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Phosphate coated carbonyl-iron powders were compacted and sintered to investigate the effect of 0.5
and 1.0wt.% of phosphorus supplied through a phosphate coating on the microstructure and corrosion
of sintered samples. The resultant materials consisted of spheroidized iron or iron oxide particles
surrounded by a solidified liquid phase composed of various ferric phosphate compounds. The
addition of phosphorus to carbonyl iron i) raised the fractal dimension of time series generated by the
open —circuit potential fluctuations from 1.14 to about 1.5, ii) more than tripled the corrosion rate and
iii) made the steady-state corrosion potential more noble (lower phosphorus content) or less noble
(higher phosphorus content) than the corrosion potential of carbonyl-iron sample.
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1. INTRODUCTION

A piece of metal can be easily converted into a complexly-shaped object with tiny and precise
details. This formability and excellent mechanical properties caused that the metals are used as
materials for surgical implants for more than a century. During these years, a paradigm has been
established that metals intended for the use in the human body should be highly corrosion-resistant to
survive the harsh physiological environment.
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But as still more and more sophisticated implants appeared in order to fix the new kinds of
problems, aquite general agreement has emerged that, for certain medical applications, the
corrodibility can be a desirable material’s property [1]. This is, for example, the case of coronary stents
or synthetic scaffolds for bone tissue engineering. The mechanical support provided by a stent or
scaffold is needed only temporarily for ashort period after implantation, during which tissue
remodelling and healing occur. After this period, implant cannot provide any beneficial effect.
Contrariwise, the permanent presence of a foreign object in the body can trigger late complications
such as restenosis, trombosis, etc. So, the short-term implants that provide a necessary support long
enough to allow natural healing to take place and after that time decompose in situ into non-toxic
corrosion products which are readily excreted from the body represent clearly preferable alternatives
for the currently-used permanent implants.

Metals belonging to the biogenic elements, such as Ca, Mg, Fe, Mn, Zn are naturally present in
small quantities in our body. It seems therefore reasonable to start searching for biocompatible
degradable metallic materials amongst alloys based on biogenic elements.

Iron-based alloys are being actively considered as a good candidate for biodegradable medical
applications. The interest is focused on alloys because the corrosion rate as well the mechanical
properties of a pure iron do not meet the criteria required and therefore the corrosion rate should be
modified and mechanical properties improved, e.g. by alloying.

The Fe-Mn system is investigated as a promising material for biodegradable stents [2-4], and
Fe-P system seems to be interesting for the temporary replacement of bones [5,6].

Both iron and phosphorus are biogenic elements, so the implant itself and the products of its
decomposition are expected to be tolerable for the human organism. And phosphorus, in addition,
seems to have a beneficial effect on the interaction between Fe-P materials and osteogenic cell
populations. The alloying of Fe with P enables to manipulate corrosion rate and mechanical properties.
If the Fe-P material is going to be prepared by a powder metallurgy, phosphorus enables a liquid-phase
sintering which increases the density of material and leads to its strengthening. The Fe-P material can
be prepared with a foam-like structure resembling the bone, which enables bone tissue and blood
vessels to ingrow into the implant. But to prepare the material suitable for a practical application, there
is still a lot to study.

The Fe-P biomaterials considered to date were manufactured from mixtures of iron and FesP
powders [5,6]. This article deals with materials prepared through powder sintering process from a new
class of powders — the coated powders consisting of carbonyl-iron particles coated with a layer of
phosphates. The purpose of this study was to investigate how the phosphorus supplied in such a way
affected both the microstructure of sintered samples and their corrosion in the Hank’s solution. The
sintered samples were found composed of spheroidized particles from iron or iron oxides and a
solidified liquid phase surrounding these particles, consisting of various ferric phosphate compounds.
It was demonstrated that the temporal evolution of corrosion potential of each freely corroding Fe-P
sample yielded a time series which was a fractal with the fractal dimension of about 1.5. The
correlations between this fractal dimension and the type of corrosion were discussed. The corrosion
rates of Fe-P samples were estimated from the potentiodynamic polarization curves. It was found that
the addition of phosphorus to iron more than tripled the corrosion rate.
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2. MATERIALS AND METHODS

The carbonyl iron powder fy BASF (type CC, d50 value 3.8-5.3 um) consisting of spherical
particles composed of 99.5 % Fe, 0.05 % C, 0.01 % N and 0.18 % O was used as a starting material,
the particles of which were subsequently coated with phosphates in a phosphating solution using the
modified precipitation method. Phosphated iron powders were dried and calcined in air. After the
procedures were completed, coated powders contained 0.5 wt.% and 1.0 wt.% of phosphorus. The
samples prepared from those powders are denoted as Fe-0.5P and Fe-1.0P, respectively. Details of the
applied method were presented in [7,8].

The bare and coated iron powders were cold pressed into cylindrical compacts (®10x10mm?®)
at the pressure of 600 MPa without lubricant.

The compacts were isothermally sintered in a laboratory tube furnace ANETA at the
temperature of 1120°C (Fe samples) or 1050°C (Fe-P samples) for 60 min and cooled to the room
temperature. The heating and cooling rate was kept at 10°C/min. The gas mixture of 10% H, — 90% N,
(purity of 5.0) was used as a sintering atmosphere. The flow-rate of the processing atmosphere was 4
I/min. Atmosphere drying was performed utilizing zeolite molecular sieve dryers. The inlet dew point
(monitored by the SHAW Super-Dew Hygrolog) was about -59°C.

Specimens selected for metallographic analysis were polished with 0.1um diamond paste and
etched in 2% nital solution. The microstructure of specimens was investigated using the optical
microscope (OLYMPUS GX71, Japan) and the scanning electron microscope coupled with the energy
dispersive spectrometer (JEOL JSM-7000F, Japan with EDX INCA).

Corrosion of samples in the Hank’s solution, composed of (in g/l) 8.00 NaCl, 1.00 Glucose,
0.60 KH,PO,4, 0.40 KCI, 0.35 NaHCO3, 0.14 CaCl,, 0.10 MgCl, 6H,0, 0.06 MgSO,4 7H,0, and 0.06
NaH,PO, 2H,0 with a pH value of 7.4, was investigated. Measurements were carried out by the use of
the Autolab Potentiostat PGSTAT 302N in a conventional three-electrode arrangement with the
Ag/AgCI reference electrode, platinum counter electrode and iron or iron-phosphorus sample as the
working electrode. In all experiments, the temperature of electrolyte was maintained at 37°C+1°C.
Before the potentiodynamic polarization tests started, the samples were kept immersed in the
electrolyte for 1 h and the temporal evolution of the open-circuit potential (OCP) was recorded. After
an hour the potentiodynamic measurements started. Polarization curves were obtained by varying the
applied potential from -800 mV up to -200 mV at the scan rate of 0.1 mV/s. The Higuchi’s algorithm
was used to probe whether the recorded OCP time series were fractals and to estimate their fractal
dimension. Corrosion current, corrosion potential and corrosion rate were determined from
polarization curves by the use of the Tafel extrapolation technique.

3. RESULTS AND DISCUSSION

3.1. Microstructure of sintered compacts

The microphotographs in Fig.1 present the microstructure of Fe and Fe-0.5P samples and those
in Fig.2 show the microstructure of Fe-1.0P sample after sintering lasted for 60 min at 1050°C. It is
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evident that the liquid phase was created during sintering due to interactions in the Fe,O3-P,05 system

[8].

Figure 1. SEM micrographs of polished sections of Fe (a) and Fe-0.5P (b) sintered compacts showing
their different microstructures.

O Ka1 P Ka1

Figure 2. A SEM micrograph of a polished section of Fe-1.0P sintered compact showing its
microstructure, and the EDX mapping of the distribution of iron, oxygen and phosphorus
within this microstructure.

The liquid-phase assisted sintering has led to the structure consisting of more or less
interconnected network of spheroidized particles, which remained solid during sintering, surrounded
by (or ,,immersed* in) the solidified liquid phase (Fig.2). Spheroidized particles were of two kinds:
either from a-Fe phase (light grey) or from iron oxides (darker grey). The solidified liquid phase (dark
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grey up to black colour) consisted of ferric phosphate compounds resulting from the interactions in the
Fe,03-P,0s5 system (FEPO4, FesPO;, Fe4(P207)3, FE(PO3)3,...).

3.2 Electrochemical corrosion behaviour

Fig.3 presents the ways in which the open-circuit potentials (OCP) of the tested electrodes
varied with time after immersion in the Hank's solution. At the beginning, the electrode from Fe
possessed the highest open-circuit potential, and the potential of the electrode from Fe-1.0P was the
lowest one. A quite rapid continuous reduction of potential of the Fe electrode freely corroding in the
in Hank's solution was observed during the test. And after about 2400 seconds, the OCP of the Fe
electrode became lower than that of the Fe-0.5P electrode but remained still higher than OCP of the
Fe-1.0P electrode. An air-formed primary oxide film on the sample surface, which to some extent
protected the iron material, was dissolved during the test which made the iron more prone to corrosion.
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Figure 3. The temporal evolution of the open-circuit potential of Fe, Fe-0.5P, Fe-1.0P electrodes
immersed in the Hank’s solution.

The open-circuit potentials exhibited cathodic transients, the sharp increases in potential of
about centivolt magnitude followed by an exponential-type recovery over ashort time period.
Analogous positive-going potential transients observed for carbon steels were associated with the
stress corrosion cracking process [9,10].

After a crack propagation has been initiated, the freshly exposed iron surface is highly catalytic
and is able to catalyze the reduction of adsorbed water to hydroxyl ions and hydrogen atoms. This fast
cathodic reaction consumes electrons that are supplied by a discharge of the electrode. This results in
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a spontaneous polarization of the electrode to a more noble value measured as a positive-going
potential transient. The metal-electrolyte interface is then recharged by a subsequent metal dissolution.

As sintered samples usually contain internal residual stresses, the stress corrosion cracking can
be responsible for positive-going potential transients in our case too.

When we look at the OCP versus time graphs at no better than centivolt resolution, the open-
circuit potentials recorded for Fe-P systems seem to be more smoother functions of time than the one
recorded for Fe, as it is shown in Fig.3. But the situation changes under higher and higher resolution,
when the OCP time series tend to appear rather rugged and reveal an irregular structure (Fig.4). Such
an irregular OCP time series, regarded as a subset of the (time, potential)-coordinate plane, may be
a fractal. To verify whether the OCP time series are really fractals and to estimate their fractal
dimensions, the Higuchi’s method was used.
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Figure 4. Zooming into the temporal evolution of the open-circuit potential of Fe-0.5P electrode to
reveal a finer structure.

The Higuchi’s estimator [11] was chosen as it is one of the most robust method to compute the
fractal dimension of discrete time series and provides the most accurate estimates of this dimension
[12]. This algorithm is briefly sketched below.

Consider X(1), X(2),...,X(N) the time sequence to be analysed. From a given time series, k new
time series X X are constructed, defined as follows:

X5 ={X(m), X(m+k), X(m+2K),..., X(m+n,(N,mk)k)}  form=1_2,...k

Here n;i(N,m,k) stands for the lower integer part of (N-m)/k. m indicates the initial time value,
and k represents the discrete time interval (delay) between points. For a time interval equal to k, one
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gets k sets of new time series. For each of the curves or time series XX, the length of the curve is

defined as follows:

N =1 N (N,m,k)

L, (k) = TN iZ:l]X(m +ik) = X (m+ (i —Dk)|

The term (N-1)/ n;i(N,m,k)k® represents the normalization factor for the curve length of subset
time series. The length <L(k)> of the curve for the time delay k is defined as the average value of
k lengths Ly (k). If <L(k)> o k™, then the curve analysed is fractal with the dimension D.

Figure 5 shows the results of “fractal geometry” analysis of the time records of the OCPs of
investigated electrodes. The analysis confirmed that for each of the measured samples the temporal
evolution of open-circuit potential yielded a time series which was a fractal in the (time, potential)-
coordinate plane with the fractal dimension D>1. For Fe electrode D=1.14, for Fe-0.5P electrode
D=1.51, and for Fe-1.0P electrode D=1.52.
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Figure 5. The results of Higuchi’s algorithm applied to OCP time series. In that context, k represents
the discrete time interval between points constituting a particular subset of time sequence being
analysed, and L(K) is the average value of the length of the OCP time series defined on the time
subsequence with time delay k. D represents the corresponding fractal dimension of the OCP
time series.

In the simplest case of corrosion, the numerous very tiny corrosion cells are distributed in
a random manner over the surface of the metallic electrode, with anodic and cathodic sites which
Htravel“ all the time from one place to another one. The overall effect is the uniform corrosion [13].
The corrosion potential results from the superposition of contributions from many more or less
independent surface corrosion events. The particular temporal evolution of the corrosion potential of
the electrode undergoing uniform corrosion may be therefore treated as a realization of the stochastic
Gaussian process. The Gaussian noise yields a time series with a fractal dimension of 1.5 [14,15].

For the Fe-0.5P and Fe-1.0P electrodes, the fractal dimensions of OCP time series were found
to be of 1.51 and 1.52, respectively. This indicates that those samples could undergo nearly uniform
(or general) corrosion. That may be the case, because in the Fe-P systems, with various phases
randomly distributed in the sample and concentrations of alloying elements randomly varying over the
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surface, numerous small temporal galvanic couples can appear, disappear, and wander all over the
surface as the metal dissolution is ongoing.

As regards the Fe electrode, the fractal dimension of its OCP time series was of 1.14, which is
clearly less than 1.5. So the corrosion potential of Fe electrode evolved as if it was a fractional
Gaussian noise with the Hurst exponent of 0.86. Thus, the fluctuations of OCP value of our Fe sample
should be positively correlated with long memory effect. That is, the data values going in some
direction tend to be followed by data values going in the same direction with respect to the mean value
[14,15]. This is consistent with what is expected from the corrosion dominated by the stress corrosion
cracking events, as one increment in the crack length raises the probability of another one in later time,
both yielding the positive-going potential transients.

Degradation rates of tested materials immersed in the Hank’s solution were estimated from
potentiodynamic polarization curves. The reproducibility of Tafel plots was good. The corrosion
potential (Ecorr) and corrosion current density (icorr) Were calculated from the intersection of the anodic
and cathodic Tafel lines extrapolations, and the corrosion rate (Ry) was estimated according to ASTM
G 102-89 [16].

It was assumed that the samples corroded uniformly and the process of oxidation did not occur
selectively for any component of the alloy. When the non-uniform corrosion processes were occurring,
the above result underestimates the true value of the corrosion rate.

All values of Ecor , icorr, Rm, the anodic (b,) and cathodic (b;) Tafel slopes are summarized in
Tab.1. The addition of 0.5wt.% of P to the carbonyl iron resulted in a higher (more noble) steady-state
corrosion potential. This positive shift (with respect to a pure iron) indicates the decreased corrosion
susceptibility of iron samples containing 0.5wt.% of P (Fig.6.). The addition of 1.0wt.% of P caused
the negative potential shift in comparison with the iron sample. This negative shift indicates the
increased tendency of these samples to corrode (Fig.6.).
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Figure 6. Polarization curves for iron and iron-phosphorus samples immersed in the Hank’s solution.

The corrosion potential can be shifted to a less noble value if a significant fraction of iron
atoms find themselves at higher energy sites because of an altered surface topography, a more
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heterogeneous microstructure of surface, longer and more rugged boundaries between different phases,
etc. An attempt to explain the observed potential shifts is outside the scope of the article.

Table 1. The values of Ecorr, icorr, ba, be and corrosion rates obtained for Fe, Fe-0.5P and Fe-1.0P
sintered specimens immersed in the Hank’s solution

b, be Corrosion rate
[mV/dec] [mV/dec] [mm/year]
Fe —484 45 42 0.15 0.20
Fe-0.5wt.%P —403 34 23 0.44 0.69
Fe-1.0 wt.%P —497 36 43 0.45 0.71

The corrosion current density (icorr) measured for Fe sample was approximately three times
lower than icr measured for Fe-0.5P and Fe-1.0P samples. The difference in corrosion current
densities between Fe-0.5P and Fe-1.0P samples was negligible and the difference in corrosion rates
calculated from these corrosion current densities was not significant. Thus the corrosion resistance of
Fe samples was found higher than that of any Fe-P sample, though, according to corrosion potentials,
the lowest tendency to corrode was found for the Fe-0.5P sample.

The measured anodic Tafel slopes ranged from 34 mV/dec to 45 mV/dec, and cathodic Tafel
slopes ranged from 23 mV/dec to 43 mV/dec.

As the investigated quite heterogeneous electrodes corrode, metal dissolution, oxygen
reduction, hydrogen evolution, ... , take place simultaneously. These processes usually involve various
multi-step reactions, with steps of various rates and transferring various numbers of electrons, which
can result in a variety of measured Tafel slopes. For example, the Heusler mechanism of iron
dissolution [17], which assumes that OH™ ions participate in reaction during which the FeOH,4s and
FeOH" are subsequently formed, involves three-step dissolution with the second step being rate-
determining, in which two electrons are simultaneously transferred. For 37°C this mechanism yields an
anodic Tafel slope about 44 mV per decade [17]. But the identification and analysis of electrode
reaction mechanisms are outside the scope of this article and are the subjects of future studies.

4. CONCLUSIONS

The carbonyl iron and carbonyl iron-phosphorus samples were prepared by a powder
metallurgy to investigate the effect of addition of 0.5 wt.% and 1.0wt.% of P to the iron powder on the
microstructure and in vitro electrochemical degradation of prepared sintered samples.

The obtained microstructure can be described as a spatial network of spheroidized particles
from iron or iron oxides surrounded by a solidified liquid phase consisting of a variety of ferric
phosphates.

When immersed in the Hank’s solution, the corrosion potential of a freely corroding iron
sample persistently decreased with time, with sudden positive potential transients occurring from time




Int. J. Electrochem. Sci., Vol. 10, 2015 680

to time, while the corrosion potentials of Fe-P samples had decreased during the first ten minutes and
then became nearly constant functions of time, with potential transients occurring less frequently. This
indicated the localised corrosion of iron sample (probably through stress corrosion cracking processes)
and more uniform corrosion of Fe-P samples.

The application of Higuchi’s estimator to the recorded OCP data confirmed that the temporal
evolution of open-circuit potentials yielded the time series which were fractal objects. Time series
generated by fluctuating corrosion potentials of Fe-P electrodes possessed the fractal dimensions very
close to 1.5. Fractal dimensions near to 1.5 accord with an idea that the corrosion potential represents
a superposition of contributions from alot of miniature corrosion events which are statistically
independent of each other. Such a situation is usually associated with a uniform corrosion.

Fluctuations of corrosion potential of the Fe-electrode yielded a time series with the fractal
dimension of 1.14. This can indicate that the corrosion potential is a superposition of contributions
from predominantly positively correlated corrosion events. Such a situation can be associated with the
stress-corrosion-cracking form of localised corrosion, for example.

It was found that the addition of 0.5 wt.% of P resulted in a positive shift of the steady-state
corrosion potential and the addition of 1.0wt.% of P resulted in a slight negative shift of the corrosion
potential of the electrode immersed in the Hank’s solution with respect to the corrosion potential of
undoped iron. The obtained electrochemical data showed that the corrosion rate increased from Fe,
through Fe-0.5P to Fe-1.0P material. A porous structure of sintered iron sample allowed degradation
rate to increase with respect to a ,,bulk® iron.

It is worth noting that though the Fe-0.5P sample showed the lowest tendency to corrode (the
most positive corrosion potential), its corrosion rate is similar as that of the Fe-1.0P sample which is
clearly most prone to corrosion (the most negative corrosion potential).

A detailed explanation of observed phenomena lies beyond the scope of the article presented. A
deeper understanding of the degradation of PM iron-phosphorus biomaterials in simulated body fluids,
as well as the verification of the usefulness of the fractal geometry for the analysis of corrosion
phenomena, represent the goals for the further investigation.
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