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Abstract: Additive manufacturing (AM) processes are not solely used where maximum design free-
dom meets low lot sizes. Direct microstructure design and topology optimization can be realized
concomitantly during processing by adjusting the geometry, the material composition, and the solidi-
fication behavior of the material considered. However, when complex specific requirements have to
be met, a targeted part design is highly challenging. In the field of biodegradable implant surgery,
a cytocompatible material of an application-adapted shape has to be characterized by a specific
degradation behavior and reliably predictable mechanical properties. For instance, small amounts
of oxides can have a significant effect on microstructural development, thus likewise affecting the
strength and corrosion behavior of the processed material. In the present study, biocompatible pure
Fe was processed using electron powder bed fusion (E-PBF). Two different modifications of the Fe
were processed by incorporating Fe oxide and Ce oxide in different proportions in order to assess
their impact on the microstructural evolution, the mechanical response and the corrosion behavior.
The quasistatic mechanical and chemical properties were analyzed and correlated with the final
microstructural appearance.

Keywords: pure iron; microstructure; grain refinement; oxide particles; intrinsic heat treatment

1. Introduction

In implant surgery, progress in material science and engineering is crucial for a contin-
uous improvement of application adapted implants to finally support a patient’s recovery.
Consequently, an understanding of the specific necessities in implant design including
strength, surface properties, and chemical behavior on the one hand, and adequate process
routes to achieve these properties on the other hand, is required.

Emerging processes allowing the establishment of these specific properties are found
in the field of powder bed additive manufacturing (PB-AM), namely, laser powder bed
fusion (L-PBF) and electron powder bed fusion (E-PBF). Generally, these technologies are
known for unprecedented geometrical and structural design freedom [1,2]. Using PB-AM,
e.g., parts being characterized by locally varying density can be realized [3-8], aiming to
adapt local stiffness and strength and enhance bone regeneration, the latter being of highest
interest for numerous medical applications.

The use of Ti-6-4 [6-9], AISI 316L [10,11], and CoCr-based alloys [6,12] is most common
in medical applications. These alloys are characterized by relatively high strength and good
corrosion resistance. However, such permanent implants are known to contain certain
risks: stress shielding as a result of high stiffness of such alloys in bulk form is known to
promote bone resorption and, eventually, an aggravated healing process [6,7,9,13]. This
underlines the need for implants with adapted geometries, e.g., filigree lattice structures or

Alloys 2022, 1, 31-53. https:/ /doi.org/10.3390/alloys1010004

https://www.mdpi.com/journal/alloys


https://doi.org/10.3390/alloys1010004
https://doi.org/10.3390/alloys1010004
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/alloys
https://www.mdpi.com
https://orcid.org/0000-0002-9487-0853
https://orcid.org/0000-0001-8310-9631
https://orcid.org/0000-0003-2273-9917
https://orcid.org/0000-0003-2550-4048
https://orcid.org/0000-0003-2622-5817
https://doi.org/10.3390/alloys1010004
https://www.mdpi.com/journal/alloys
https://www.mdpi.com/article/10.3390/alloys1010004?type=check_update&version=1

Alloys 2022, 1

32

materials being characterized by tailored porosity realized by AM. Furthermore, the release
of several alloying elements such as nickel, vanadium, and aluminum can be toxic for the
organism when exceeding a certain dose [14]. Finally, the implant has to be removed after a
given time of application, obviously by means of another surgical intervention. Because of
these disadvantages, the use of biodegradable materials for implants has gained significant
attention in the recent past [15,16]. In numerous studies, the focus is set on implants that
are supposed to support the bone after a fracture. Such implants should slowly degrade
while the bone heals. Obviously, the applied component has to possess an adequate surface
(i.e., roughness or open porosity) [7,8,12,17], sufficient strength [5,7,18], and well-suited
chemical properties [5,18], the latter being most important, since neither the material itself
nor its corrosion products must be toxic to the organism.

In such cases, the mechanical behavior, i.e., the relevant performance under monotonic
and cyclic loading, has to be evaluated as a function of the steadily changing cross-section
of the implant. In other words, the decreasing load-bearing capacity of the implant has to
be exactly counterbalanced by the increasing strength of the healing bone. In a such case,
the requirements can be summarized as follows:

e  The general chemical composition and any corrosion products must not be toxic for
the human body.

e The degradation rate has to be tailorable to maintain an adequate level of structural
integrity for the entire bone healing process.

e  The material, surface, and geometry have to meet all relevant requirements with
respect to stiffness and strength, wherein all characteristics have to be adapted to the
prevailing quasistatic and cyclic loading scenario.

For biodegradable implants, magnesium and magnesium alloys, among others, have
been studied in detail in recent decades [15]. Here, degradation rates have been reported to
be too high for specific medical applications [19] and pronounces sensitive to the purity
for the pH value of about 7.4 inside the human body [20]. Obviously, a degradation
of the implant faster than the bone growth can be detrimental for the healing process.
Furthermore, hydrogen and hydroxide are formed as corrosion products, unable to be
resorbed from the tissue sufficiently fast enough. Researchers have tried to lower the
corrosion rates of Mg implants by alloying aluminum, zinc, and rare earth elements
(inter alia Ce, La, and Nd) [21], as well as by using ultrahigh-purity Mg, since high
degradation rates seen were attributed to iron-containing precipitates [19]. In the latter
study, the degradation rate could be slowed down to 10 um per year in simulated body
fluid (SBF). Recent studies focused on the improvement of the mechanical properties
of Mg-Zn alloys, adding cerium oxide nanoparticles (CeO, NP) in a fraction of up to
1.5 wt % in order to strengthen the matrix, wherein no cytotoxicity to osteoblast cells was
found [22]. However, the effect of CeO, NP on cell viability is discussed contradictorily.
Leung et al. [23] reviewed the divergent studies reporting on the toxicity and the protective
effect of CeO, and meticulously probed the effect of the nano oxide on two different
bacteria. The results indicated that the interaction of the particles with the observed cells is
complex, and the grade of toxicity is highly sensitive to the experimental circumstances, i.e.,
light, temperature, medium, and particle morphology, among others. Therefore, a reliable
conclusion in this field is difficult to make, and feasibility studies focusing on the manifold
effects on the material and the application environment are strongly required.

Another approach is seen in Fe-Mn twinning-induced plasticity (TWIP) steels, since their
high strength and ductility allow for good structural integrity during degradation [24,25].
Depending on their chemical composition as well as microstructure, these high-Mn steels
showed decelerated corrosion rates after a certain timespan due to a barrier effect of
adherent and insoluble corrosion products [26,27]. Build orientation studies of L-PBF
processed Fe-30 Mn alloy furthermore revealed low orientation dependency regarding
the degradation behavior in SBE, being only slightly affected due to grain size and texture
influence [28]. Furthermore, there have been attempts to alloy Fe-Mn functional materials
with precious metals such as silver in order to achieve an effective cathode, increasing the
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degradation rate of the specimen [29]. For this purpose, the possibility of in situ alloying
using PB-AM is used, as powder of metals that do not dissolve into each other can be
previously mixed and processed, leading to a very fine dispersion of a secondary phase.
Issues related to this approach are obvious, since sharp-edged microscale Ag residuals
may remain in the tissue after the dissolution of the iron implant, probably damaging it or
leading to long-time side effects such as argyria [30,31]. However, apart from cost-intensive
alloy design, concerns exist regarding toxicity [32] and reduced biocompatibility [33] with
increasing Mn contents in these alloys.

In the latest studies, zinc-based alloys have been investigated as potential biodegrad-
able implant materials. Here, apart from mechanical properties being superior in compari-
son to Mg alloys, the degradation rate is within a tolerable range for the human body [20,34].
However, still, the biological acceptance of this element is seen as problematic. Moreover,
as summarized in [35], the tolerance of an organism to Zn is comparably low, whereas the
recommended purity is higher in Zn than in Mg or Fe due to typical impurities such as Cu
and Cd [20].

Pure Fe, as another promising alternative candidate material, has attracted a large
amount of attention in the recent past. In vivo studies revealed that this metal shows no
pronounced inflammation reaction or toxicity [27,36,37]. Apart from significantly lower
costs in comparison to the aforementioned alloys, essential mechanical properties, i.e.,
superior quasistatic [20] as well as fatigue strength [5], are met (many implants are subjected
to millions of loading cycles). Furthermore, due to the superior strength, a higher potential
for realization of adapted filigree structures is given. Cellular structured Fe implants have
already been manufactured using PB-AM, being characterized by mechanical properties
similar to trabecular bone in rats [4].

Using Fe as implant material, one has to consider the comparably low degradation
rate [27,37]. Simplistically, it is possible to set the dwell time of a biodegradable foreign
object inside an organism by its initial weight. A common dimension of the degradation rate
is distance per year (e.g., millimeter per year). On the basis of this value, one can calculate
how long it will take until an implant is completely dissolved under given boundary
conditions, or rather, how thick it has to be to dissolve in a given time. Following this
strategy, one can create specifically adapted implant structures. Due to the high degree of
design freedom, all these features can then be realized by AM, eventually allowing for the
adjustment of the degradation time by up- and downscaling of the respective features of
the filigree structures. However, in such a simplistic case, the mechanical response of the
part is not considered at all. Thus, the design required to adapt the dwell time does not
meet the design required for mechanical performance (already in case of the initial, as-built
structure). Therefore, the chemical response has to be somehow adjustable by the behavior
of the material itself, i.e., independent from the geometrical appearance of the part.

In steel metallurgy, rare earths (RE), as for example lanthanum and cerium, have been
used as deoxidizing and desulfurizing agents [38]. The RE oxides and (oxy-)sulfides that
have not been transferred to the slag and, eventually, remain in the melt have been found
to be efficient grain refiners, since more nucleation sites are present in the melt [39,40].
According to Tuttle [41], the requirements for particles to act as nuclei are as follows:

1.  Melting point higher than for the liquid metal.

2. Thermodynamic stability in this environment (i.e., no decomposition or reaction with
the melt compounds).

3. Low wetting angle.

4. Low interfacial energy, i.e., lattice parameters similar to the solid material.

Grain refinement can be based on preferred nucleation in the liquid — solid transition,
which is referred to as solidification grain refinement through heterogeneous nucleation.
Other possibilities for grain refinement are an increased density of nucleation sites during
the y — « transition in steels [42—44] and the impediment of growth of v grains, which
is referred to as solid grain refinement [39]. In this regard, numerous models have been
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proposed to address relevant mechanisms on the crystallographic level, e.g., those reported
in [39,40,45-47].

Since PB-AM processes are melt-based manufacturing techniques, the effects of several
types of nanoparticles (NP) applied to different alloys has also been investigated in this
field, and grain boundary strengthening [48,49], precipitation strengthening [50,51], and
grain refinement [48,49,52,53] were observed. As the oxide particles are expected to affect
local thermal and electrical conductivity, one can also assume that they have an influence
on the E-PBF process, since an electron beam is used as primary energy source to melt
the raw material. Eventually, such material modifications can have an impact on the
processability and on the resulting microstructure, as well as the mechanical and chemical
material properties.

In the present study, commercially pure iron (cp Fe) powder was modified in two dif-
ferent ways, i.e., by blending cerium oxide nano particles (CeO, NP) and oxidized powder.
Afterwards, different powder compositions were processed via E-PBF. The modification
procedure, powder properties, and finally obtained material conditions were evaluated,
with an emphasis on microstructure evolution, corrosion behavior, and mechanical response
of the E-PBF manufactured specimens.

2. Materials and Methods

In present work bars of cp Fe obtained from Allied Metals Corp. (ALLIED METALS
CORPORATION, Auburn Hills, MI, USA) were atomized by TLS (TLS Technik GmbH, Bit-
terfeld, Germany) by electron induction gas atomization (EIGA). For powder modifications
and specimen processing (detailed in the following), the particle size fraction ranging from
63 to 150 um was used.

2.1. X-ray Photoelectron Spectroscopy (XPS)

XPS analytical studies were performed by using an Omicron system with a monochro-
matic Al X-ray source XM 1000. The spot size was about 800 um. The chamber base pressure
was below 4 x 1071 mbar. Spectra were measured in a range from 0 to 1200 eV with a
dwell time of 200 ms, a pass energy of 100 eV, and steps of 0.5 eV. For the elemental spectra,
the pass energy was set to 20 eV with steps of 0.1 eV, and all spectra were measured at an
angle of 60°. Finally, peak deconvolution and compositional analysis was performed using
CasaXPS software package (version 2.3.15). A Lorentz—Gauss cross-product function in
combination with Shirley background was utilized as common line-shape, and quantitation
of atomic concentrations was carried out using the CasaXPS database of relative sensitivity
factors (RSF).

2.2. Modifications

The Fe particles were modified in two different ways. Cerium oxide nanoparticle
(CeO; NP) adsorption was achieved by mixing of Fe powder and an aqueous suspension
of CeO, NP (Sigma-Aldrich, St. Louis, MO, USA) with an average diameter of <25 nm in a
drum hoop mixer for 2 h. Drying of the inoculated particles was performed at 35 °C and a
reduced pressure of 80 mbar for 48 h. For this modification, the proportions were chosen
to form a monolayer of NP on the Fe particles, resulting in a weight fraction of 0.031%
Ce0s. Thus, the mass fractions used for raw material modification were chosen to obtain
one layer covering every powder particle, assuming a homogeneous particle distribution.
For this calculation, NP and Fe powder diameters of 25 nm and 120 um, respectively, as
well as their actual densities were used. The second modification was realized by oxidizing
the Fe powder per se at 190 °C and 110 mbar oxygen partial pressure for 19 h. On the
basis of the pressure difference of the pure oxygen before and after oxidation and the
XPS measurements resulting in the reaction to Fe;O3 (see below), the performed thermal
treatment led to the formation of an about 30 nm thick x-Fe;Os shell on the Fe particles
with a total weight fraction of 0.045% Fe;Os3. These two initial modifications led to an
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obvious change in the powder appearance, which was visible by means of scanning electron
microscopy (SEM) as well as to the naked eye (Figure 1).

[Fe+Fe,054)

Figure 1. Initial Fe, O3 (left) and CeO; (right) modifications and gas-atomized Fe powder (middle).
Photographs and SE micrographs of one representative particle surface for each condition are shown
in the upper and lower rows, respectively.

The two primary modifications showed a characteristic optical appearance in com-
parison to the as-atomized Fe powder (see Figure 1). The modified powders were directly
processed by E-PBF, these conditions being named [Fe + Fe,O3] and [Fe + CeO;]. By
blending the as-atomized Fe powder with the two modifications, seven different powder
conditions were prepared in total for subsequent E-PBF processing of solid specimens
(cf. Table 1). The nomenclature used in the following always refers to the contents of
as-atomized and modified powder, i.e., a mixture composed of 50% weight fraction of
as-atomized powder and 50% weight fraction of oxidized powder (named Fe,O3) is re-
ferred to as [Fe + FepOs] + Fe, 1:2. In the case where a mixture of 25% weight fraction of
the initial mixture is further blended with 75% weight fraction of as-atomized Fe, the final
composition is referred to as [Fe + Fe,Os3] + Fe, 1:4. The same kind of nomenclature applies
to the CeO, modifications.

Table 1. Powder compositions used for E-PBF processing. The final nominal weight fractions of
Fe;O3 and CeO; are provided.

[Fe + F6203]

[Fe + Fe; O3] + Fe, 1:2 [Fe + Fe;O3] + Fe, 1:4 Fe [Fe + CeO,] + Fe, 1:4 [Fe + CeO,] + Fe, 1:2 [Fe + CeO5]

0.045%

0.011% - 0.008% 0.016% 0.031%

2.3. Processing

The different Fe powders were then processed using an Arcam A2X E-PBF machine
(ARCAM AB, MéIndal, Sweden) using a 50 x 50 mm? build platform within a build en-
velop of 70 x 70 mm?. Since any difference with regard to process irregularities, porosity,
microstructure, and mechanical as well as corrosive response shall be traced back to the
material itself, the process parameters were kept constant for all particular powder compo-
sitions and deduced from previously conducted investigations on cp Fe (cf. Table 2) [54,55].
The acceleration voltage of 60 kV was set constant. The temperature evolution was recorded
using a thermocouple (type FKI, TC K) attached underneath the build plate.
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Table 2. Parameters used for E-PBF processing of the seven powder compositions.

Strategy Preheat Melt
Meander, 90° I=15mA 1=1225mA
Hatch only v =12,000 mm/s v =4000 mm/s
Layer = 0.05 mm 12 repetitions hatch = 0.08 mm

For corrosion analysis, cylinders of &J 20 x 40 mm height were manufactured. From
these cylinders, smaller specimens were cut out. For all specimens, build direction (BD),
transversal direction (TD), and normal direction (ND) were marked (see the schematic in
Figure 8). Further, blocks of 10 x 10 x 40 mm? were built for microstructural analysis and
hardness measurement. From these blocks, dog bone-shaped specimens for tensile tests
were cut via electrical discharge machining (EDM), preserving a distance of at least 1.5 mm
to the block’s borders.

2.4. Microstructural Investigations

The microstructure was analyzed by applying a scanning electron microscope (SEM,
Tescan Vega CamScan, Dortmund, Germany) operated at a nominal voltage of 30 kV and
equipped with an electron backscatter diffraction (EBSD) detector. For EBSD measurements,
the specimens were ground and electrolytically polished using STRUERS A2. Data were
compiled using TSL OIM software (version 7). EBSD data were also used for grain size
determination via the seven line intercept method. Individual grains were defined as
microstructural regions separated by misorientations of >15°.

For X-ray diffraction and pole figure measurements, specimens were polished down
to P4000 grit size and then vibro-polished to 0.05 um. For data collection, a Seifert X-ray
diffractometer, equipped with a monochromator and a 5 mm poly capillary collimator,
operated at 40 kV and 35 mA applying cobalt-K« radiation was used, and afterwards,
the pole figures for the (11 0), (2 00), and (2 1 1) peaks were compiled using the Mtex
Package [56]. The same specimens were then used for hardness measurements and density
determination, the latter being conducted through applying the Image] add-on “analyze
particles”. For analysis, three 100x as well as three 200 x light micrographs per specimen
were assessed, considering sections of 140 x 106 mm? and 70 x 53 mm?, respectively, of
which the arithmetic mean value was calculated. For hardness measurements (HV1), a
Dura Scan DS70 was used. For each specimen, 21 points were distributed on a rectangle,
and the distance between the indents as well as to specimen borders was 0.6 mm. The
contact time was 10 seconds.

2.5. Electrochemical Corrosion Properties

For the electrochemical corrosion studies, two specimens per condition were tested,
whereas the surfaces were prepared and exposed to the electrolyte on the TD-ND plane, i.e.,
on a plane perpendicular to BD (cf. Figure 8). The specimens were mechanically polished
down to P4000 grit size and then vibro-polished to 0.05 um. The corrosion behavior was
investigated in modified simulated body fluid (m-SBF, cf. Table 3) performing electro-
chemical impedance spectroscopy (EIS) in a three-electrode configuration. A saturated
Ag/AgCl electrode (Red Rod, Radiometer Analytical) served as a reference. As a counter
electrode, a carbon rod (Goodfellow, Hamburg, Germany) was used. EIS spectra were
recorded from 100 kHz to 0.1 Hz with an AC voltage amplitude of +/—20 mV. During the
EIS measurement, the aerated electrolyte was kept at 37 °C. After immersion in the m-SBF,
microscopic and spectroscopic analyses were performed after removing weakly adhering
products by gentle rinsing with distilled water.
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Table 3. Composition of the m-SBF buffer for electrochemical measurements, data from [57].

Reagents Provider Quality Proportion
NaCl VWR pa. 5403 g/L
NaHCO3 VWR p-a. 0.504 g/L
Na,CO3 VWR pa. 0426 g/L
KCl Merck p-a. 0.225¢g/L
KyHPO4*3 H,O Merck p-a. 0.230g/L
MgCl*6 H,O Merck pa. 0.311g/L
CgH1gN>O4S Roth pa. 17.892 g/L
CaCjpp Merck pa. 0.293 g/L
NapSO4 Merck pa. 0.072 g/L

2.6. Mechanical Testing

The quasistatic material response was assessed by testing dog bone-shaped specimens
(cf. Figure 9) of 4.5 mm? cross-section ground to P4000 using an MTS Criterion model 43
in displacement control at a cross-head displacement rate of 2 mm-min~!. The load was
applied alongside built direction (BD). The elongation until 30% was recorded using an ex-
tensometer directly attached to the specimen surface, whereas above 30%, the displacement
was calculated from the cross-head displacement signal considering the nominal gauge
length of the specimen. The engineering stress was calculated from the load cell signal
and the original cross-section. Two specimens per condition were tested, and the mean
values as well as one curve per condition are shown. Afterwards, the fracture surfaces were
investigated using the SEM mentioned above, operated at 10 kV.

3. Results
3.1. Particle Surface Structure

Table 4 shows the surface composition of the modified particles in comparison to
the non-modified, as-atomized Fe powder determined by means of XPS. The surface
composition indicates that both the surface oxidation process and the inoculation with
CeO; NP led to a change in the surface chemistry. The surface coverage with carbon in all
cases was in a typical range for ex situ-studied oxide surfaces.

Table 4. XPS results for the surface composition of the analyzed initial powders.

Analyzed Powder C1ls O1s Fe2p3/2 Ce4d
Iron powder 444 45.8 9.8 -
Oxidized powder 39.6 49.0 11.4 -
CeO, modified 43.5 46.1 8.3 2.1

Considering the Fe; O3 initial modification, the comparison of the Fe2p peak before and
after oxidation highlights the increase of the surface oxide layer thickness and its change
in composition (cf. Figure 2). Prior to the oxidation process, the metallic contributions of
Fe, Fell, and Fell states were able to be detected, whereas after thermal oxidation, mainly
the Fel oxide contribution was observed. For the as-atomized powder, the formation of
oxihydroxides was indicated in the XPS spectrum, while for the thermally oxidized powder,
the formation of Fe;O3 was mainly seen [58].
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Figure 2. XPS of the Fe2p peak of the as-atomized Fe powder (a); after oxidation (b).

3.2. Microstructure Following E-PBF Processing

The EBSD measurements shown in Figure 3 depict the microstructure of the seven
material conditions containing different amounts of Fe;O3 and CeO,. As can be deduced
from the pure Fe specimen, the application of the E-PBF processing parameters detailed
in the Materials and Methods section (Table 2) hardly promoted any grain elongation
alongside the build direction. The grain morphology is homogeneous and globular. Adding
oxide particles led to a more heterogeneous grain morphology, wherein grain shapes
became more irregular, and, especially in case of the CeO, modifications (Figure 3, right-
hand side), slightly elongated along BD (vertical). For texture analysis, pole figures were
measured by XRD (not shown). In this case, high texture intensities were seen.

Focusing on the grain size (cf. also Figure 5b for quantitative assessment), a distinct
influence of the individual chemical composition is noticeable. Obviously, the CeO,
modifications are prone to coarsening. On the contrary, a small fraction of Fe,O3 led to
slightly smaller grain sizes compared to the as-atomized cp Fe.

From Figure 3, one can also deduce that with increasing CeO, fraction, the degree
of porosity increased likewise, especially in the [Fe + CeO;] condition. The pores were
analyzed using optical micrographs of the ground and polished cubes (see representative
micrographs shown in Figure 4). In contrast to the Fe- and Fe,O3-modified specimens being
characterized by relatively low degrees of porosity, the [Fe + CeO;] specimens showed a
variety of defects, most significantly at the highest CeO; level. As shown in Figure 4, the
near surface lack of fusion defects expanded from the AM-specific surface (note that no
contour parameters were applied in the present work) and reached deep into the material
(see lower left), which underlines the importance of keeping a distance from the build’s
borders for further electrochemical and mechanical testing. In the interior of the material,
thin defects oriented alongside BD are visible in the [Fe + CeO;] condition.
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[Fe+CeO;]+Fe, 1:2

N
A

Figure 3. EBSD inverse pole figure (IPF) maps for all seven material conditions considered. The
fraction of oxides increased downwards, and the respective condition is mentioned in the upper left
of every IPF map. Color coding following the standard triangle shown in the upper right is always
for BD. Surface areas probed and step sizes in all cases were equal. The black spots are an indication
of localized defects being present. See the main text for details.
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Figure 4. Optical micrographs of the defects inside the built cubes; conditions with maximum CeO,

and Fe,;O3 content as well as pure Fe.
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For quantitative analysis of the porosity of the seven material conditions, the relative
density is shown in Figure 5a. It was obvious that E-PBF processing with unchanged
parameters led to an increased level of porosity in the CeO, modified conditions, whereas
the conditions with the native oxide layer showed hardly any susceptibility to the formation
of defects. Still, it has to be emphasized that even the condition being characterized by
lowest relative density reached values of almost 99.5%.

Grain Size, um

80

— > + Ce0, +Fe,0, « > +CeO,
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Figure 5. Relative density (a) and grain sizes (b) of the seven material conditions considered. Relative
density was analyzed on the basis of optical micrographs; for assessment of grain size, EBSD data
were used as a basis (see the Materials and Methods section).

3.3. Electrochemical Corrosion Analysis

Electrochemical analysis of the investigated specimens was performed in m-SBE.
Figure 6 shows the development of the open circuit potential (OCP) and the low-frequency
impedance of the seven material conditions over 24 h. The corresponding impedance
spectra for the different specimens right after immersion (0 min) and after 1435 min of
immersion in m-SBF are presented in the Supplementary Materials (Figures S1-57).

The pure Fe specimen showed an incubation time of about 750 min, as indicated by
the steady decline of the OCP in this time range. After this period of time, a sharp drop
of the OCP along with a drop in the low-frequency impedance was observed. In case of
the modified material conditions, the incubation time was significantly smaller. Here, the
[Fe + CeO,] + Fe, 1:2 specimen showed an almost instantaneous reaction. Interestingly, the
specimen with highest CeO, content possessed a very low impedance right from the start
of data collection (Figure 6b).
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Figure 6. Time dependence of the free corrosion potentials (a); the impedance at 0.1 Hz (b) as a
function of the immersion time.

The respective information concerning the impedance values at the beginning and the
end of the immersion, as well as the incubation time, are quantitatively analyzed in Figure 7.
Again, these results indicate that the incubation time, i.e., the time required for the initiation
of significant corrosion rates, can be significantly decreased by the powder modifications.
In this case, modification by CeO; seemed to be very efficient, and incubation times and
scatter were well below those values obtained for the Fe,O3 modified conditions.
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Figure 7. Comparison of the low-frequency impedance values at the start (a), at the end (b), and at
the incubation time (c) of the seven material conditions considered.
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Obviously, the differences in corrosion kinetics became less pronounced after ex-
tended immersion times. From the presented data, it can be concluded that, in particular,
the initial corrosion rate in combination with the incubation time were affected by the
powder modifications.

The materials loss rates Ad (Table 5) were calculated on the basis of the evaluation of
icorr Values according to the following formula:

icorr M At

M=

where M is the molar mass of iron, p is the density of iron, z is chosen as 2 (simplification:
corrosion current is related to the oxidation of Fe? to Fe*), At is the time of immersion, and
F is the Faraday constant.

Table 5. Material loss calculated on the basis of the evaluation of i. data. iy values were calculated
from EIS data on the basis of the fitting of the spectra by an equivalent circuit with electrolyte
resistance and a parallel arrangement of charge transfer resistance and double layer capacitance,
data from [59].

Material Condition 0 min 1435 min
icors ez Ad, e icorr, Ad,

[Fe + Fe; 03] 23 x 1077 2.7 x 1078 6.2 x 1076 7.2 x 1072
[Fe + Fe;O3] + Fe, 1:1 24 %106 2.8 x 1072 5.1 x 107 5.9 x 102
[Fe + Fe,O%] + Fe, 1:4 1.9 x 10~° 22 % 1072 4.6 x 1070 5.3 x 1072
[Fe] 52 x 1077 6.0 x 1073 1.0 x 107> 1.2 x 1071
[Fe + CeO,] + Fe, 1:4 9.6 x 1077 1.1 x 1072 7.7 x 1076 89 x 102
[Fe + CeO,] + Fe, 1:1 3.4 x10°° 3.9 x 1072 54 x 1076 6.3 x 1072
[Fe + CeO,] 1.0 x 1075 1.2 x 1071 1.0 x 1073 12 x 107!

It becomes obvious that for all compared specimens, except for Fe + CeO,, the materials
loss rate was higher for longer times of immersion. The addition of CeO, tended to increase
the loss rate, at least in the initial phase of the immersion. Most probably, this enhancement
of the corrosion rate was based on micro galvanic coupling. Furthermore, the material
conditions modified with CeO, showed the highest corrosion rates in the initial phase
of the immersion. After an immersion time of 1435 min, the material loss rates of the
different material conditions were almost equal, except for those of pure Fe and Fe + CeO,,
which were clearly accelerated. The calculated material loss rates Ad, as shown in Table 5
in millimeters per anno, are in good agreement with reported data for iron in m-SBF
solution [60].

Figure 8 displays optical micrographs of the seven conditions after exposure to the
electrolyte. Here, a more severe corrosive attack at the surfaces of the specimens processed
with modified powder can be seen. Local dark spots on the specimen surfaces indicate the
localized presence of corrosion products. In the case of the modifications with the highest
content of CeOy, a preferred corrosion attack at grain boundaries was able to be deduced.
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Figure 8. Optical micrographs of the seven material conditions after 24 h corrosion in m-SBF. The
fraction of oxides increased downwards. See text for details.

3.4. Mechanical Properties

The tensile tests performed (cf. Figure 9) depict significant differences in the response
of the material modifications considered. As can be clearly seen on the basis of the represen-
tative curves shown, both initial modifications, i.e., [Fe + Fe;O3] and [Fe + CeO,], tended
to a decrease in yield strength (YS) and ultimate tensile strength (UTS). Only the condition
being characterized by the lowest fraction of Fe,O3 seemed to show a slightly higher YS
and UTS as compared to the as-atomized cp Fe upon processing by E-PBF. Further, already
a minor amount of CeO, significantly lowered the fracture strain. A clear trend of the
values with respect to the fraction of oxides was not directly obvious (cf. also Figure 10).
It has to be noted that the CeO,-modified specimens primarily failed in the radius of the
specimen. The reason for this behavior has not been fully understood so far; however, it is
assumed that a higher notch sensitivity is one major influencing factor.
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[Fe+Fe,0,]

For quantitative assessment, the mean values of two tensile tests as well as the hardness
values resulting from 21 indents for each condition are shown in Figure 10. For the Fe;O3
modifications, YS and UTS followed the same trend already revealed for the grain sizes
(cf. Figure 5b), i.e., a small amount of Fe;Os led to slight decrease of grain size and
concomitantly to an increase of strength, while in turn, higher fractions of Fe;Oj3 led to larger
grain sizes and decreasing strength. Further, the results for the hardness measurements
were in good agreement with YS and UTS, as higher Fe,O3 contents significantly lowered
the hardness. On the contrary, the values for the CeO, modifications did not show a well-
defined relationship with the fraction of the CeO; NP, indicating in turn a complex interplay
of several mechanisms and a high influence of the internal defects on the tensile properties.
Pores near the specimen surface are known to be much more detrimental than pores inside
the specimen volume, eventually leading to pronounced scattering of related values.

To shed light on the contribution of diverse influencing factors and elementary mech-
anisms, the representative fracture surfaces are shown in Figure 11. Here, a very high
ductility and pronounced necking in the E-PBF cp Fe and the Fe,O3-modified specimens
is relieved. Obviously, the fracture surface of the [Fe + CeO;] specimen differed signifi-
cantly from the other material conditions, since large lack of fusion defects dominate the
micrograph shown. Consequently, a reduced effective square section had to withstand the
applied load. Still, the specimen showed a fracture strain of 39%. Regarding the material at
the borders of the defect, necking and thus high ductility of the material can be seen, and
therefore the original horizontal dimension of the specimen before loading was 3 mm and
afterwards 1.7 mm. Further, although the fraction of CeO; NP as well as the experimentally
determined defect density was much lower in the [Fe + CeO;] + Fe, 1:4 specimens in direct
comparison to the [Fe + CeO;,] specimens, a reduced strength and fracture strain was seen.
Here, the fracture surface (not shown) was also dominated by lack of fusion defects.

Figure 11. SEM images of fracture surfaces after the quasistatic tensile tests of [Fe + Fe;O3], Fe, and
[Fe + CeO;], which showed fracture strains of 69%, 59%, and 39%, respectively.

4. Discussion

The results presented herein revealed a noticeable influence of the raw material modifi-
cation via the addition of Fe;O3 and CeO, NP on the characteristics of the E-PBF-processed
specimens. Since the process parameters, i.e., the beam parameters and the plate size used,
remained unchanged, the effects described can be traced back solely to the added oxides.
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The latter lead to noticeable changes on the microstructural evolution during the process,
which is particularly visible in the grain size and in the porosity.

4.1. Porosity and Grain Size Evolution

In the case of the Fe,O3 modifications, porosity seems to be unaffected, since in the
observed conditions, the relative density remained above 99.9% for the pure Fe until
the maximum Fe;O3 content, i.e., nominally 0.045% in the present study. In the CeO,
modification, a decreasing relative density came along with increasing CeO, contents. The
nature of the present pores is complex (lack of fusions near the surface, BD-oriented cracks
in the inner volume; cf. Figure 4), and their origin can have several reasons. Even though the
[Fe + CeO;] specimen showed the highest porosity and simultaneously the highest process
temperature (cf. Figure 12), keyhole pores stemming from too high energy insertion [61,62]
were not present. Rather, lacking layer bonding or lack of fusion defects are supposed
to stem from low energy density [63] (the melting point is about 2000 °C for the CeO5),
whereas a combination of intergranular carbides and residual stresses during cooling have
been found to lead to BD-oriented cracks in L-PBF of a Ni-based superalloy [64]. Although
the E-PBF process is known to result in very low residual stresses, the presence of these
defects indicates an inappropriate parameter set for this modification. However, the origin
of these defects as well as the processing route have to be discussed deeply in future studies.
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Figure 12. Temperature profiles of the different E-PBF-processed material conditions, recorded
underneath the built plate.

In both the modification with Fe;O3; and with CeO;, the grain size increased. In the
case of Fe;O3 modifications, [Fe + Fe,Os3] + Fe. 1:4 showed a slightly lower grain size than
the cp Fe, whereas adding higher proportions of the oxide led to larger grain sizes. In
contrast, small amounts of CeO; resulted in a dramatic increase in grain size (~27 um in
Fe and ~67 um in [Fe + CeO;] + Fe, 1:4, cf. Figure 5), which in turn slightly decreased
with higher proportions of CeO; (/254 um in [Fe + CeO;]). A high amount of CeO; NP in a
metal melt pool can probably provide for suitable nucleants and lead to grain refinement.
In this context, diverse oxides, nitrides, carbides [49,50], and cerium oxides [41,65,66] have
already been investigated in their role as grain refiners in the solidification behavior of
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steels. Furthermore, the increasing number of pores can also act as nucleants for new
grains [67], resulting in smaller grain sizes.

In order to shed light on the grain size evolution, different driving forces contributing
to the formation of grains and their appearance have to be discussed at this point. Both the
thermal level of the E-PBF process as well as the evolution of defects will affect the overall
as-built microstructure. The temperature profiles of the pure Fe and the modifications with
highest proportions of Fe;O3 and CeO; are depicted in Figure 12. It is important to note
that the temperature is recorded with a thermo couple attached underneath the built plate,
which means that only the global temperature level can be recorded, and the diagrams
depicted are for comparison purposes only. The actual temperature at or near to the melt
pool cannot be detected in this way, being much higher and serrated as a consequence of the
repeated energy insertion (cf. Figure 13) [68,69]. However, different temperature levels over
the process time were obvious: With the same process parameters, the temperature at the
start of the process for pure Fe was ~750 °C, whereby the [Fe + Fe;O3] and the [Fe + CeO;]
experienced higher process temperatures of ~800 °C and ~900 °C at the start, respectively.

Temperature

process A process B
Liquid | )

— real temperature g

— thermocoupie B

thermocoupie A—————

Time
Figure 13. Schematic illustration of the grain size evolution in dependence of the thermal level.

The addition of Fe;O3 and CeO; to the pure Fe therefore led to an increase of the pro-
cess temperatures using the same process parameters for all material conditions (Figure 12).
However, as stated above, with higher proportions of CeO,, the grain size decreases de-
pending on the quantity of nucleants, i.e., the CeO, NP or, more likely, the pores. The
increased thermal level during the build process most probably stems from the addition of
CeO, NP, eventually due to a change in the electrical resistivity and thermal conductivity. In
addition to this, with higher amounts of the CeO, NP, the porosity likewise increases. Thus,
the higher thermal level and the increased defect density counteract each other in terms of
grain size evolution. Furthermore, Lejc¢ek et al. [70] discussed in detail how subsequent o
++ v phase transformations during L-PBF processing of cp Fe lead to a fragmentation of
initially columnar solidified grains. Similar observations were made by Giinther et al. [68],
who analyzed E-PBF-processed Cr-Mn-Ni steel, and by Korner et al. [69] regarding E-PBF-
processed Ti-6-4. As already discussed in further studies, the resulting microstructure of
E-PBF-processed cp Fe can differ significantly as a function of the process temperature
level [55]. So, for example, at low process temperatures, the material experiences only
few phase transformation events during melting until it remains in the o phase region.
This results in a coarse-grained microstructure with a high amount of subgrains [54]. In
turn, allowing a slightly higher temperature in the E-PBF process, one can realize a higher
number of phase transformation events, leading to a significant grain refinement [55]. Two
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model processes, i.e., process A and B, are schematically illustrated in Figure 13. The
temperature path corresponding to “process A” is similar to that of “process B”; however,
it is located at a slightly lower thermal level. Initially, coarse grains may be formed while
solidifying, mainly following the temperature gradient and epitaxy. The temperature
decreases rapidly since the heat dissipates into the surrounding material. In the subsequent
layers, the observed volume increment is melted again (instead, lacking layer bonding
would be the result). The serrated temperature profile in Figure 13 is further created by
the energy inserted from above layers. However, since the heat insertion occurs further
away from the thermocouple position, the peaks become less pronounced and the true
temperature converges to the global temperature, which in turn is better represented by
the thermocouple’s signal. Following this route, the real temperature A passes the o <>
v phase transition line several times. Thereby, inter- and intragranular stresses emerge
from concomitant volume changes due to the phase transformation, leading in turn to
the formation of dislocation entanglements and subgrain structures. From these subgrain
structures, more stable high-angle grain boundaries can be formed when recrystallization is
facilitated in the y phase regime. As this effect occurs several times during build process A,
a relatively fine-grain structure can result. In contrast, if the process temperature lays higher,
e.g., due to higher electrical resistance or lower thermal conductivity in the [Fe + CeO,]
presented, the pronounced temperature cycling does not proceed in the direct vicinity
the « <+ v phase transition. As a consequence, only a few v — o phase transformations
take place, and thus coarse grains dominate the final microstructure. However, in terms
of the microstructures and the studies focusing on the so-called intrinsic heat treatment
presented herein [68], the following picture emerges: Using the same parameters, primarily
the thermal level in the process rises with the amount of Fe,O3 and CeO, modifications. In
Figure 13, this can be represented by temperature path B. At significantly higher process
temperatures, there may also be a higher potential for grain growth, while the pure Fe is
processed at a thermal regime in which multiple phase transformations provoke a grain
refinement. In the case of the modifications with high CeO, proportions, grain nucleation
at NP as well as defects contribute to a slight grain refinement. Nevertheless, at the given
process temperature, the grain coarsening is predominant in comparison to the pure Fe.
While the grain nucleation at NP appears to be negligible in the regarded proportions, the
two prevailing and conflicting driving forces are the reduction of grain boundary energy at
elevated temperatures on the one side, and the grain refinement through multiple phase
transformation on the other.

In order to quantify each individual contribution, future studies regarding even higher
amounts of CeO, using different parameter settings will have to reveal the role as well as the
remaining of the NP after E-PBF processing more systematically. Thus, the thermal history
as well as the evolution of the porosity have to be regarded, particularly with adjusted
process parameters. For the material conditions presented herein, the most effective way
for grain refinement is still supposed to be a multiple phase transformation. As a function
of specimen number and geometry, melting parameters, and heating surface, inter alia, the
E-PBF process can be steered into thermal realms in which the subsequent melting leads to
the described effect, and hence to a sudden grain refinement [55].

4.2. Electrochemical Properties

The results of the electrochemical corrosion analysis indicate that the initial stage of
the corrosion process can be accelerated by the powder surface oxidation studied herein, as
well as by the inoculation with CeO, NP. In the case of the Fe;O3 modification, both the
increase in the grain size and local potential difference between oxide and metallic phases
might contribute to the higher corrosion rate. In addition, for the CeO,-modified specimens,
the increased porosity is likely to further contribute to the accelerated corrosion reactions.

Figures 6 and 7 show that the pure Fe sample exhibited the highest incubation time
after immersion in m-SBE. Both, the OCP as well as the low-frequency impedance values,
dropped only after about 750 min of immersion time. The faster initiation of the corrosion
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reactions in the case of the incorporated Fe,O3 and CeO, NP can be explained by defect
triggered localized corrosion processes. However, the differences in corrosion kinetics
between the studied material conditions became smaller over extended immersion times
(cf. Figure 7b), which was most probably due to the formation of protective surface layers
composed of corrosion products. This scale formation on the material surfaces may limit the
overall corrosion rate and, eventually, diminish differences in interfacial and local reactivity
of the different specimens. These conclusions can be supported by the microscopic images
of the specimens after the exposure (Figure 8).

4.3. Mechanical Properties

The mechanical properties of the Fe,O3 modifications were in good agreement with
the evolution of the grain sizes and the internal defects. The smaller grain size of the
[Fe + Fe,O3] + Fe, 1:4 specimen met the increase in YS and UTS, following the Hall-Petch
relation [71], whereas in the conditions with higher Fe,O3 content, the tensile strength
decreased due to increasing grain size. In the material modifications with CeO;, the grain
size and the porosity interacted. Even minor CeO; contents can lead to significantly reduced
strength and ductility. Still, specimens with CeO, NP can show improved mechanical
properties (cf. Figure 9). Here, it must be considered that severely notched specimens
were probed, i.e., the CeO, NP conditions feature a relatively high defect density. As
detailed above, despite a drastically reduced square section, the [Fe + CeO;] specimen still
showed good ductility, which can be traced back to an enhanced damage tolerance. The
YS (194 MPa) and UTS (274 MPa) of the [Fe + CeO,] specimen were at the same level as
the values for the [Fe + Fe;Os3] specimen, the latter being characterized by a smaller grain
size and higher relative density. This comparison points out that further strengthening
mechanisms have to be active in the CeO, NP modifications; however, in these conditions
the defect density leads to scattering of properties. This rationale can be further underlined
by the higher hardness values of the [Fe + CeO,] specimen compared to the [Fe + Fe;Os]
specimen. Thus, in these material conditions, the CeO, NP seem to promote an effective
dispersion strengthening. However, assessment of the final distribution of the CeO, NP in
the material as well as the respective contribution to matrix strengthening is beyond the
scope of present work and has to be addressed in future studies, in which fully dense Fe
specimens including even higher amounts of CeO, NP have to be manufactured through
applying an adapted parameter setting.

In summary, the present study demonstrated that tailoring the properties of Fe com-
ponents via E-PBF is possible in a wide range. Varying the type of oxide particles and
concomitantly the process temperature affects the grain size and defect density, finally
allowing for tailoring the mechanical properties and corrosion response. In the present
study, the parameters used to manufacture specimens of the seven material conditions
via E-PBF were kept constant to gain a first insight in the material behavior. Concerning
the mechanical behavior, the modifications with Fe,O3 followed the Hall-Petch relation.
Moreover, despite the presence of different types of defects in the specimens modified with
CeO,, sufficient structural strength and excellent damage tolerance were found to prevail.
It can be assumed that an inhomogeneous pore size and distribution are responsible for
the incoherent stress—strain curves and scatter in all mechanical as well as chemical investi-
gations. Therefore, process parameters leading to fully dense material with an increased
fraction of CeO, particles have to be identified in order to be able to implement defined
pores of homogeneous size and distribution afterwards. This will allow for direct design
of E-PBF-manufactured, CeO,-modified Fe specimens with a defined porosity that still
maintain good structural integrity due to the superior damage tolerance.

This provides for a further degree of freedom, i.e., to directly tailor the corrosion
properties (appropriately designed to meet the demands of biodegradable implants) and,
finally, will promote good mechanical properties, even in partly corroded conditions.
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5. Conclusions

The present study focused on the effects of Fe;O3 and CeO, NP modifications on
cp Fe processed via E-PBEF, applying constant process parameters. Grain refinement in
consequence of the use of the oxides acting as nucleation sites could not be clearly observed,
since the cp Fe is already characterized by relatively small grains induced by intrinsic heat
treatment and multiple phase transformations during layer-wise production. Only the
material with lowest content of Fe;O3 showed slightly lower grain sizes as compared to
cp Fe. Material modifications with CeO, are characterized by significant grain coarsening
in comparison to the pure Fe. Only minor decrease in grain sizes with increasing CeO,
contents was seen, which is rationalized by the higher number of defects being present in
this material condition. Microstructural changes mainly concern the grain size but not the
texture and are primarily attributed to the differing thermal developments of the material
experiences. From the presented findings, the following conclusions can be drawn:

1.  The grain size evolution mainly followed the temperature evolution during E-PBF
processing. The use of CeO, NP resulted in a severe microstructure coarsening, which
could be primarily traced back to higher process temperatures. Grain refinement
induced by oxides was hardly seen. The smallest grain sizes after E-PBF processing
were found in the pure Fe and in the Fe,O3 modification with the lowest fraction
of oxides.

2. For the FepO3 modifications, the resulting grain sizes were in perfect agreement with
the mechanical properties. According to the Hall-Petch relation hardness, UTS and
YS increased with decreasing grain sizes.

3. In the case of the CeO,-modified conditions, the mechanical properties showed more
pronounced scatter, which can be attributed to the higher number of defects. Still,
relatively high strength as well as excellent damage tolerance were found in these
modifications. This characteristic will allow for manufacturing material modifications
featuring a defined porosity and predictable properties.

4. The corrosion kinetics correlated well to the change in the chemical composition and
the microstructure of the manufactured specimens. The increase of the grain size, the
formation of local galvanic elements due to the incorporation of oxide phases, and
the creation of pores in the case of CeO,-modified particles contribute to the overall
increased corrosion rates in the initial phase of immersion.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/alloys1010004/s1, Figures S1-S7 show the EIS data for the seven
specimens right after immersion (0 min) and after 1435 min of immersion in m-SBE.
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