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Abstract

Iron-based degradable biomaterials have attracted much attention as next-generation bone implants due to their excellent
mechanical properties and good biocompatibility. Many studies are now focusing on the preparation and detailed study of
porous versus non-porous degradable materials. Porous degradable biomaterials have many advantages over the non-porous
ones owing to their structure, which allows easier bone tissue ingrowth. The aim of this work was to prepare Fe-based bio-
degradable porous materials in a cost-effective way via powder metallurgy technique using urea space holders. Five different
samples with increasing space holder weight ratio (up to 20 wt%) were prepared. Surface morphology and sample structure
were studied using the optical microscopy, Raman spectroscopy, and scanning electron microscopy (SEM) with energy-
dispersive X-ray analysis (EDX). Electrochemical corrosion rate analysis confirmed that the samples corroded faster with
increasing number of pores. With an increasing amount of urea, the number of pores increased proportionally, which can
potentially be used to tune the corrosion rate. However, mechanical integrity of the samples was not maintained when more
than 10 wt% of space holder was used.
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1 Introduction

In the past few decades, huge advantages have been made in
medical care leading to an increase in the quality of life and
average lifespan of humans. With the growing average length
of a human's life, there is an increasing need for the use of
orthopaedic implants [1, 2]. An orthopaedic implant can be
defined as a device designed to restore function by replacing
or reinforcing a damaged structure [3]. Although traditional
(inert) biomaterials have been used as orthopaedic implants
for many decades, there are still many problems (implant
loosening, design errors, effusions, infection-mimicking
reactions, allergic reactions, impaired wound, and fracture
healing, second surgery to remove screws and plates) with
their use often leading to implant failure [4, 5]. If the implant
fails, second surgery is required to remove it, which poses
risk to the patient, prolongs their recovery, and puts a finan-
cial burden on the patient and hospitals. Therefore, in the
last decade, research has begun to focus on biodegradable
implants, which have the potential to reduce the need for
a second surgery and minimize the incidence of infection
associated with implantation [6-9].

Biodegradable implants are made of biodegradable met-
als, which can be defined as metals that are expected to
gradually corrode in vivo with an appropriate host response
to the released corrosion products and, after performing their
function of supporting the tissue while healing, they com-
pletely dissolve with no implant residue. The most widely
used biodegradable metals include Fe-based alloys, Mg-
based alloys, and Zn-based alloys [2, 10-17]. Fe plays an
important role in the metabolism of the human body, includ-
ing transport, activation, and storage of molecular oxygen,
reduction of ribonucleotides and dinitrogen, and degrada-
tion of lipids, proteins, and DNA. Fe-based materials have
remarkable mechanical properties (similar to stainless steel)
and great biodegradability making Fe an ideal choice for
load-bearing applications [2, 18, 19].

The microstructure and mechanical properties of materi-
als can be directly affected by processing methods. In this
study, two methods were used to influence the structure:
powder metallurgy and the use of space holders. Porous
metallic biomaterials show several improved properties
compared to structurally unmodified biomaterials. These
include lower weight, larger surface area, higher hardness,
and lower thermal conductivity [20-25]. Also, porous mate-
rials can mimic the structure and mechanical properties
(reduction of Young’s modulus and therefore possible stress
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shielding effect prevention) of natural tissues such as bone
more closely, as well as enhance tissue regeneration, integra-
tion, proper vascularization, and tissue ingrowth. Because
of the pores, the cells can grow through these biomaterials
and thereby promote cell infiltration, proliferation, and dif-
ferentiation. Moreover, pores allow many material functions
like inward dispersion of oxygen, nutrients, analytes, and
outward diffusion of pharmaceutical agents, angiogenesis,
and pro-healing responses from immune cells that can affect
foreign body reactions. One of the suitable methods for
production of these substances is the space holder method.
Powder-based techniques use two types of space holders that
are removed differently. The first category is removed by
dissolution, which is represented mainly by NaCl [26-28].
The second category is removed by evaporation or com-
bustion while the powder preform is heated to its sintering
temperature. This category is mainly represented by urea,
which can be removed by heating above 200 °C. The advan-
tage of using the second category is that the shrinkage of the
sintering metal is not blocked by the space holder. Powder
metallurgy techniques can be more cost-effective than other
techniques like additive manufacturing or casting. These
methods often include the need for expensive specialized
equipment, software, and skilled professionals. The cost
of powder metallurgy depends on the input material—the
complexity, the size, and the quantity. Since iron is one of
the most affordable metals and urea particles are also inex-
pensive, the preparation of Fe-based biodegradable porous
materials via this method can be considered cost-effective
[29-31]. In this study, we fabricated porous Fe biodegrad-
able materials by a powder metallurgy method using urea as
a space holder. We managed to prepare affordable porous Fe
materials with different porosities by using different weight
ratios of urea, which was the main aim of this study.

2 Materials and methods
2.1 Sample preparation

Iron (Fe) powder (spherical, < 10 micron, 99.9+% (met-
als basis), 99.5%, Alfa Aesar, Germany) was used for the
preparation of porous samples and urea (analytical grade,
Centralchem, Slovakia) was used as a space holder. These
two components (Fe and urea) were mixed in a weight
ratio of 100:0, 95:5, 90:10, 85:15, and 80:20. The samples
were labelled as A0, A5, A10, A15, and A20 where the
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number represents the urea content in weight per cent.
A bare Fe sample was used as a reference. Mixture was
mechanically mixed and then homogenized in a Turbula
mixing machine for 1 h to prepare a mixture with evenly
distributed urea (Ur) and Fe particles. To fabricate the
samples, 5 g of each mixture was pressed into a cylindrical
shape (12 mm @) using hydraulic press with a pressure of
400 MPa and then sintered in two steps using Carbolite
tube furnace (Carbolite Gero, United Kingdom). During
the first step, the samples were sintered at 200 °C for 4 h in
a nitrogen atmosphere to remove urea. The furnace heat-
ing rate was 5 °C per minute. Subsequently, the samples
were cooled down to a room temperature. In the second
step, samples were sintered at 1120 °C for 1 h in a reduc-
ing hydrogen atmosphere [32, 33]. The heating rate was
10 °C per minute.

2.2 Sample characterization
2.2.1 Morphology and microstructure

Optical microscopy was used to study samples mor-
phology (Dino-Lite Premier AM4013MT, Dino-Lite
AM4815ZT and Dino-Lite AM4515T8, ~20-900x
magnification, 1.3 MPx, Dino-Lite, Delmenhorst Neth-
erlands). For detailed microstructural analysis, scan-
ning electron microscopy (SEM, JEOL JSM-7001F, Jeol
Ltd., Tokyo, Japan) with energy-dispersive X-ray analy-
sis (EDX) (INCA EDX analyzer, Oxford Instruments,
Abingdon, Oxfordshire, United Kingdom) was used.
Raman spectroscopy was performed with an XploRA
ONE spectrometer (Horiba Yvon Jobin, France) with
a 50 mW (original laser power) 532 nm laser source.
Spectral data were collected using a X100 microscope
objective over the range of 200-1800 cm™! with a 5 s
acquisition time, 3 accumulations, and 10% of original
laser power.

2.2.2 Electrochemical tests

The electrochemical tests were performed using the Auto-
lab PGSTAT 302N potentiostat (Metrohm AG, Switzer-
land) in a three-electrode set-up consisting of a reference
silver chloride (Ag/AgCl/KC1 0.1 M) electrode, a platinum
(Pt) electrode, and sample (working electrode). The tests
were performed in 50 ml of Hanks' solution (8 g dm™>
NaCl, 0.4 g dm™ KCl, 0.14 g¢ dm™ CaCl,, 0.06 g dm™
MgS0,-7H,0, 0.06 g dm~ NaH,PO,-2H,0, 0.35 g dm™>
NaHCO;, 1.00 g dm™3 glucose, 0.60 g dm™3 KH,PO,, and
0.10 g dm™* MgCl,-6H,0) which simulated the human body

conditions. The system was heated to a constant tempera-
ture of 37 +2 °C. Before the measurements, samples were
cleaned in acetone and ethanol for 5 min using an ultra-
sonic cleaner (Ultrasonic Laboratory 6, ULTRAZVUK,
Czech Republic). The open circuit potential (OCP) was
recorded for 1 h to reach the equilibrium before the corro-
sion measurements. After the OCP measurement, the cor-
rosion rate was determined from potentiodynamic polariza-
tion curves acquired in the range between OCP—0.2 V and
OCP+0.2 V at scanning rate of 0.1 mV s™! and evaluated
by the Tafel extrapolation method. The corrosion rate was
calculated from Eq. (1):
KEW

CR — jCOl’l’

y M

where CR stands for corrosion rate (mm year™), j. .
is corrosion current density (pA cm™2), K is a constant
(3.27 x 107) determining CR units, EW is equivalent weight
of iron (27.92 g eq™!), and d is the density of the measured
sample [34].

2.2.3 Determination of density, porosity, and elasticity

Specimen density was calculated by the Archimedes principle
according to ISO3369. The samples were wrapped in Parafilm
and then weighed in air and water, and density was calculated
according to Eq. (2):

N (npp=myp) _ (myp—m,) (2)
dy dp

where m; (g) is the weight of the dry samples not wrapped
in Parafilm (P), m,p (g) stands for the weight of the samples
wrapped in Parafilm and weighed in air, m,p (g) represents
the weight of the wrapped specimens weighed in water, d,, (g
cm™>) is the density of water at room temperature (g cm ™),
and dp (g cm™) is the density of the Parafilm (g cm™).
The samples were soaked with benzyl alcohol in a vacuum
and subsequently weighed in air and water for total poros-
ity (Pp) determination which was calculated according to the

Eq. 3):

m
Pp=1-—"1_

x 100
(m, —my)y G

where m; (g) is the weight of the dried specimens before
saturation, m, (g) stands for the weight of the benzyl alco-
hol saturated specimens, m; (g) stands for the weight of the
saturated specimens weighed in water, and y (g cm™) is the
theoretical density of metal [35].

@ Springer



Journal of Applied Electrochemistry

The dynamic resonant method was used to evaluate the
modulus of elasticity (E). The natural frequency of the fun-
damental bending mode was measured utilizing the equip-
ment BUZZ-O-SONIC 5.9.6. (BuzzMac International, LLC,
U.S.A), and the corresponding modulus of elasticity was cal-
culated by the equipment software.

3 Results
3.1 Metallic foam characterization

Iron powder and urea (Fig. 1a) used as a space holder
were mixed in ratios of 100:0, 95:5, 90:10, 85:15, and
80:20 wt%. A cylindrical die was used during the mould-
ing process to achieve a uniform shape of the samples.
Before sintering, the samples were cylindrical (diameter
of 12 mm, height of 3.8 mm). The urea particles were
coated with a layer of iron powder (Fig. 1b) and retained
their spherical shape even after compression. After the
sintering process, the urea was removed, leaving behind
pores of different sizes (Fig. 2a—e). The cylindrical shape
of the samples was retained, but in the case of higher addi-
tions of space holders (more than 10 wt%), the samples did
not maintain compactness (Fig. 2d, e).

The porosity, weight, and density of the materials were
also monitored and determined after sintering (Fig. 2f).
Due to the manual preparation of the samples, the weights
of the individual samples were not identical and varied
from 2.13 to 3.05 g per sample. The density of the sam-
ples was 6.62 g cm™ for the A0, 5.69 g cm™ for the AS,
5.33 g cm™ for the A10, 4.36 g cm™> for the A15, and
4.85 g cm™ for the A20 sample, respectively. Figure 2f
also confirms the inverse proportionality between the
weight and the porosity of the samples. As the urea content
increased, the number of pores increased as well.

The inverse proportionality between the weight of the
samples and their porosity is evident also from Fig. 2a—e,
in which the optical images of the individual samples
after sintering are shown. For the sample A20, the ratio is

Fig. 1 Urea particles used as a
space holder (a) and compari-
son of pure and Fe-coated urea
particles (b)
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Fig.2 Macroscopic images of the sintered cylindrical samples with 0
(a), 5 (b), 10 (c), 15 (d), and 20 (e) urea space holder weight percent-
age. Comparison of samples weight and porosity after sintering (f)

approaching a threshold value, beyond which the samples
begin to completely disintegrate.

The surface morphology of the prepared samples was
evaluated by scanning electron microscopy (Fig. 3). The
gradual increase in surface roughness can be attributed to
the absence of material, due to the removal of the urea,
which left an empty space. The difference in porosity
between the prepared samples can also be observed in
Fig. 3a—e, where the details of the surface of the samples
can be seen. Both microscopic and macroscopic pores
were observed (Fig. 4).

The chemical composition of the prepared samples deter-
mined by EDX analysis is summarized in Fig. 4 and Table 1.
Iron and urea were used to prepare the samples. Since the
urea was removed, only iron is expected to be present in
the samples, with a small amount of carbon, since carbonyl
iron powder was used during the preparation. The oxygen,

Fe-coated urea urea spa
spa n ; 4.
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Fig. 3 SEM micrographs of the surface of the prepared samples with 0 (a), 5 (b), 10 (¢), 15 (d), and 20 (e) urea space holder weight percentage

nitrogen, and carbon from the urea should be converted
into a gaseous product by combustion. From the analyses in
Fig. 4a—e and Table 1, it can be concluded that the urea was
burned and evaporated from the samples. Low carbon con-
tent was found in every sample, including sample AO, where
urea was not present. We assume that this is carbon coming
from carbonyl iron powder as it is carbonylated.

Raman spectroscopy was performed to confirm the
removal urea as a space holder. It is clearly seen from
the Raman spectra on Fig. 5 that the urea was completely
removed from the samples after sintering. The insert spec-
trum shows the zoom of the area of the spectrum of sintered
samples in which the peaks were observed and, as can be
seen, belonged to the iron oxides on the surface.

3.2 Mechanical properties

To study the mechanical properties, the dynamic resonant
method was used to obtain the modulus of elasticity, the
so-called Young’s modulus. Because iron was used for the
fabrication, the modulus of elasticity is assumed to be higher
than that of bone. This was confirmed after the test and the
results are summarized in Table 2. The A20 reached a value
of 61.3 GPa. This is due to the large volume of pores and
therefore the lack of material to stretch. In the future, it will
be necessary to use a space holder with a smaller volume
or space holder particles with a smaller diameter, as there is
currently a small number of large pores in the sample. With

a smaller space holder, there would be more small pores in
the sample, which would also improve the sample elasticity.
Young’s modulus of cancellous bone varies depending on
the location, orientation, and density of the bone. According
to different studies, it can widely range from 0.01 to 9.8 GPa.
The Young's modulus in the longitudinal direction of the com-
pact bone is about 17 GPa, while in the transverse direction, it
is about 12 GPa. Compared to Young's modulus of bones, the
prepared samples are stronger and more durable [36].

3.3 Corrosion behaviour

It can be seen from Table 3 and Fig. 6 that the corrosion
potential after sintering shifted towards more negative
values with increasing content of urea used or number of
pores. As a result, samples with a higher urea content and
thus higher porosity are thermodynamically less resistant
to corrosion. From Table 3, it follows that the corrosion
rate increases with increasing mass fraction of the space
holder used. The observed increase in the degradation rate
indicates that the gradual increase in the number of pores
leads to an increase in the surface area of the pores that
are formed after urea removal.

It can be concluded that porous Fe materials prepared
with a low content of space holder show an increase in the
degradation rate compared to Fe material prepared without
space holder, due to a larger surface area available for the
electrolyte, i.e. on which corrosion can take place.

@ Springer
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Fig.4 SEM micrographs (x1000 magnification) and EDX analysis of iron foams with 0 (a), 5 (b), 10 (c), 15 (d), 20 (e) urea space holder weight

percentage

The presence of corrosion products on the surface of
the samples after corrosion was studied by XRD analysis.
XRD patterns shown in Fig. 7 revealed the presence of
hematite (a-Fe,03) in samples with higher porosity [37].
With the decrease in the number of pores, the signal of
hematite was lower, and the presence of hematite was not
observed in the samples AO and AS. A higher content of
this corrosion product on the surface of the samples cor-
responds to a higher degradation rate of the samples pre-
pared with a higher content of urea. XRD patterns also
confirmed the presence of carbonyl iron in all the studied
samples [38].
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4 Discussion

Orthopaedic implants made of biodegradable porous met-
als are suitable candidates for repairing the damaged bones
since their stiffness and porosity can be tuned. One of the
main advantages of using degradable porous implants over
non-porous ones is that cells can easily grow through their
pores, which helps in the healing of bone tissue thus accel-
erating the osseointegration process [39]. In this work,
we fabricated biodegradable porous Fe biomaterials with
appropriate mechanical properties by cold-pressing and
sintering using urea particles as space holders. Afterwards,
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Table 1 EDX elemental

) Sample  Element/wt%
analysis of the sample surface
chemical composition Fe (0] C
A0 95.14 0.64 4.22
A5 9459 123 4.18

Al10 98.37 0.64 1.00
Al5 98.44 0.00 1.56
A20 9759 0.53 1.88
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Fig. 5 Raman spectra of the Fe and Fe—Ur samples after sintering

Table2 Young’s modulus

Sample E/GPa
measured values

A0 168.9

A5 119.3

A10 108.9

Al5 104.9

A20 61.3

Table 3 Electrochemical properties measured in Hank’s solution at
37 °C and pH=7.4 by potentiodynamic linear method

Sample Feon! A cm™2 E../V CR/mm year™!
A0 1.65 -0.574 0.429
AS 2.20 —-0.577 0.555
Al0 2.02 —-0.592 0.549
AlS 1.15 —-0.603 0.642
A20 0.59 —-0.622 0.746

the samples were sintered at 1120 °C. The temperature
1120 °C was chosen since it is common sintering tempera-
ture for iron powder and this temperature is suitable for
densifying the iron particles and achieving good mechani-
cal properties. The dynamic resonant method showed that
the samples can withstand higher tensile stresses than

T T T T T T T T T T
-0,76 -0,72 -0,68 -0,64 -0,60 -0,56 -0,52 -0,48 -0,44 -0,40
Potential/V

Fig.6 Comparison of Tafel plots measured in Hank’s solution at
37 °C and pH=7.4 for Fe-Ur samples
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Fig.7 XRD analysis of Fe—Ur porous samples after corrosion

bone and are therefore more elastic. As the urea content
in the samples increased, the number of macroscopic and
microscopic pores increased and, as a result, the value of
Youngs modulus also increased. The EDX analysis and
Raman spectroscopy confirmed that the space holder par-
ticles were completely removed from the structure after
sintering. The study of corrosion properties revealed that
the sample A20 with the highest porosity exhibited the
most negative corrosion potential value of — 622 mV and
the highest corrosion rate of 0.746 mm year~! among
the prepared samples. Sample A0 without urea (low-
est number of pores) corroded the slowest. Moreover,
the corrosion rate of porous samples increases with the
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increase in the number of pores. In comparison, a porous
iron samples prepared from carbonyl iron powder by the
impregnation of the polyurethane foam corroded at a rate
of 0.045 mm year‘l, which is almost ten times slower
than A0 sample with a corrosion rate of 0.429 mm year™"
[40]. In another study, porous Fe scaffolds prepared by
powder metallurgy techniques exhibited a corrosion rate
of 0.04 mm year‘l [41]. In study, where scaffolds were
prepared via 3D printing, Fe scaffolds exhibited a corro-
sion rate of 0.065 +0.030 mm year~! [42]. It follows that
the samples prepared in this study achieve a much higher
corrosion rate than the porous iron scaffolds prepared by
different methods so far. The preparation of Fe porous
biomaterials by powder metallurgy using urea as a space
holder appears to be an affordable and simple way to tune
the corrosion rate of these scaffolds, which was the aim of
this work. Scaffolds prepared in this way still need to be
further investigated mainly in terms of cytotoxicity and
biocompatibility, which is decisive for their potential use
as future orthopaedic implants.

5 Conclusions

Biodegradable porous Fe materials fabricated by powder
metallurgy using urea particles as space holders represent
a promising alternative biomaterial for the repairing of
load-bearing bone defects in a cost-effective way. The ten-
sile test of the prepared samples showed that the values of
Young's modulus were much higher compared to the value
of 17 GPa for bone. An electrochemical study of corrosion
properties showed that the samples with higher number of
pores (higher surface area) exhibited more negative corro-
sion potential values and corroded faster. Sample A20 with
the highest porosity showed the most negative corrosion
potential value (— 622 mV) and the highest corrosion rate
(0.746 mm year‘l). In addition, a direct relationship between
the amount of urea used in the preparation of samples and
the number of pores formed in the samples after the removal
of the urea was confirmed, which can be used to achieve the
desired corrosion rate.
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