 2). In particular, the material condition with the highest CeO,
content shows the highest initial corrosion rates (1.2 x 10~" mm/year).
These characteristics are of highest importance for the degradation beha-
vior, especially under cyclic loading, since the protective oxide layer is
repeatedly broken up at the crack tip. In addition, the oxide particles seem to
form local galvanic elements that additionally promote degradation.
Obviously, the condition with the highest amount of CeO, shows a more
pronounced scattering compared to the pure PBF-EB/M-Fe. This is prob-
ably due to the increased defect density (cf. Fig. 4g). It was found in previous
investigations that this modification is characterized by a more

Table 1| Process parameters used for PBF-EB/M processing®

Strategy Preheat Melt
Meander, 90° I=15mA 1=12.25mA
Hatch only v=12,000 mm/s v =4000 mm/s

Layer =0.05 mm 12 repetitions Hatch =0.08 mm

inhomogeneous defect distribution as well as pore size variations™, even-
tually resulting in scattering of results under fatigue loading. It is expected
that these defects also increase the degradation through their role as possible
crack initiators and by promoting crevice corrosion. Still, the modification
by CeO, seems to be characterized by an increased damage tolerance, so that
the fatigue strength is not severely affected by those defects when tested
without additional corrosive influence (cf. Fig. 2c). It is likely that localized
effects stemming from dispersion strengthening play a role at this point,
however, in situ studies focusing on initiation and growth of major defects
under fatigue loading have to be conducted in future studies to clarify these
effects. Clearly, the mechanical properties under quasistatic loading are not
affected to the degree expected (cf. Table 2). The examination of the fracture
surfaces for Fe+ 0.031 wt.-% CeO, revealed areas clearly suffering LoF as
well as areas showing well-defined fatigue-induced striations (without any
process-induced defects being present). No agglomerations of the CeO,
nanoparticles were found on the fracture surface. This indicates a homo-
geneous distribution of the particles in the matrix, which further supports
the rationale of dispersion strengthening. In summary, the role of CeO, with
respect to the corrosion-fatigue behavior is not yet fully understood. Thus,
the focus in future investigations is to further increase the amount of CeO,
nanoparticles used for powder modification. A well-balanced composition
is aimed for, ie, a composition being characterized by simultaneous
increase of fatigue strength as well as degradation, where both characteristics
interact synergistically. These future studies, also exploiting the potentials of
advanced in situ characterization techniques, will allow to achieve an in-
depth understanding of the impacts of modification by CeOs,. Finally, the
high damage tolerance of the CeO,-modified states will be exploited to
enable a specific adjustment of the porosity as an additional option to tailor
the degradation properties of the implant material.

Methods

Powder modification and PBF-EB/M processing

Details on powder modification using Fe,O; and CeO, and subsequent
processing via PBF-EB/M are provided in Torrent et al.”’. For processing an
Arcam A2X PBF-EB/M machine (ARCAM AB, Molndal, Sweden) was
used, the process parameters are listed in Table 1.

Material properties (recompiled from Torrent et al.*)

The material was investigated in detail in a previous study with
regard to its microstructural properties, its mechanical characteristics
and its electrochemical properties. The main data from these
investigations are summarized in Table 2. The corrosion rates were
calculated on the basis of electrochemical impedance spectroscopy

Table 2 | Material properties of the different material modifications, recompiled from Torrent et al.*°

E-PBF-Fe Fe+ 0.011 wt.- Fe-+ 0.022 wt.- Fe-+ 0.045 wt.- Fe+ 0.008 wt.- Fe+ 0.016 wt.- Fe-+ 0.031 wt.-
% Feo03 % Feo03 % Feo03 % CeO, % CeO, % CeO,

Microstructural properties
Average grain size in pm 27 23 29 48 67 66 54
Density in % 99.96 99.96 99.96 99.97 99.78 99.88 99.46
Mechanical properties
Tensile yield strength 267 275 211 179 192 219 181
(0.2%) in MPa
Ultimate yield strength 304 313 281 266 229 295 272
in MPa
Total elongation in % 59.3 53.5 50.0 52.2 37.8 52.2 57.0
Hardness, HV 1 86 85.5 81 73 77 82.5 75.5
Electrochemical measured corrosion rates
Corrosion rate in mm/year  6.0x10° 2.2x1072 2.8x1072 2.7x1073 1.1x1072 3.9x1072 1.2x107"
after 0 min
Corrosion rate in mm/year 1.2x10" 5.3x1072 59x1072 7.2x1072 8.9x1072 6.3x1072 1.2x107"

after 1435 min
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Fig. 5 | Equipment for corrosion fatigue testing.
a Specimen geometry used for fatigue testing,

b schematic detailing the test setup applied for
corrosion fatigue testing.
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é |
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(EIS) data. The procedure and the analysis are described in Torrent
et al.”’ in detail. It should be stated that a variation of the measured
corrosion current density based on the surface state of the selected
samples is not included in Table 2. The presented data should
therefore be regarded as basis of discussion of the qualitative corre-
lation between Fe,O3 and CeO, contents and the corrosion rate.

The microstructure for the different material conditions is
shown in Fig. 4a-g. The grains that appear slightly darker result from
the selective etching carried out using 2% alcoholic nitric acid. The
building direction (BD), transversal direction (TD), normal direction
(ND) and the loading direction (o) are indicated in the figure. In
addition to the different grain sizes (see Table 2), a slight increase in
porosity can be seen for the state with the highest CeO, content (Fig.
4g). This could not be observed for the other material states (cf. also
Table 2). Regardless of the degree of modification, all conditions are
characterized by a ferritic microstructure.

Fatigue testing and specimen preparation

For the fatigue tests, rods with a diameter of 13 mm and a length of 59 mm
were manufactured by PBF-EB/M. The final geometry was machined by
turning and is shown in Fig. 5a, the building direction (BD) is labeled. Due to
machining, no defects being related to the rough surface resulting from PBF-
EB/M processing remained. All specimens were electrolytically polished. A
surface roughness of R, <0.1 um was obtained after polishing. The speci-
mens were subjected to a rotating bending load at 1000 min~" on a Zwick
Roell 200tCO. The endurance limit was set to 5 x 10° cycles. The stress
amplitude (Ao/2) was varied between 50 MPa and 550 MPa at a stress ratio
of R=—1. For the additional corrosive influence, the specimens were
constantly wetted with a m-SBF solution during the experiment. The
composition of the m-SBF used is detailed in Oyane et al.**. The m-SBF
solution was formulated to mimic the composition of blood plasma, with the
exception of adjusting the concentration of HCO® to accommodate the
presence of calcites. The solution constantly dripped from above onto the
specimen at a flow rate of 150 ml x h™". The rotation of the specimen pro-
motes the formation of a constant liquid film on the specimen with a
thickness of approx. 1 mm. The test setup is shown schematically in Fig. 5b.
The temperature of the electrolyte was 25 °C. Based on the test frequency
and the specified endurance limit, a maximum test duration of 83.3 h was
set. For further details on the test setup readers are referred to previous
studies™”.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.
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