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Abstract

In this research, Fe-P scaffolds were successfully fabricated by the powder metallurgy
method for the first time, using NaCl as the space holder for bone tissue engineering
applications, with apparent porosities of approximately 70%. The Fe3P powder was suc-
cessfully synthesized by the mechanochemical method under an argon atmosphere using
an initial mixture of Fe and P powders. The XRD patterns show that Fe3P was obtained
after sintering the milled powders at 1000 ◦C. Fe, Fe3P, and Fe-50 wt% Fe3P compos-
ite scaffolds and bulk pellets were prepared by sintering the milled powder at 1000 ◦C.
Furthermore, the mechanical properties (compression strength) and bioactivity of the Fe-
P scaffolds were determined. According to the compression test results, the composite
scaffold showed higher compressive strength, lower fracture strain, and higher elastic
modulus than the Fe and Fe3P scaffolds, indicating that adding Fe3P to Fe improves the
mechanical properties. Moreover, among the scaffolds prepared by sintering at 1000 ◦C,
the Fe scaffold exhibited the highest corrosion rate compared to the Fe3P and composite
samples, while the corrosion resistance of the composite sample was 3 times higher than
that of the Fe sample. The ICP analysis showed that the amount of Fe released from the bulk
pellets during soaking in PBS solution after four weeks was 3220 µg/dL, 4003 µg/dL, and
4774 µg/dL for the composite, Fe3P, and Fe samples, respectively. The composite sample
showed the highest cell viability, while the Fe sample had the lowest. The compressive
strength (12.62 MPa) and fracture strain (5.98%) of the porous sintered composite scaffold
at 1000 ◦C were within the range of trabecular bone, while the compressive strength of the
composite sample was 17 times higher than that of the Fe sample. Furthermore, the MTS
test showed that all the samples had good viability, while the composite sample had the
best cell viability. The scaffolds were not cytotoxic. It can be concluded that the mechanical
and biological properties of the composite sample were superior to those of the Fe and Fe3P
samples and that it may be a promising candidate for bone tissue engineering applications,
especially for trabecular bone replacement.

Keywords: Fe-P scaffold; powder metallurgy; mechanical properties; bioactivity

1. Introduction
Nowadays, thousands of surgeries are done every day to substitute or repair tissues

that are harmed and damaged by disease or trauma. The developing field of tissue engi-
neering (TE) aims to reconstruct damaged tissues by combining body cells with highly
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porous bioscaffolds. The scaffolds serve as templates for tissue regeneration and as guides
for tissue growth [1]. Disease, injury, and trauma can cause damage and degeneration of
human body tissue, which requires treatment to facilitate repair, replacement, or regen-
eration. The treatment usually involves transplanting tissue from one area to another in
the same patient (autografting) or from one person to another (transplant or allograft).
Although these treatments are fundamental and life-saving, both techniques have major
problems. In addition to the high cost of harvesting autografts, the procedure is painful,
imposes anatomical limitations, and is associated with donor morbidity due to infection
and hematoma. Similarly, allografts and transplants have severe limitations due to difficul-
ties in accessing adequate tissues for all patients who need them, the risk of rejection by
the immune system, and the possibility of infection or disease transmission from donor
to patient. In response, the field of tissue engineering (a term that can be used instead
of regenerative medicine) has been introduced and aims to avoid replacement, aiming to
regenerate damaged tissues using biological substitutes that restore, maintain, or improve
tissue function. It should be noted that tissue engineering is a relatively new field, although
the concept of replacing tissues dates back to the 16th century [1].

To address the problems of tissue degradation and regeneration, the multidisciplinary
field of tissue engineering combines engineering tools and health science. Cells, scaffolds,
and biological factors are the three necessary parts of this field. Scaffolds play an important
role as physical matrices that maintain integrity and/or restore damaged tissue, while also
serving as sites for the deposition of biological entities. For this reason, the selection of the
biomaterial of the scaffold should be based on the type of tissue that needs treatment [2].
The efficiency of a biomaterial implanted in the body depends greatly on its role and
nature within the body. The characteristic that distinctly separates a biomaterial from
other materials is its ability to contact the relevant human body tissues without causing
an undesirable degree of damage to those tissues or their constituents. Tissue engineering
products, such as biocompatible scaffolds, must function as substrates that support proper
cellular activities, including promoting mechanical and molecular signaling systems to
enhance the efficiency of tissue regeneration, without triggering inappropriate local or
systemic reactions in the host [3].

Biomaterials are classified into four groups: ceramics, polymers, metals, and compos-
ites. Metallic scaffolds with highly porous structures have recently become a new class of
material suitable for a wide range of applications. Their high structural similarity to spongy
bone and their large surface area have recommended their use as bone substitutes with suit-
able mechanical properties, as well as for reinforcing monolithic bone [4]. Biodegradable or
absorbable metals that corrode in the in vivo environment are ideal materials for temporary
medical implants that bear load. They provide the necessary mechanical support during
the healing process of the treated tissue and are gradually degraded without leaving any
implant residue, thus avoiding the need for additional surgery. Magnesium, iron, zinc, and
their alloys are considered in this new class of metallic biomaterial [5].

Scaffolds are considered biomaterial replacements for bone defects, which accelerate
the recovery of damaged bone tissue. In recent years, the major challenge in biomaterials
has been producing highly porous materials with interconnected pores and physical [6]
and mechanical properties [7] similar to those of bone tissue.

Scaffolds have several requirements, including biocompatibility, biodegradability,
mechanical properties, and structural characteristics.

In the study by Yusop et al., biodegradable metals were used as materials for hard
tissue scaffolding in situations where polymers could not be used because of their poor
mechanical properties. Scaffolds need to facilitate the formation and maturation of new
tissue or organs, and their degradation, cell growth, and temporary mechanical support
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must be balanced. Biodegradable metals, such as magnesium and its alloys, have mechani-
cal properties similar to those of natural human bone, and when used as tissue scaffolds,
they show promising results. Therefore, their supportive physical properties have made
them suitable for orthopedic implants. Porous iron can also be considered a potential
scaffold material, but there are very few reports, especially regarding its application in
bone tissue. Among the several promising techniques for producing metallic scaffolds,
a few processes such as the CO–CO2 gas foaming powder metallurgy process, the solid–gas
eutectic solidification process, and powder metallurgy using a polymer foaming agent have
been used. However, due to the very high melting temperature, the solid free-form method
cannot be used for Fe, as the NaCl template is destroyed by the excessive heat. The solid
free-form method is the most promising approach for producing biodegradable metallic
scaffolds with optimal pore morphology for cellular growth and cell proliferation [8].

In the research by Hrubovcakova et al., open-pore Fe-P scaffolds were produced
by the replica method, based on the powder metallurgy method, for use as temporary
biodegradable materials for bone replacement. The phosphor-alloyed iron scaffold was
used to control the corrosion rate and improve mechanical properties. The results showed
that the produced scaffolds had an open, interconnected microstructure with a high porosity
of up to 89%, similar to cancellous bone. The presence of phosphorus improved the
mechanical properties of the scaffolds and reduced the corrosion rate compared to the pure
iron scaffold. Therefore, the iron–phosphorous alloyed scaffold appears to be a suitable
candidate for biodegradable bone grafts capable of bearing high loads. However, more
research is needed to regulate the biocorrosion rate and to experimentally study the in vitro
biocompatibility of the material [9].

In the study by Sharma et al. [10], the effect of porosity on the corrosion behavior of
porous iron scaffolds manufactured for biodegradable implant applications was investi-
gated. A newly developed process combining 3D printing and pressureless microwave
sintering was used to produce two types of iron scaffolds. The random porous iron scaf-
folds (RPIs) with random microporous structures and topologically ordered porous iron
scaffolds with designed interconnected microporous structures were studied. Small isolated
micropores, large interconnected micropores, and designed interconnected macropores
were obtained. The results indicated that the corrosion of the porous iron scaffold was
mainly governed by the diffusion process. It was shown that an increase in random micro-
porosity and a reduction in designed microporosity increased the corrosion rate of the iron
scaffold [10]. Ulum et al. [11] stated that biodegradable metals, such as magnesium, iron,
and their alloys, are potential materials for medical scaffolds. However, much research on
biodegradable metals has focused on optimizing mechanical properties and degradation
behavior, without emphasizing improvements in their bioactivity. Therefore, the possibility
of improving the biodegradation rate of iron and its bioactivity was studied using different
bioactive bioceramics. Iron-based bioceramic composites with reinforcements of hydroxya-
patite, biphasic calcium phosphate, and tricalcium phosphate were prepared by mechanical
mixing and a sintering process. The degradation studies showed that compared to pure
iron, the bioceramic addition reduced the corrosion potential of the composites and slightly
increased the corrosion rate [11].

In the study by Wang et al. [12], a composite with an iron matrix and calcium sil-
icate (CS) as reinforcement was produced using the powder metallurgy process. The
microstructures, mechanical properties, apatite deposition, and biodegradation behavior
of the Fe-CS composites, as well as cell attachment and proliferation on their surfaces,
were obtained. The results showed that incorporating calcium silicate particles into iron
can be an effective approach for developing iron-based biodegradable bone implants with
improved biomedical performance [12].
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In the study by Wassila et al. [13], the thermal stability of Fe-8 wt% P milled powders
was investigated. Rietveld analysis of the XRD patterns showed that during annealing
of the powders up to 210 ◦C, three phases, including Fe3P, α-Fe(P) solid solution, and
FeP phosphites, could be observed. The results showed that the thermal stability and
microstructure of the powders were significantly affected by the milling procedure. The
different heat treatments showed that the 21 h milled Fe-8 wt% P powder was unstable.
Heat treatment resulted in homogenization, an increase in the α-Fe(P) solid solution fraction,
and the formation of Fe-P phosphide phases. The heat treatment up to 450 ◦C led to the
formation of iron oxides, FexP (1 < x < 2) phases, Fe3P, and α-Fe(P) phases. In the heat-
treated powders, the relative amount of the phases changed during the annealing. These
results showed that milling is an effective method for controlling the material’s thermal
stability. However, thermally stable iron phosphide powder was obtained after the heat
treatment at 210 ◦C [13].

Although many efforts have been made in recent years by several researchers to
provide scaffolds suitable for tissue engineering, there is a lack of information on the
mechanical and biological properties of Fe-Fe3P scaffolds. Furthermore, limited research is
focused on Fe-based scaffolds and phosphor-alloyed iron scaffolds. These scaffolds have
better corrosion properties than pure Fe scaffolds, but their poor mechanical properties
limit their use. Therefore, it seems that a hard ceramic reinforcement, such as Fe3P, together
with the ductile Fe constituent, can impair the weak mechanical properties of the phosphor-
alloyed Fe scaffolds while still retaining the improved corrosion properties provided by the
presence of phosphor.

Therefore, this research aims to fabricate Fe-P scaffolds using the powder metallurgy
method, and to study the mechanical properties (compressive strength) and bioactivity of
the Fe-P scaffolds for the first time. This study also introduces a Fe-P scaffold suitable for
long-term bone tissue engineering applications.

2. Materials and Method
In this research, Fe (Sigma-Aldrich (Burlington, MA, USA), purity ≥ 99/9%, par-

ticle size < 10 µm) and phosphorous red (Sigma-Aldrich (Burlington, MA, USA),
purity ≥ 99/99%, particle size < 10 µm) powders were used to synthesize Fe3P pow-
der through the solid-state mechanochemical method by mechanical milling and heat
treatment of the powders using stoichiometric amounts according to Equation (1):

3Fe + P −→ Fe3P (1)

Appropriate amounts of Fe and P powders were placed inside a NARYA-MPM-2 x 250 H
high-energy planetary ball mill (Tehran, Iran) using a steel vial purged with protective Ar
gas. Stainless steel balls with diameters of 8, 10, 12, and 15 mm (10 balls of each diameter)
were used. Mechanochemical synthesis was carried out at a ball-to-powder ratio of 30:1,
a rotation speed of 300 rpm, and a milling time of 12 h. For the heat treatment, a tube
furnace with an argon atmosphere was used, with heating rates of 5 and 10 ◦C/min. The
heat treatments of the milled powders were done at 100, 200, and 1000 ◦C, as presented in
Figure 1.

After synthesizing the Fe3P powder, bulk and porous scaffold samples of Fe, Fe3P, and
the Fe-50 wt% Fe3P composite were fabricated. The samples for the corrosion, compression,
and porosity tests, as well as the microstructural investigation, were prepared in the same
way by pressing the powder with a hydraulic pressure of 200 MPa in a cylindrical steel
tube with a diameter of 1 cm. The height of the pressed sample was 0.5 ± 0.05 cm. Bulk
samples were prepared for the corrosion tests. To manufacture the bulk samples, a 5% PVA
(polyvinyl alcohol) solution was used as a binder. Scaffolds with 70% porosity were obtained
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using NaCl (purity ≥ 99%) as a space holder [14]. For the bulk samples, the powders were
mixed with one drop of 5% PVA solution and pressed hydraulically at 200 MPa. The samples
obtained were cylindrical, with a diameter of 1 cm and a height of 0.5 cm. Moreover, for
the scaffold samples, the amounts of Fe, Fe3P, and NaCl were obtained by Equations (2)–(5),
where V and wt% were the volume fraction and weight percent, respectively. The Fe and
NaCl densities were considered as 7.874 and 2.16 g/cm3, respectively.

wt%Fe =
ρFeVFe

ρFeVFe + ρNaClVNaCl
× 100 (2)

wt%Fe3P =
ρFe3PVFe3P

ρFe3PVFe3P + ρNaClVNaCl
× 100 (3)

ρcomposite =
ρFe + ρFe3P

2
(4)

wt%Fe−50wt%Fe3P composite =
ρcompositeVcomposite

ρcompositeVcomposite + ρNaClVNaCl
× 100 (5)

After the pellets (pre-scaffold samples) were prepared, they were placed in an alumina
crucible (Base Co, Iran) and heated in an oven at 60 ◦C, then placed in a tube furnace
(Atra furnaces, Tehran, Iran) under an argon atmosphere. The heat treatment was carried
out using a three-step heating procedure (Figure 1) to prevent cracks and fractures in the
scaffolds during the evaporation of residual water from the NaCl dissolution process, and
to avoid thermal shock at the high sintering temperature. This stepped heat treatment
cycle was therefore used. This heat treatment cycle provided a slow heating rate at critical
temperatures. The samples were first heated to 100 ◦C at 5 ◦C/min and held for 30 min.
The temperature was then increased to 200 ◦C at the same rate, with a holding time of
1 h. Finally, the temperature was raised to 1000 ◦C at a heating rate of 10 ◦C/min. After
reaching this temperature, it was held for 1 h, then cooled to room temperature inside the
furnace under argon gas flow.

Figure 1. The heat treatment cycle used for scaffold fabrication involved using a tube furnace with
an argon gas flow.

To obtain the compression strength, fracture strain, and Young’s modulus of the
scaffolds, a compression test was applied using the Hounsfield machine (Redhill, UK) with
a ramp speed of 0.5 mm/mm. The compressive modulus of the samples was calculated
according to the ISO 844-2014 standard [15]. For the determination of the Young’s modulus,
the slope of the initial linear elastic region was used. For this reason, the linear least squares
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fit was applied to the data in the linear region. All the reported values had R2 > 0.999. The
compressive strength was considered as the maximum stress sustained before fracture. The
fracture strain is the strain at the fracture point. The tests were repeated three times to
ensure consistent results.

A Philips (AW-XDM300) XRD machine (Philips, Mississauga, ON, Canada) was used
to perform the X-ray diffraction analysis at 50 kV and 40 mA. The diffraction patterns
were obtained using Cu Kα radiation with λ = 1.542 Å in the range of 20–90 degrees, with
a step size of 0.05. X’Pert High Score Plus 3.0.5 software in combination with the PDF-2
database (ICCD, 2007) was used to identify the phases. A quantitative phase analysis of
the measured powder diffraction patterns was performed using the Topas4-2 program
for Rietveld refinement. A scanning electron microscope (SEM, Philips, XI30, Eindhoven,
The Netherland) was used to characterize the microstructure, morphology, and size of the
synthesized powders and scaffolds.

In this research, L929 human fibroblast cells were used to study the biocompatibility
of the cells on the surface of the sintered samples. The cells were cultured using flasks of
25 cm2. After the flask was filled and passaged twice, the cells were detached from the
bottom of the container and counted. The samples were sterilized using UV radiation for
30 min and then placed in the cell culture container. Finally, an appropriate number of
L929 cells was seeded on the surface of the sterilized sample.

2.1. Study on Cell Viability

To assess cell activity and viability in the samples, an MTS assay was performed. The
measurement of biological activity of the cells was based on the fact that tetrazolium salt is
converted into a colored salt soluble in cell culture medium by the enzyme present in the
mitochondria of living cells, which ultimately determines the absorption intensity of the
color created by this substance, indicating the presence of live and active cells [16].

To perform the MTS test, the supernatant medium was first replaced with a serum-
free medium containing 20% MTS, and the samples were incubated for 4 h. The colored
medium was then transferred to a 96-well plate, and the amount of dye absorbed by the
mitochondria in living cells was measured at a wavelength of 492 nm. During the transfer
of the medium to the 96-well culture vessel, the supernatant medium from each group of
L929 cells was distributed into three wells to reduce the error rate (100 microliters per well).
The reduction in the error rate is because the test was repeated three times, with the average
value reported. The optical densities were analyzed using Excel, and a corresponding
graph was created and examined. The MTS test was performed over one week at four time
points: 4 h, 2, 4, and 6 days after cell culture. Each sample was tested three times.

The porosimetry test on the scaffolds was conducted using the Archimedes method
based on flotation in liquid. For each sample, the test was repeated three times for the Fe,
Fe3P, and Fe-50 wt% Fe3P scaffolds, and the mean value was reported. For this reason,
the dry scaffolds were first weighed (Wd), then the weight of the scaffolds during their
placement in water (WS) was measured, and finally, the weight of the scaffold immediately
removed from the water (Ww) was recorded. The apparent porosity and real porosity were
measured according to ASTM B962 standard [17] by Equations (6)–(8), respectively.

apparent porosity =
WW − Wd
WW − WS

× 100 (6)

real density =
ρ − B

ρ
× 100 (7)

B =
Wd

WW − WS
× 100 (8)
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where B is the bulk density, and ρ is the theoretical density.
The degradation test was conducted for one month, and inductively coupled plasma

spectroscopy (ICP) was used on each sample to compare the amount of Fe released by the
different samples. The tests were applied every week for a one-month period.

2.2. Statistical Analysis

All data from the quantitative tests are reported as the mean of the samples with the
standard deviation, and p < 0.05 is considered significant.

3. Results and Discussion
3.1. X-Ray Diffraction Analysis

As mentioned in Section 2, to synthesize the Fe3P powder, Fe and P powders were
milled for 12 h under an argon atmosphere and then heat-treated at 1100 ◦C under argon
flow. Figure 2 shows the whole pattern Rietveld analysis of the X-ray diffraction pattern of
Fe3P powder synthesized by the mechanochemical method and heat-treated at 1000 ◦C.
The whole-pattern Rietveld analysis indicates that the synthesized Fe3P (CIF number
1561394) was pure, with no unwanted phases present in the XRD pattern.

Figure 2. The XRD pattern of the Fe3P powder synthesized by the mechanochemical method.

3.2. Scanning Electron Microscope

As shown in Figure 3, the prepared porous Fe, Fe3P, and Fe-50 wt% Fe3P composite
scaffold samples, heat-treated at 1000 ◦C, were examined by SEM to observe the scaffold
morphology. The SEM images show that the macropores had sizes of around 500 microns,
which is in good agreement with the size of the used salt particles as space holders. The
composite matrix (Figure 3c) also contained micropores smaller than 10 microns, which can
aid cell nutrition. These macropores, formed by removing NaCl space holders during the
washing process, were interconnected within the scaffolds, facilitating cellular diffusion
and cell nutrition. Porosity is considered a biological characteristic of cellular scaffolds
because it enables the delivery of nutrients to cells and the removal of waste produced by
cellular interactions. It is also suitable for the growth and cellular reproduction of pores
and holes for cell proliferation.
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Figure 3. SEM images of the porous scaffolds: (a) Fe, (b) Fe3P, and (c) Fe-50 wt% Fe3P, and a higher
magnified image (blue arrows: microporosity; red arrows: microporosity). Samples sintered at 1000 ◦C.

3.3. Porosimetry Test

As mentioned, the Archimedes method was used to obtain the porosity value accord-
ing to Equations (6)–(8), and the values are shown in Table 1.

Table 1. Results of the Archimedes porosimetry test of porous Fe, Fe3P, and composite samples.

Apparent Porosity (%) Real Porosity (%) Closed Porosity (%)

Fe 71.7 ± 1.7 75.8 ± 0.13 4.1

Fe3P 72.5 ± 0.6 74.4 ± 0.7 1.9

Composite 70.3 ± 0.7 72.25 ± 0.87 1.98

As the porosity value directly affects the mechanical properties, it was crucial to ensure
that the NaCl space holder was completely removed during the washing procedure and
that interconnected pores were obtained. As presented in Table 1, the results indicate that
the desired porosity and interconnectivity of the pores were achieved. The Fe, Fe3P, and
composite samples showed apparent porosities of 71.7, 72.5, and 70.3, respectively.
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3.4. Mechanical Properties

The stress–strain curves of the scaffold samples are presented in Figure 4, and the
mechanical properties are presented in Table 2. The fracture strains of the Fe, Fe3P, and Fe-50
wt% Fe3P composite samples were 27.33%, 12.41%, and 5.98%, respectively. The pure Fe
sample exhibited the highest fracture strain among the samples, due to the ductile nature of
metallic Fe with a BCC structure and the absence of the brittle intermetallic Fe3P phase in this
sample. In the Fe-50 wt% Fe3P composite scaffold sample, the presence of Fe3P particles in
the Fe matrix provided reinforcement and acted as a barrier to dislocation mobility, thereby
increasing the strength. Furthermore, the elastic moduli of pure iron, Fe3P, and the composite
sample were obtained as 0.05 MPa, 0.27 MPa, and 0.76 MPa, respectively. Therefore, the
composite had the highest elastic modulus, while the pure Fe scaffold sample had the lowest
value. The compression strength values of the pure Fe, Fe3P, and composite samples were
0.74, 1.31, and 12.62 MPa, respectively. Therefore, the composite scaffold had the highest
compression value and thus had the best effect on the mechanical properties. This may be
due to the reinforcing effect of the composite. Fe is soft and tough, while Fe3P is hard and
brittle. A combination of these two materials can provide a high-strength composite.

Figure 4. Compression stress and strain curves of porous Fe, Fe3P, and Fe-50 wt% Fe3P composite
scaffolds sintered at 1000 ◦C.

Table 2. Compression test results of porous scaffolds sintered at 1000 ◦C.

Compression
Strength (MPa) Fracture Strain (%) Elastic Modulus

(MPa)

Fe 0.74 ± 0.11 27.33 ± 2.01 0.05 ± 0.012

Fe3P 1.31 ± 0.34 12.41 ± 0.17 0.27 ± 0.008

Fe-50 wt% Fe3P 12.62 ± 2.7 5.98 ± 0.3 0.76 ± 0.043

The compression strength of all the porous scaffolds sintered at 1000 ◦C was in the
range of trabecular bone (0.1–16 MPa) [18], while the fracture strain of the composite
scaffold was the only sample in the range of trabecular bone (5–7%) [19,20]. Furthermore,
the compressive elastic modulus of trabecular bone should be in the range of 0.12–1.1 MPa.
These results indicate that the composite sample is a suitable candidate for the replacement
or repair of trabecular bone from a mechanical perspective. In the research by Hrubov-
cakova et al. [9], it was shown that iron scaffolds alloyed with phosphorus using the replica
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method usually exhibit increased yield strength compared to pure iron scaffolds, and it
was demonstrated that phosphorus is a suitable alloying element for scaffold production.
The improved results were due to its beneficial effect on compression sintering, which
significantly increased the mechanical strength [9].

It should be noted that in bulk material, the elastic modulus of the composite is always
between those of the matrix and the reinforcement and is never more than the constituent
with the higher value. Moreover, the modulus of the bulk material is determined by the
volume fraction, reinforcement geometry, orientation, and the interface bonding. In the case
of porous materials, especially multicomponent materials, it is a very complicated issue.
Many researchers, such as Phani and Niyogi [21], have noted that predicting and describing
the relationship between the composition, mechanical properties, and structure of porous
materials is not straightforward [22]. Until now, understanding of the relationship between
macroscopic mechanical behavior and microstructural properties (such as porosity) has
been far from satisfactory [23].

In the case of porous material, the total volume and type of porosity (open or closed),
the shape of porosity, randomness, uniformity of distribution, geometrical arrangement of
the elements (angle of intersection), and the wall shape (e.g., curvature, cross-sectional shape,
and uniformity) determine the elastic modulus value. Furthermore, at a larger scale, the
geometrical arrangement of pores is crucial and severely affects the elastic modulus [24,25].

It has been shown that the elastic properties of porous composite materials can be
determined from the elastic properties of their components in several ways: statistically
using scattering theory, through variational principles, or by assuming specific geometries
for the material under consideration. It is noteworthy that specific geometry models must
be considered if useful results are to be obtained [26].

In the present research, the higher elastic modulus of the composite sample compared
to its components can likely be attributed to the porosity characteristics, such as the shape,
geometric arrangement, and wall shape of the pores formed after sintering the Fe and Fe3P
particles together at 1000 ◦C. Furthermore, it should be mentioned that in this research,
the tensile tests were repeated three times for all samples. In Table 2, the compression
strength, fracture strain, and elastic modulus are presented, along with their error ranges.
The presented results reveal the reproducibility and consistency of the data.

3.5. Corrosion Properties

It is well known that Fe is an important element with vital roles in the human body,
such as storage and reduction of RNA and DNA, cell growth, and oxygen transport [27].
At the start of the twenty-first century, Peuster et al. [28] investigated Fe as a potential
absorbable metal, indicating that it does not produce toxic corrosion products when used
to replace biological tissues. However, in addition to having high porosity and pore in-
terconnectivity, the porous scaffolds must maintain structural integrity. Therefore, their
corrosion rate should match the new bone regeneration and healing time to provide
a suitable transition of the load from the scaffold to the bone [29]. The main drawback of us-
ing Fe in bioresorbable applications is its excessively slow corrosion rate in physiological en-
vironments [8,30–32]. In other words, corrosion or degradation behavior is one of the most
critical criteria for evaluating metallic materials for clinical applications. Therefore, much
research has focused on modifying the corrosion rate of Fe to overcome this obstacle and
provide successful clinical applications [33–36]. The published results indicate that pure un-
modified porous Fe scaffolds have higher corrosion rates (0.03–2.25 mm year−1) compared
to those of reported non-porous bulk pure Fe counterparts (0.008–0.242 mm year−1) [37–44].
This demonstrates the advantage of a porous structure in increasing the otherwise too-slow
corrosion kinetics of Fe. Grain refinement achieved through additive manufacturing (AM),
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severe plastic deformation (SPD), and mechanical milling techniques may also contribute
to the increase, due to the greater number of grain boundaries [45,46] and higher surface
reactivity to corrosion [47].

Tafel curves obtained from the corrosion test using SBF solution are presented in
Figure 5a. The pH of the SBF solution was 7.4, and its formulation is shown in Table 3. As
shown in Figure 5a, the Fe sample had the highest current density (highest degradation
rate) of 0.1382. Furthermore, according to the Tafel curves (Figure 5a), the corrosion current
density (icorr) (Figure 5b), and the corrosion rate of the samples (Table 4) obtained by
the corrosion test in SBF solution indicates that the lowest corrosion rate belonged to the
composite sample. However, as expected, the corrosion rates of the samples were not the
same, but all had acceptable values. Therefore, the different samples can be used depending
on the implantation location, where varying corrosion rates are required. Also, according
to the patient’s age, a different corrosion rate of the implant is required. For example, in
the case of older men, tissue regeneration is too slow, so a low-corrosion-rate implant is
needed. This indicates that all the samples can be useful when corrosion properties are
needed. Furthermore, several studies have shown that the use of porous scaffolds increases
the corrosion and degradation rates compared to the bulk state [8,48].

Table 3. The concentration of ions in the SBF solution.

Ion Concentration (mM)

Na+ 142.0

K+ 5.0

Mg2+ 1.5

Ca2+ 2.5

Cl− 147.8

HCO3
− 4.2

HPO4
2− 1.0

SO4
2− 0.5

Table 4. Corrosion results of the bulk Fe, Fe3P, and Fe-50 wt% Fe3P composite samples sintered at
1000 ◦C, tested using SBF solution.

βc
(mv)

βa
(mv)

Ecor
(mv)

icorr
(mA/cm2)

Corrosion Rate
(mm/Y)

Fe −216 ± 50.7 345.4 ± 42.1 −485.7 ± 22.7 0.1382 ± 0.051 2.3154 ± 0.17

Fe3P −371.3 ± 53.3 309.6 ± 57.4 −535.1 ± 20.1 0.0786 ± 0.0058 1.3164 ± 0.02

Fe-50 wt% Fe3P −190.2 ± 41.2 125 ± 33.7 −418 ± 31.3 0.0467 ± 0.004 0.78195 ± 0.08

According to the research of Daud et al. [49], the pure Fe sample had the highest
current density (most degradation) compared to HA-Fe and HA/PCl-Fe samples [49].
In our research, it was also found that the maximum current density was highest for
the Fe sample, followed by Fe3P, and lowest for the composite sample. Based on the
research by Ulum [11], the corrosion potential of Fe-based composites was lower than
that of pure Fe samples, while the corrosion rate increased slightly. Moreover, research by
Sharma and Pandey [10] showed that porosity value and morphology significantly affected
corrosion resistance.
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(a) 

(b) 

Figure 5. (a) Tafel polarization curves of bulk Fe, Fe3P, and Fe-50 wt% Fe3P composite samples
sintered at 1000 ◦C tested using SBF solution. (b) Bar plots showing the corrosion current density of
the bulk Fe, Fe3P, and composite samples sintered at 1000 ◦C.

In Figure 5, SEM images of the compact Fe, Fe3P, and composite samples before
and after the corrosion tests are presented. As seen by comparing the Fe samples before
(Figure 6a) and after the corrosion test (Figure 6b), large amounts of corrosion products
with elongated morphology appeared alongside the round spherical Fe particles after the
corrosion test. This agrees with the Tafel test, which indicated a high corrosion rate for
Fe. In Figure 6c,d, SEM images of the Fe3P samples are presented. The Fe3P samples had
large and sharp edges. It can be seen that after the corrosion test, the corrosion products
differed from those of the Fe samples. The Fe3P appeared to have thin, adherent surface
layers, likely due to the presence of phosphorus. Figure 6e,f corresponds to the composite
sample before and after the corrosion test, respectively. As seen in the composite sample,
the corrosion differed from that of the Fe and Fe3P samples. In these samples, corrosion had
flattened and smoothed sharp edges, resulting in non-uniform coverage of the composite.
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It seems that a galvanic couple formed in the composite sample. In an electrolyte, the
two phases have different electrochemical potentials. Fe is more anodic, meaning it is active
at a lower potential and serves as the sacrificial anode, whereas Fe3P is more cathodic
(noble, with a higher potential).

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 6. SEM images of Fe sample (a) before and (b) after corrosion test, Fe3P sample (c) before and
(d) after corrosion test, and composite sample (e) before and (f) after corrosion test.
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It should be noted that Fe3P (iron phosphide) is an intermetallic compound, and its
corrosion behavior is undoubtedly different from that of pure Fe. Fe3P is cathodic and
more noble compared to pure Fe. If the Fe3P powder contains minor amounts of Fe due to
incomplete synthesis or if Fe3P has inhomogeneous regions, the Fe3P phase will act as a
cathode, resulting in the dissolution of iron-rich (more anodic) regions. This accelerates the
dissolution of the iron-rich regions. However, the corrosion of Fe3P causes the oxidation of
both Fe and P, with Fe likely forming iron oxides and oxyhydroxides, such as Fe2O3, Fe3O4,
and FeOOH. The phosphorus (P) can probably be oxidized to phosphate ions (PO3−

4 ).
Depending on the pH, phosphate can remain soluble or form precipitates such as iron
phosphate (FePO4).

Moreover, according to Figure 6, the Fe, Fe3P, and composite samples do not have the
same porosity. It is well known that compact sintered material is not fully dense and has
inherent porosity. The shape, size, and amount of porosity largely depend on the particle
size, particle size distribution, and particle morphology. Higher porosity will almost
certainly result in a significantly higher corrosion rate. In fact, for powder compacts, the
porosity is often the single most dominant microstructural factor controlling the corrosion
rate. This is even more than the composition in many cases. For example, two compacts
with the same composition but different porosity will behave like two completely different
materials. The porosity has a much larger internal surface. This increased surface area
provides more sites for electrochemical reactions, resulting in higher measured weight loss
and faster degradation. Moreover, each pore can act as a natural crevice. This can also
create a localized galvanic cell. The localized corrosion rates inside the pores can be orders
of magnitude higher than those on a free surface. Therefore, when comparing the corrosion
results of the compact samples, it must be kept in mind that the porosity present in the
samples is different.

3.6. Degradation Test

The degradation test was conducted for one month, and the results were recorded
weekly, as shown in Table 5 and Figure 7. SBF solution was used to perform the degradation
test. The tests were performed at 37 ◦C using a bain-marie for one month. The Fe released
from the samples was determined by ICP analysis each week (Table 4).

0
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Fe
 (μ

g/
dl

)

Fe Fe3P Composite
Figure 7. Cumulative curves of the Fe element amount over four weeks in bulk samples of Fe, Fe3P,
and composite samples sintered at 1000 ◦C.
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Table 5. The Fe element amounts in the Fe, Fe3P, and composite samples heat-treated at 1000 ◦C, as
determined by ICP analysis for each of the 4 weeks.

Amount of Fe Fe Fe3P Composite

First week 1096 775 516

Second week 2303 2020 2342

Third week 3007 2338 2630

Fourth week 4774 4003 3220

Figure 7 presents bar plots showing the Fe element values in the solution over 4 weeks.
According to this plot, it is obvious that in the first week, the amount of Fe element released
from the Fe sample was higher than in the other two samples, while in the second week,
the amount of the Fe element released due to the degradation of the composite sample was
higher than in the other two samples. In the third and fourth weeks, the amount of the Fe
element in the Fe sample was higher than in the other two samples.

3.7. MTS Test

In Figure 8, the results of the cell viability of L929 human fibroblast cells (MTS test)
are presented. According to the bar plots in Figure 8, the vertical axis shows the number of
absorbed live cells. As the height of the graph increases, the number of live cells increases.
The test was performed at four different times (4 h, 2 days, 4 days, and 6 days), and
cell viability was studied at each of these time points. The samples were compared with
a standard positive control of tri-calcium phosphate TCP, which is a bioactive bioceramic.
Cold-pressed TCP powder with a particle size smaller than 80 micrometer was subjected to
pressure up to 300 MPa for this comparison. The porosity of bulk TCP was measured to be
smaller than 1%. It can be seen that tri-calcium phosphate compared to the other samples
had better viability across all days. The composite sample had the highest viability, Fe3P
showed good viability, and pure Fe had the lowest viability. Therefore, it can be concluded
that all samples showed good viability and the scaffolds were not cytotoxic.
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Figure 8. The results of the cell viability test of L929 human fibroblast cells (MTS test).
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4. Conclusions
1. Fe3P powder was successfully prepared using the mechanochemical method by

milling Fe and P powders for 12 h at 300 rpm with a ball-to-powder ratio of 30:1,
followed by sintering at 1000 ◦C.

2. The compression test of the samples showed that the Fe-50 wt% Fe3P composite sample
sintered at 1000 ◦C met the requirements for trabecular bone. Its compressive strength,
fracture strain, and elastic modulus were 12.62 MPa, 5.98%, and 0.76 MPa, respectively.

3. The corrosion test results obtained using simulated body fluid solution show that the
corrosion rate of Fe was higher than that of the composite and Fe3P samples sintered at
1000 ◦C. The corrosion rate of Fe was 3 times higher than that of the composite samples.

4. ICP analysis of the SBF solution showed that after the 4th week of immersing scaffolds in
SBF solution, the amount of Fe element was 3220 µg/dL, 4003 µg/dL, and 4774 µg/dL
in the composite, Fe3P, and Fe samples, respectively.

5. The MTS test results show that the composite samples had the highest cell viability, Fe3P
had moderate cell viability, and pure Fe had the lowest. The scaffolds were not cytotoxic.
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