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Corrosion fatigue behavior of electron beam melted iron in
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Pure iron is very attractive as a biodegradable implant material due to its high biocompatibility. In combination with additive
manufacturing, which facilitates great flexibility of the implant design, it is possible to selectively adjust the microstructure of the
material in the process, thereby control the corrosion and fatigue behavior. In the present study, conventional hot-rolled (HR) pure
iron is compared to pure iron manufactured by electron beam melting (EBM). The microstructure, the corrosion behavior and the
fatigue properties were studied comprehensively. The investigated sample conditions showed significant differences in the
microstructures that led to changes in corrosion and fatigue properties. The EBM iron showed significantly lower fatigue strength
compared to the HR iron. These different fatigue responses were observed under purely mechanical loading as well as with
superimposed corrosion influence and are summarized in a model that describes the underlying failure mechanisms.
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INTRODUCTION

Additive manufacturing (AM) is of increasing importance in
biomedicine technology due to the high design freedom and
low-cost production of small series'. Moreover, it is also possible
to specifically adapt the microstructure by adjusting the cooling
rates and thermal gradients within the manufacturing process,
thus changing the microstructural and mechanical properties®™.

In addition to the pure mechanical properties resulting from the
different microstructures, the corrosion behavior also needs to be
specifically adapted to match the demands set by use in
biodegradable implants®. For example, the corrosion behavior
can be adjusted by varying the microstructure of the material® or
the surface morphology’~°. The number of studies addressing the
corrosion behavior of additively manufactured structures is small.
Yet, studies on the corrosion behavior of 316L have already shown
that pitting corrosion phenomena can be attributed to the surface
porosity of the AM-manufactured structures'®.

Depending on the location of an implant within the body, it
might be subjected to pronounced cyclic loads during its lifetime.
Defects caused by AM can significantly reduce the service life''~'3,
If defect formation can be avoided, the service life of AM
manufactured components can be as long as those of con-
ventionally manufactured components'. Studies on defect
tolerance with respect to fatigue behavior of martensitic steels
have shown that small sharp defects can be regarded as
equivalent to a crack’® and thus significantly shorten the fatigue
life. Such defects can occur as a result of AM processes, for
example, in the form of lack of fusion (LOF)'®. In addition to the
defects, the type and texture of the AM microstructure can
significantly influence crack growth, and thus fatigue life'’. If the
microstructure is specifically designed to curtail crack nucleation
or growth, the fatigue strength can even be increased compared
to conventionally manufactured components, e.g., ref. ',

In addition to common biodegradable materials such as zinc or
magnesium'®2, there is also a need for other types of materials

with better mechanical properties, such as iron?'. Iron as an
implant material has already been successfully investigated in
several animal studies®2 For instance, stents made of iron were
tested on the coronary arteries of pigs>. Studies on white rabbits
also showed positive results with regard to biocompatibility, but
the stents featured too low degradation rates in the in vivo
experiments to be used as a biodegradable implant material®*,
Various studies have shown promising approaches to increase the
corrosion rates compared to pure iron by using special alloy
systems. In particular, Fe-Mn based alloy systems show signifi-
cantly increased corrosion rates in body fluids compared to pure
iron?2252¢_ Tailored manufacturing processes and the associated
microstructure design can also increase the degradation rates®2.
The influence of different manufacturing methods on the
microstructure and mechanical properties was shown by Hufen-
bach et al. using an Fe-Mn-C(-S) alloy?’?8, By microalloying with
S and applying high cooling rates, a fine austenitic microstructure
with small MnS precipitates could be achieved in the casting
process, which led to an increase in yield strength and ultimate
tensile strength and further accelerated the corrosion rates?’. For
the same alloy, it was shown that processing by selective laser
melting (SLM) resulted in even better mechanical properties with
respect to the strength properties. However, the corrosion rates in
simulated body fluid (SBF) decreased compared to the cast
condition due to a more homogeneous degradation mode?.
Other iron-based biodegradable alloys and their corrosion rates
are summarized in Zheng et al.?'. In addition to conducting
degradation measurements based on weight loss or other
methods such as optical coherence tomography?® it is important
to investigate the effects of degradation on the fatigue behavior
of the materials as carried in this study.

Another way to adapt the degradation rates is to adjust the
microstructure only by the manufacturing process and the related
process parameters. This has the advantage that the biocompat-
ibility of the iron is not compromised by alloying elements.
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Approaches to microstructure design using equal channel angular
pressing (ECAP)*° or annealing as well as electroforming show
promising results in increasing the corrosion rates of pure iron®'.
Another approach is the use of porous materials. It has already
been shown that porous implants based on Fe0.8P exhibit good
biocompatibility, but the degradation rate must be increased for
application as bone substitutes®2. However, the degradation rates
can be significantly higher when the material is subjected to
external cyclic loads, as has already been shown for AM
manufactured porous pure iron3334 However, these processes
partially limit the possible designs of the implants.

The present study provides a possible solution to this problem.
Commercially pure iron (cp Fe) processed by electron beam
melting (EBM) is compared with conventionally hot rolled (HR)
iron. The processing by EBM allows tailoring the microstructure,
which in turn can be exploited to adjust the corrosion and
degradation rate. EBM has become a standard AM process in
recent years. In this process, a metal powder is selectively melted
with an electron beam layer by layer. The process is carried out in
a vacuum at high temperatures®. In this present study the

Fig. 1
direction (TD) marked in the figures.

microstructure, corrosion properties and fatigue properties of the
HR iron and EBM iron are compared and discussed.

RESULTS

Microstructures of hot rolled and of electron beam melted
iron

The microstructure of the two material states was analyzed by
optical microscopy (Fig. 1) and electron backscatter diffraction
(EBSD) (Fig. 2). The rolling and the building direction are indicated
in the vertical direction. In Figs. 1 and 2, the difference in the
average grain size (27 um for the EBM iron and 60 um for HR iron)
is obvious. For both materials, a clear ferritic microstructure is
present. The slightly darker appearing grains in Fig. 1 are due to
the selective etching by alcoholic nitric acid (2%). From the EBSD
analysis in Fig. 2a (HR material) it becomes obvious, that the single
grains show some small internal orientation deviation, i.e., the
color coding in each grain varies more than in the compared EBM
manufactured condition. However, the grain boundary map (not

Micrographs of the two material states. a HR iron, b EBM iron with rolling direction (RD), building direction (BD) and transverse

Fig. 2 EBSD orientation mappings with indication in normal direction (ND). a HR iron, b EBM iron. The rolling direction (RD), the building

direction (BD) and transverse direction (TD) are marked in the figures.
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Fig. 3 Analysis of the porosity of the EBM iron. a p-CT scan of a randomly selected volume in the area of the sample seed of the EBM iron
with the detected defect distribution, b histogram of the pore distribution in the probed volume (partly recompiled from ref. 37).
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Fig. 4 S-N curves for both material states. Fatigue life in rotating
bending for HR iron (with data from refs. '®3#) and EBM iron.

shown) reveals primary high angle grain boundaries (HAGB,
misorientation angle > 15°3%) for both material states.

The porosity of the EBM-processed material was determined by
analyzing a micro-computed tomography (u-CT) scan. Since the
specimen’s edge layer can lead to imprecise measurements, the
volume considered for data evaluation was inside the specimen
and set to =3.35 mm?>. The pores detected are depicted in Fig. 3a.
The largest pore had a maximum length of 38.5 um. The size
distribution of the pores is shown in Fig. 3b based on the
equivalent pore diameters®’. The equivalent pore diameter
corresponds to the diameter that an ideal spherical pore would
have with the same volume as the actually measured pore. Most
of the pores were in the range of up to 5um. Based on all
detected pores, the pore volume and the measured volume were
set in relation, resulting in a relative density of >99.99 vol.-% for
the EBM manufactured specimen. Here it has to be noted that
other defects such as lack of fusion (LOF) are hardly detectable
with the p-CT due to their low layer thickness.

Fatigue behavior of HR and EBM iron

The results of the fatigue tests are shown in Fig. 4 as S-N curves.
Samples that reached the defined endurance limit of 5x 10°
cycles and had not failed are marked by an arrow. For the HR iron,
single samples reached the maximum number of cycles at
225 MPa. The fatigue strengths correspond well with the results
for hot rolled ARMCO iron published by Bruder for similar rotating
bending tests*®. The S-N curve of the EBM iron is shifted on
average by 75 MPa to lower values than the one obtained for the
HR iron. Thus, the fatigue strength of 150 MPa is significantly lower
than the values reported for EBM iron in previous studies'®. This
demonstrates the large effects of the process conditions in the
additive manufacturing and the resulting change in microstruc-
ture. The slightly larger difference between the two lines for high
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cycles can be attributed to small defects from the EBM process
that often have a shortening effect on the fatigue life at a high
number of cycles394°,

Figure 5 depicts scanning electron images of the fracture
surfaces after the fatigue tests. These images were taken from
areas remote from the surface, i.e, these are areas that are
unaffected by surface defects. A complete overview of the fracture
areas is shown in Fig. 5a for the HR iron and in Fig. 5d for the EBM
iron. The location for the detailed images is also indicated. The
fatigue fracture represents about 90 % of the total fracture area for
both conditions. For the HR iron, distinct striations can be seen
(Fig. 5b). In addition to the areas where fatigue crack propagation
is evident, there is also pronounced plastic deformation on the
specimen surface due to overload failure (Fig. 5¢). In contrast, the
EBM iron shows areas with LOF on the fracture surface (Fig. 5f) in
addition to the typical fatigue striations (Fig. 5e).

The fracture surfaces of the EBM iron were further examined.
Figure 6a shows areas where LOF could be detected. The areas
where LOF is present show dimensions of up to 100 pm x 400 um.
These LOF-areas were independent of the area of observation.
LOF usually results from gas entrapment during AM*!, so that the
defects are present in the inner parts of the specimens. After
preparing the fatigue specimens by turning (described in detail in
the “Methods” section), areas with LOF can be present in the
surface layer where they can cause crack nucleation and
additionally can promote crevice corrosion in the corrosion
fatigue tests. Figure 6b shows an area with LOF reaching the
surface of a fatigued specimen.

Microstructure after fatigue testing

Figure 7 shows EBSD images of fatigued HR and EBM iron
specimens after failure. The samples were cut such as to reveal the
crack paths of the secondary fatigue cracks. The loading direction,
which is equal to the rolling (HR iron) or build direction (EBM iron)
is indicated in the figure. The areas shown have a distance of
=200 um to the primary fatigue crack that led to the ultimate
failure of the specimen. For the HR iron, the secondary fatigue
crack with a length of about 400 um clearly propagated in a
transcrystalline manner (Fig. 7a). In the wake of the crack, slight
microstructural orientation deviations are visible, indicating local
plastic deformation. For the crack propagation, no change in
direction can be observed within the individual grains. The EBM
iron also shows transcrystalline crack propagation, but the EBSD
images revealed no local changes in crystallographic orientation in
the wake of the crack (Fig. 7b). This is in accordance with the
brittle features seen in the SEM images (Figs. 5f and 6) and EBM
iron shows several small fatigue cracks (<100 um) in the subsur-
face region of the specimen. Additionally, branching of the cracks
can be observed. These fracture characteristics might indicate a
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Fig. 5 Representative images of the fracture surface using secondary electron contrast mode. a Fatigued HR iron specimen (250 MPa, 9.1 x
10° cycles) with an overview of the entire fracture area b striations and ¢ areas of ductile fracture; fatigued EBM iron specimen (250 MPa, 1 x
10° cycles) with d overview of the entire fracture area e striations and f areas with LOF.

.S

Fig. 6 Fracture surfaces with LOF defects. a Fatigued EBM specimen (400 MPa, 2.5 x 10% cycles) with areas of LOF, b fatigued EBM specimen
(325 MPa, 3.4 x 10* cycles) with areas of LOF at the specimens surface.
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Fig. 7 EBSD orientation mappings of fatigued specimens with indication in normal direction (ND). a HR iron (250 MPa, 2.3 x 10° cycles)
b EBM iron (250 MPa, 1 x 10° cycles); see main text for details; the rolling direction (RD), the building direction (BD) and transverse direction

(TD) are marked in the figures.
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Fig. 8 OCP data. Shown for EBM iron and HR iron as a function of the immersion time in m-SBF.

weaker bonding of the material within the matrix caused by
process-related defects like pores or LOF. In addition, these
defects will also locally change the stress state, which can promote
a transcrystalline failure mode.

Corrosion kinetics of HR and EBM iron in m-SBF

The transient of the open circuit potential (OCP) for iron samples
during immersion in modified simulated body fluid (m-SBF) is
shown in Fig. 8. Both surfaces were etched in Nital solution for 5s
prior to the exposure to m-SBF. The transients show a substantial
incubation time of about 40-50 min for the EBM sample while HR
iron reaches the potential of actively corroding iron much faster.
Electrochemical impedance spectroscopy (EIS) results of the
samples exposed to m-SBF are shown in Fig. 9a, b in the form
of Bode plots. Both samples show a time-dependent decrease of
the impedance. However, the EBM processed sample shows
higher initial impedance values in comparison to HR iron in
agreement with the transient of the free corrosion potentials in
Fig. 8. In agreement with the decreasing impedance values, the
phase angle for low frequencies shifts to low values indicating a
more and more dominating Ohmic resistance due to the initiation
of interfacial corrosion reactions*>=%4,

In Fig. 10, the change in impedance values is plotted for a
frequency of 0.1 Hz. After a sharp drop in corrosion resistance in
the initial phase of immersion for alloys, EBM iron shows a slightly
higher corrosion resistance. However, for extended times of
exposure this difference seems to diminish, most probably due to
the formation of similar corrosion product layers.

From Fig. 10, both samples reach a nearly constant low
frequency impedance value after about 3h. The extended
incubation time for the EBM sample is clearly seen in the
substantial drop in the low frequency impedance occurring after
the onset of the experiment. Even after the incubation time, the
corresponding impedance values at 0.1 Hz are higher for EBM iron
in comparison to HR iron. The phase minimum at about 5 Hz for
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both samples indicates impedance values that are influenced by
the double layer capacitance (cf. Fig. 9). Also in this region, the
EBM sample shows higher impedance values and the phase
minimum is at lower frequencies in comparison to the HR sample.

For a more thorough analysis of the EIS data, the corresponding
spectra were fitted using an established equivalent circuit for
porous surface layer coated metals, which is also often used for
modelling corrosion layer covered alloy surfaces in corrosive
media**~**. To take into account a non-uniform interface, the
capacitance is exchanged by a constant phase element, CPE*2. The
measured spectra could be fitted well with this equivalent circuit.
The equivalent circuit fitting the corrosion film is shown
schematically in Fig. 11.

The results of the modelling are shown in Table 1a, b. In
agreement with the qualitative analysis of the impedance at
0.1 Hz, the calculated pore resistance vales reveal that the EBM
sample shows initially less corrosion activity leading to the already
discussed incubation time. However, for extended immersion
times the sum of pore and charge transfer resistance values tends
to be rather similar which might indicate the contribution of the
barrier effect of the formed corrosion scales at the m-SBF/iron
interface.

After the EIS studies, the samples were rinsed with Millipore
water and dried in a stream of nitrogen. This process led to a
removal of loosely adhering corrosion products and thereby
allowed for the electron spectroscopy of the metal interface.

X-ray photoelectron spectroscopy (XPS analysis) was then used
to quantify the formed surface composition in comparison to
polished sample. The corresponding compositions are shown in
Table 2 and the relevant Fe2p, as well as OTs spectra, are depicted
in Fig. 12a-d and Fig. 13a-d. The compositions as measured by
XPS did not show significant changes in the surface chemistry of
both iron samples after the immersion at OCP (see Table 2). The
increase in the oxygen to iron ratio indicates a surface oxidation
process. In addition, minor changes could be attributed to the

npj Materials Degradation (2022) 18
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Fig. 9 Evolution of EIS data. Shown for a HR iron and b EBM iron upon immersion in m-SBF solution.
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Fig. 10 Impedance values. Shown for both material states at 0.1 Hz as a function of the immersion time in m-SBF.
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adsorption from m-SBF electrolyte and the surface preparation
(polishing, etching in Nital (HNOs)/methanol)).

However, the analysis of the Fe2p and O7s element spectra (see
Figs. 12, 13) showed a change in the contribution of oxidation
states within the surface oxide film and the formation of
oxyhydroxides in all cases. The fitting of the Fe2p peaks and the
contribution of the underlying metallic iron could be assigned to
the peak at 706.8 eV and the oxidation states of iron in the passive
film were fitted to the literature®>4°.

Not surprisingly, the contribution of Fe" is significantly increased
for both HR iron and EBM iron after immersion in m-SBF in
comparison to the Nital etched state. In addition, the XPS data of
the Fe2p peak indicate that the formed surface layer is slightly
thicker for the EBM iron sample as the ratio of the oxidic to metallic
contribution is decreased from 26.4% to 11.4% for HR iron and
from 24.9% to 8.8% for EBM iron. According to Grosvenor et al. the
respective oxide layer thickness can be calculated*’, however, the
complexity of mixed oxide states and additional adventitious
carbon only allows a rather qualitative estimation of the related

Fig. 11 Equivalent circuit of the corrosion film. Describing the
covered surface of the Fe-substrates immersed in m-SBF.

S. Wackenrohr et al.

thickness changes. An increase of an oxide layer thickness from 2.5
(+/— 0.2) nm to 3.5 (+/— 0.2) nm was estimated.

The O7s data shown in Fig. 13 indicate that the surface film after
the immersion in m-SBF consists of FeOOH as indicated by the
OH-contribution at 531.5 eV.

Fatigue behavior in m-SBF
The results of the fatigue tests under the superimposed corrosive
influence of m-SBF are shown in Fig. 14. For comparison, the
results under pure mechanical load from Fig. 4 are included. The
test duration is also indicated on the x-axis. For both material
conditions, the increasing corrosion effect upon lowering the
stress amplitude, i.e., increasing test duration, is reflected in the
significantly shorter fatigue life compared to purely mechanical
fatigue testing. In the range of stress amplitudes tested, no EBM
iron specimen reached the endurance limit of 5x10° cycles.
Samples that reached the endurance limit are marked by an arrow.
In Fig. 14, there is a significant difference in the slopes of the
trend lines of the corrosion fatigue tests. Especially for the EBM
iron, the trend line is significantly steeper compared to HR iron. By
contrast, for the fatigue tests under purely mechanical loading, the
trend lines of the two material states have nearly identical slopes
(cf. Fig. 4). At first glance, this contradicts the results of the
corrosion studies where the EBM iron showed a higher corrosion
resistance (cf. Fig. 10). However, this discrepancy can be explained
by the presence of pores and LOF, which result in crevice
corrosion leading to a shortening of fatigue life. Especially at a
high number of cycles, these defects have an increasingly
shortening effect on the fatigue life over the increasing test
duration3°40,

Table 1. Summary of the evaluated resistances and CPE from fitting the EIS data shown in Fig. 10 for (a) HR iron and (b) EBM iron.
Time Rpo (©-cm?) Ret (Q-cm?) Rs (Q-cm?) CPE, (S-52"/cm?) CPEg (S-s? Y/cm?) Goodness of fit
CPE 1 al CPE dI adl
(@) HR iron
0min 85 2599 88 42x1074 0.79 42x107% 0.74 95x107°
4 min 262 1460 88 38x107* 0.81 1.9x 1074 0.84 1.2x 1074
15 min 2341 1117 85 1.4x107% 0.85 24x107% 0.85 6.5x107°
1h 659 2576 78 1.2x107% 0.87 1.5x 1074 0.53 1.6x 1074
2h 736 1257 76 1.5x107% 0.85 29x1074 0.57 1.3x107%
3h 412 1534 76 1.5x107* 0.86 24x107% 0.53 1.2x107%
5h 548 1418 76 1.5%x107% 0.86 23x107* 0.56 1.3%x1074
10h 424 2262 75 1.0x107* 0.89 1.7x107* 0.59 9.4x10°
15h 367 3491 75 72x107° 0.93 1.3x 1074 0.63 1.1x 1074
24h 2738 7000 73 74%x107° 0.86 9.0x107° 0.64 29x%x107*
(b) EBM iron
0 min 39980 3997 90 42x107° 0.90 6.0x107"3 0.26 1.9x 1073
7 min 19930 27680 92 6.2x107° 0.87 6.8x 10712 0.64 51x107*
15 min 8884 20000 92 73x107° 0.87 1.8x 1076 1.00 59x 107
1h 2296 1865 91 73x107° 0.87 24%x107° 1.00 87x107*
2h 5000 435 89 96x107° 0.78 1.5x 1074 0.99 8.8x107*
3h 1684 3933 90 75x 1073 0.83 37x107° 0.94 47x107%
5h 3066 3980 90 1.0x107* 0.79 44x1077 0.59 9.2x107*
10h 1259 5870 925 58x107° 0.88 53x107° 0.79 3.7x107*
15h 1571 6623 93.2 56x107° 0.89 56x107° 0.78 34x107*
24h 5786 2794 91.4 89x107° 0.82 1.1x10°1° 0.12 1.2x1073
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DISCUSSION

EBM processing has a significant influence on the microstructure
of pure iron. The microstructure is considerably finer compared to
HR iron (cf. Fig. 1). In both cases, the grains are primarily separated
by HAGB. The formation of a certain grain morphology and texture
is strongly related to mechanical as well as thermal history.

Table 2. Surface composition in at.-% of polished and immersed HR
iron and EBM iron samples as measured by XPS.

At-% OTs NTs Cls Fe2p P2p S2p
HR iron polished 37.0 - 46.0 17.0 - -
HR iron immersed 49.1 0.7 34.4 12.1 1.7 20
EBM iron polished 45.2 - 36.1 18.7 - -
EBM iron immersed 522 - 349 12.9 - -

Although the details of hot rolling conditions were not provided
by the supplier, it is apparent that there has been enough driving
force for recrystallization resulting in the structure shown in
Fig. 2a. Further, the deviations shown in Fig. 2a can be traced back
to dislocations induced in the hot rolling process. In contrast, the
reason for the observed grain size and morphology resulting from
the EBM process can be found in the cyclic thermal treatment that
the material experiences while being processed. In this context, a
very effective grain refining mechanism as a result of multiple
solid to solid phase transformations has been described in detail
for selective laser melting (SLM)*® as well as for EBM>#°. The
repeated phase transformations are specific for powder bed AM
and can result in a transition from initially columnar solidified
grains into a fine and globular structure. However, the finer
microstructure did not have the expected®® positive effect on
fatigue strength (Fig. 4). In the EBM and HR iron employed the
present study, the fatigue cracks proceeded in a transcrystalline
manner. Usually, this reduces the fatigue crack growth rate, e.g.,
Vaidya et al.>". As depicted in Fig. 7, in the wake of the crack, grain
orientation variations can be detected in the HR material
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Fig. 14 S-N-curves obtained from corrosion fatigue tests con-
ducted in m-SBF. Both material states are shown in comparison
with fatigue tests under purely mechanical load (cf. Fig. 4).

condition, but not in the EBM manufactured counterpart. One can
expect that during crack propagation, a substantial amount of
energy is dissipated upon crack propagation in the HR iron, due to
the coarser grained microstructure. This argument is in line with
results from previous fatigue investigations'8, in which additively
manufactured iron characterized by a coarse grained microstruc-
ture with a high fraction of LAGB was used. The latter resulted a
higher fatigue resistance and the material featured high hardness
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comparison to the surface states after 24-h immersion in

and yield strength values, all of which were mainly attributed to
the contribution of LAGBs to the Hall-Petch relation. The EBM iron
microstructure presented herein is finer grained. Thus, local stress
peaks, particularly near process-induced defects, could not be
reduced by local microstructure deformation.

Another aspect to be considered when classifying the lower
fatigue strengths of the EBM iron compared to the HR iron (Fig. 4)
is related to potential defects caused by EBM processing. The
maximum pore diameter found was 38.5 um. Fatigue studies on
additively manufactured material have shown that these pores,
caused by process-related weaknesses such as insufficient melting
of the material or gas entrapments, often act as initiation site for
failure, which in turn significantly reduces the fatigue
strength'"'314, Thus, the fracture surfaces of the samples were
examined in detail to detect defects relevant for failure. LOF could
be detected on all EBM iron fracture surfaces (Figs. 5f and 6a). On
the fracture surfaces, the LOF show dimensions of up to 100 x
400 um. Due to the small layer thickness of these defects in the
material matrix, these cannot be resolved by the y-CT measure-
ments. As described in the results, LOF can be exposed at the
specimen surface during the manufacturing process (Fig. 6b) and
thus promote crevice corrosive effects. The formation of LOF and
related defects can be significantly influenced by the hatch
strategy as well as the heating and related cooling rates®2.
Tammas-Williams et al. reported that the volume fraction of gas
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pores and LOF could be reduced by increasing the energy
densities of the electron beam*'. The decrease in the defect
volume is attributed to the larger melt pool, which allows larger
overlaps, and thus an intensified re-melting of the single layers.
This also increases the chance for trapped gas to escape*'. For
similar processes in AM, such as powder bed fusion, models
already exist to predict the porosity on the basis of the prevailing
process parameters>3, These models can be used in upcoming
studies to tailor the fatigue and corrosion behavior based on the
porosity.

EBM and HR iron differ in their corrosion behavior in m-SBF.
Overall, the EBM iron shows a slightly lower corrosion rate. The
lower corrosion rate of the EBM variant is attributed to the smaller
grain size. This is in line with studies by Nie et al, in which a
significantly higher corrosion resistance could be shown for
nanocrystalline pure iron processed by ECAP compared to
commercial pure iron®°. The data available in the literature on
the effect of grain size on corrosion resistance were reviewed by
Ralston et al.>*. It was found for various materials that grain
refinement generally leads to increased corrosion resistance. This
is mainly attributed to an improved formation of the passivation
film and adhesion as a result of the higher grain boundary density.
Nevertheless, direct evidence is still lacking in the literature. In
fact, the corrosion properties must always be investigated
individually, since these depend not only on the material but
also strongly on the actual environmental conditions>*.

The fatigue tests in m-SBF solution showed that the fatigue
strength of EBM is significantly reduced (Fig. 14). The main reason
for the reduction of the fatigue strength appear to be surface
defects promoting the corrosive influence of the m-SBF and the
associated earlier crack initiation. The considerably stronger
influence of corrosion on the fatigue behavior of EBM iron can
be explained by the higher number of defects in the material. In
fact, a variety of LOF-areas were detected on the fracture surfaces
of the EBM iron. These defects are exposed at the surface by the
turning process and the following electropolishing during
manufacturing of the fatigue specimens. At the specimen’s
surface, these LOF are additionally opened by the applied
mechanical loads, and this should promote crevice corrosion
effects. The observed branching (cf. Fig. 7b) can additionally
amplify these effects as this additionally impairs the electrolyte
exchange with the environment. Therefore, the protective
passivation film of the EBM iron cannot be formed in these areas
and the crevice corrosion effects lead to significantly reduced
fatigue strength of the EBM iron. In previous investigations of
corrosion behavior, Chou et al. processed a Fe-30 Mn alloy via AM.
Starting from a much higher open porosity of 36.3%, a
significantly higher corrosion rate could be shown compared to
pure iron>>. The porosities determined for the EBM iron in the
current study are significantly lower (<0.01%). Thus, it can be
assumed that porosity has no pronounced influence on the
corrosion behavior without an applied mechanical load, which
explains the higher corrosions resistance without mechanical load
(cf. Fig. 10). However, in combination with a mechanical load, even
the low porosities and the areas with LOF can have a significant
influence on the corrosion rates and can lead to an early failure.

The mechanisms during corrosion fatigue are described and
summarized in the following model, which is schematically
depicted in Fig. 15. For the development of the inhibiting layer
of corrosion products, the model is based on the corrosion
behavior of pure iron>® and the models proposed by J. Li et al. and
Z. Li et al. for magnesium alloys>”>8, The HR iron and the EBM iron
initially differ only in terms of the size of the microstructural
features and the defects. The EBM iron has the finer micro-
structure and single defects are present in the bulk and at the
surface of the specimen. Prior to the fatigue test, an ultra-thin
oxide film is present on both materials. The iron released in m-SBF
is oxidized to Fe3' by dissolved oxygen and later forms
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oxyhydroxides and phosphates in m-SBF. During the corrosion
fatigue tests, the EBM iron forms a thicker homogeneous
protective layer due to the finer grain size resulting from the
manufacturing process®*. Similar effects are already known for
aluminum alloys or biodegradable alloys like zinc-magnesium>°,

The cyclic mechanical load in the rotating bending test results
in the highest loads on the surface of the specimens. Plastic
deformation in favorably oriented grains causes a continuous
break-up of the inhibiting protective layer. This, in turn, leads to
enhanced corrosion on the newly exposed surfaces resulting from
the mechanical loading. Similar failure models that take into
account the break-up of the oxide layer were described by Teoh®'.
By the formation of slip bands breaking through the protective
layer, a rapid repassivation is prevented there and bare metal is
exposed at the surface®'. In the present scenario, defects present
in the matrix play a key role in this process because of the locally
increased stress. Thus, in the EBM material, crack nucleation and
growth are more rapid as defects near the surface promote crack
nucleation and at a later stage the fatigue cracks can interact with
the process-induced internal defects. Thus, the presence of
defects clearly outweighs the expected positive effect of a
reduced grain size on fatigue life.

The main results can be summarized as follows:

1. The microstructure of HR and EBM iron differs significantly
and influences the corrosion and fatigue behavior.

2. The expected positive effects of the finer microstructure
obtained by EBM-processing on fatigue life are outweighed
by the processing-induced defects such as pores and lack of
fusion.

3. The slightly lower corrosion rate of the EBM samples in
m-SBF might partly counterbalances the effects of the
process-induced defects such that the overall fatigue life of
the EBM samples is still acceptable for many implant
applications.

4. EBM iron appears to be an attractive biodegradable material
as its mechanical properties and corrosion behavior can be
tailored by processing without the need for further alloying
elements.

METHODS

Materials and chemical composition

For the production of the EBM specimens, bars of the HR iron were
obtained from Allied Metals Corp. (ALLIED METALS CORPORATION, Auburn
Hills, Michigan) and atomized via Electrode Induction-melting Gas
Atomization (TLS-TECHNIK GmbH, Bitterfeld, Germany). Subsequently, the
powder material was processed with an Arcam A2X EBM machine (ARCAM
AB, MéIndal, Sweden). The process parameters applied are detailed in'8. A
50 mm x 50 mm built plate was used, which lead to an increase of the
overall process temperature. Thus, repeated a <y phase transformations
occur upon EBM, resulting in the fully recrystallized microstructure. Table 3
shows the chemical composition of the HR and EBM manufactured iron,
determined by Revierlabor Essen GmbH. Within the material composition,
no significant differences could be determined between HR iron and EBM
iron.

Microstructural investigations

For the microstructural investigations, the surfaces were ground and then
electrolytically polished with Blhler A2. A scanning electron microscope

Table 3. Chemical composition in wt.-% of HR iron and EBM iron.

Al Mn (o} N S C Fe
HR iron 0.008 0.03 0.0166 0.005 0.002 <0.005 balance
EBM iron <0.005 <0.01 0.017 <0.002 <0.002 <0.005 balance
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(SEM, Zeiss Ultra Plus; ZEISS, Oberkochen, Germany) equipped with an
electron backscatter diffraction detector was employed at a nominal
voltage of 20 kV and a step size of 1.25 pm for higher resolution work. The
grain orientation data were evaluated with TSL OIM software (Version 7).
For the investigations of the crack propagation within the microstructure,
the surface was only mechanically polished in several steps down to a
1 um diamond finish.

u-CT was conducted with a Zeiss Xradia Versa 520 operating at an
acceleration voltage of 140kV and a current of 10 mA. Avizo software
(version 9.4) was used for the reconstruction. As the voxel size was about
1.85 um?, pores with a diameter smaller than 4 pm were excluded from
evaluation. The latter is considered to be legitimate, since previous studies
demonstrated very high ductility and the finer pores may therefore not be
relevant to damage'®. The fracture surfaces of the fatigue specimens were
examined with a SEM, Zeiss Supra 55 VP scanning electron microscope.

Fatigue testing

Figure 16 shows the specimens employed for fatigue testing. The
dimensions of the EBM specimens were significantly reduced in length
in order to save material. Both geometries were designed according to DIN
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50113 for rotating bending tests. The specimens were turned from the
manufactured bars with a nominal diameter of 13 mm. Hence, a 3.5 mm
thick layer was removed circumferentially in the gauge length (6 mm
diameter) of the EBM iron specimens. Thus, all surface defects caused by
the EBM processing were removed.

For the fatigue tests a Zwick Roell 200 tC© was used. The specimens
were loaded with a constant bending moment along the specimen’s axis,
leading to a rotating bending stress on the surface layer with stress
amplitudes ranging from 50 MPa to 400 MPa. The stress amplitude locally
exceeded the tensile strength of pure iron of about 250 MPa. Hence, some
stress relief by plastic flow in the surface region of the specimen occurred.
The endurance limit was determined at N=35x10°% resulting in a
maximum test duration of 83.3 h with the selected rotational speed of
n=1000min"".

Two different test series were carried out, one purely mechanically and
one with additional influence of the m-SBF media. In the corrosion fatigue
tests, the specimens were continuously wetted with the m-SBF solution by
constantly dripping it onto the specimen. The rotation resulted in a
constant liquid film on the entire measuring length of the specimen. The
flow rate of the fluid was Q =150 mlh~". The temperature of the m-SBF
during the fatigue testing was 25 °C.
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Table 4. Reagents, purities and amounts for preparing 1000 ml of
m-SBF62,

Reagents Purity  Amount
NaCl >99.5% 5.403¢g
NaHCO3 >99.5% 0.5049g
Na,CO3 >99.5% 0.4269g
KCI >99.5% 0.225¢g
K,HPO, - 3H,0 >99.0% 0.230g
MgCl, - 6H,0 >98.0% 03119
0.2 M—NaOH — 100 ml
HEPES (4-(2-hydroxyethyl)—1- >99.9% 17.892¢g
piperazineethanesulfonic acid)

CaCl, >95.0% 0.293g
Na,SO, >99.0% 0.072g
1.0 M—NaOH — =5ml

Electropolishing of the specimens and usage of m-SBF
solution

Before the fatigue tests, the parallel and the radial surfaces of the fatigue
specimens were electropolished to obtain a consistent and smooth
specimen surface. The electrolyte used was K1 Part A+ B from ATM©
based on ethanol and perchloric acid. By electropolishing a surface layer of
about 150 um was removed. In this way, all machining-induced artefacts
during specimen preparation were eliminated. The roughness after
electropolishing was determined with a confocal microscope to be R, <
0.1 pm for both conditions (R, is the arithmetical mean deviation of the
assessed profile).

The composition of the modified simulated body fluid (m-SBF) solution
applied during the in-vitro fatigue tests is described in detail in Oyane et al.
The m-SBF solution was designed to match the composition of blood
plasma, except for the concentration of HCO® to account for the influence
of calcites present®2. The composition of the m-SBF is given in Table 4.

Electrochemical analysis

For electrochemical corrosion studies a three-electrode setup with a
saturated Ag/AgCl electrode (Red Rod, Radiometer Analytical) as reference
(E(Ag/AgCl) = 40.186 Vsue), the sample as working electrode and a
graphite counter electrode were used. Samples were ground, mirror
polished, cleaned in an ultrasonic ethanol bath and finally etched in Nital
solution (3% HNOs/methanol at room temperature (RT)) for 5 s. The m-SBF
solution tempered at 37 °C served as electrolyte. Etching with Nital allows
for the removal of the mechanically deformed surface near region and
adsorbed contaminations while a reproducible ultra-thin surface oxide film
is formed prior to the immersion in m-SBF.

The electrochemical measurements were performed with a potentiostat
interface 1000 (Gamry Instruments). The impedance spectra were recorded
in a frequency range from 0.1 to 10° Hz with an amplitude of £20 mV. The
evolution of the impedance spectra was studied over 24 hours of
immersion. Prior to each EIS measurement the corresponding OCP value
was recorded.

XPS analysis

The surface chemical composition of the iron surface before and after
immersion was analyzed using an UHV-XPS (ESCA+ facility, Oxford
Instruments, Taunusstein, Germany). The system had a base pressure of
lower than 5.0 x 107'° mbar. All spectra were measured using monochro-
matic Al Ka irradiation (1486.7 eV). A take-off angle of 30° with respect to
the surface was chosen for all spectra. The calibration was performed using
the C 7 s signal (at 284.6 eV) of adventitious carbon as internal reference. A
background according to Shirley was used. The survey spectra were
measured with a pass energy of 100 eV, the detail spectra of Fe2p with one
of 20eV. The resolution of the surveys was 0.5 eV, that of the element
spectra 0.1 eV.
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