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Titanium diffusion process was applied to three selected steels, namely series AISI 1045, 4140 and
stainless steel 304 using the hot pressing technique for a possible biomaterial use. Chemical analyses
indicate that Ti diffuses into the steel matrix sample according to time of exposure, obtaining several
microns in coating width and producing simultaneously a TiO 2 oxidized layer. Electrochemical
evaluation namely linear polarization and electrochemical noise as a function of time, was performed
for these different samples under Hank solution immersion conditions. The comparison of test results
obtained after electrochemical experiments in Hank solution, indicate that treatment increased the
corrosion resistance of steels, specially the AISI-304 stainless steel, presenting the formation and
growth of a biofilm.
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1. INTRODUCTION
For many years Ti alloys have become traditional biomaterials, which have been used to
develop application, in several fields of medicine. It is well known that titanium cannot be used
directly. A thin oxide cement layer, known as osseointegration must be between the titanium implant
and the bone tissue 1. To increase the performance of this material a big effort has been developed to
form a bioactive titanium oxide layer on the metal surface using several ways as chemical,
electrochemical, thermal treatment, and anodization methods among others 2-4. Also titanium offers
advantages such as good mechanical properties as well as corrosion resistance under biological fluid
conditions, although material high cost is a holdup. Due to material high costs, an alternative for
biomedical applications, is to select steels acting as a ductile core with a titanium coating. Similar
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behavior could be obtained maintaining titanium in contact with bone and body tissue (aqueous
solution) without diminishing its mechanical properties, at a lower cost.
The purpose of the present work is to evaluate the corrosion behavior in Hank solution, of Ti
diffusion coating over different steels under annealed condition. This treatment can be improved by a
controlled heat treatment (Hot Pressing), generating a titanium coating with TiO2 layers over steel.
Good corrosion resistance behavior is expected combining mechanical properties obtained from steel
at a lower cost, with enough quality to be applied as biomaterial.

2. EXPERIMENTAL PROCEDURE
A series of three commercial steels supplied by a commercial vendor, were used to perform this
study, namely: AISI 1045, 4140 steel and 304 stainless steel. The chemical composition is presented in
table 1. Each steel coupon with dimensions of 25.4 mm in diameter, and 5 mm width were cut, abraded
by silicon carbide paper in successive grades from 600 to 1200 grit (Leco Corporation, MI), polished
to a 0.1 µm finish with alumina powder. The different samples were pressed over with titanium sheets
(3mm width by 25.4 mm in diameter) in a metallic holder with a pressure of 200 MPa, and then
exposed to a hot pressing process, using an electrical furnace for a period of 6h at 900 °C. The samples
were post-treated by the application of heating using an oxygen atmosphere at 550°C and then furnace
cooled. Also a titanium sample (blank) was also prepared for comparison purposes.

Table 1. Materials chemical composition (wt %).

Material

C

Mn

AISI1045

0.430.50
0.38 0.43
0.08

0.60-0.90

AISI4140
AISI 304

0.75 1.00
2.00 max.

Si

S

P

Cr

0.20 –
0.35
1.00
max.

0.050
max.
0.040
max.
0.030
max.

0.040
max.
0.040
max.
0.045
max.

0.80 –
1.10
18.0020.00

Ní

Mo

0.15 –
0.25
8.0012.00

For corrosion experiments, specimens of 5x5x3 mm were obtained. After treatment the
specimens were encapsulated in epoxy resin and abraded gently by silicon carbide paper using 1200
grit, and then polished up to 0.03 µm using diamond paste and finally rinsed with distilled water and
ethanol. Electrochemical experiments were performed using an ACM Instrument controlled by a
personal computer for different periods of immersion during 30 days.
The electrochemical free corrosion potential as a function of time of the working electrodes
Ecorr, was measured versus a saturated calomel reference electrode (SCE). Electrochemical noise
measurements (EN) in both current and potential were recorded using two identical working electrodes
and a reference electrode (SCE).
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The electrochemical noise measurements were made recording simultaneously the potential
and current fluctuations at a sampling rate of 0.5 point per second for a period of 2048 seconds,. A
fully automated zero resistance ammeter (ZRA) from ACM instruments was used in this case.
Removal of the DC trend from the raw noise data was the first step in the noise analysis when needed.
To accomplish this, a least square fitting method was used. Finally, the noise resistance, Rn, was then
calculated as the ratio of the potential noise standard deviation over the current noise standard
deviation (Rn = σv / σi) 5, 6.
For comparison linear polarization curves were obtained by polarizing the specimens from -30
to 30 mV with respect to the free corrosion potential value, E corr, at a scanning rate of 10 mV/min and
corrosion current density values, I corr, were calculated. A typical three electrode arrangement was used
with a saturated calomel reference electrode and a graphite rod was the auxiliary counter electrode.
Surface analysis were performed in a LEO-1450VP scanning electron microscope (SEM), as
well as the chemical point analysis was performed by using the Energy Dispersive X-Ray Analysis
(EDAX) system of the equipment..

3. RESULTS AND DISCUSSION
As an example, figure 1 shows the diffusion profiles obtained after the titanium hot pressing
process, for the AISI 4140 steel sample.

Figure 1. Cross-section lines scan analysis of the AISI 4140 steel Ti treated.
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It can be observed that for the steel, the Ti diffusion from the surface sample through the inner
sample structure reached the depth value of approximately 40 µm. This resulted film layer can be
considered as a good diffusion response of the prepared sample, to accept homogeneously the Ti
diffusion.
Several authors have reported deviations on the thickness of the formed layer in Cr alloyed
steels 7, 8. The systematic heat treatment application over the steels, evidently contributed to the Ti
migration to the inner steel structure, and to the TiO2 formation.
Nevertheless one of the steel samples showed poor corrosion performance, as evidenced from
the electrochemical experimental results obtained, as explained below.
The surface images of the steels after being treated are shown in Figures 2 (a through c). It can
be observed on the samples surface that the Ti scale remained present on the total surface of the
sample. This fact guarantees that Ti distribution along the surface sample is homogeneous, and
therefore the uniform Ti diffusion, corroborating the former result obtained by line scan analysis

(a)

(b)
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(c)
Figure 2. SEM micrographs for steel surface treated with titanium: a) AISI 1045 steel b) AISI 4140
steel and c) AISI 304 stainless steel.

Figure 3 presents the corrosion potential as a function of time for the three different samples
and for comparison, a titanium (blank) sample was also tested. All samples present a small transient
behavior in the anodic direction, reaching a truly steady state condition after a few days. The exception
was the 4140 steel sample, presenting a cathodic transient before reaching the steady state conditions.
This behavior suggests the formation and the presence of a passive film over the titanium coating
surface (TiO2). The samples free corrosion potential, align according to their potential from: the most
positive (-100 mVsce) for titanium, followed by 304 stainless steel (-300 mVsce), 4140 steel (-600
mVsce), and lastly 1045 steel (-700 mVsce), being titanium and the stainless steel samples the least
prone to corrosion attack, according to these results.
Figure 4 presents the linear polarization resistance as a function of time results for the different
samples, obtained over a thirty days immersion period. Erratic oscillating values were observed for the
4140 steel sample, changing the polarization resistance from 8E+02 ohm-cm2 up to approximately
1E+09 ohm-cm2, presenting the highest and lowest values for the samples tested. This behavior
suggests localized corrosion conditions confirmed by the electrochemical noise measurements 9-12.
The average steady state polarization resistance values obtained for the other samples with
titanium coating were: for 304 stainless steel approximately 1E+05 ohm-cm2 (the highest value
reached), slightly lower for titanium around 9E+04 ohm-cm2 ; and less for 1045 steel sample with a low
value reaching 1E+03 ohm-cm2. These results obtained suggest lowest overall corrosion rates for the
304 stainless steel sample, comparable to the titanium blank sample. The highest corrosion rates were
for the 1045 steel sample, while variable corrosion rates observed for the 4140 steel sample, could be
ascribed to the presence of localized attack over the surface (see below) 11,12.
To follow up possible localized corrosion over the samples during the period of immersion,
electrochemical noise tests were performed and results obtained. As an example, figure 5 presents
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electrochemical noise time series of: (a) potential, (b) current and (c) resistance for 1045 steel sample
under different periods of immersion. Noise potential-time series (Figure 5a), present noiseless signals
except for: one, two and ten day immersion periods showing slightly oscillating signals.

Figure 3. Free corrosion potential as a function of time for the Ti coated samples.

Contrary to this noise current-time series behavior (Figure 5b), large transients were observed
for: one, six and twenty four days of immersion. This behavior could be associated to film breakdownrepassivation events in the case of the potential noise signals observed, while large transient behavior
observed in the noise current time series could be related to localized attack propagation 11, 12. The
average noise current values lie between 1E-05 and 1E+-6 A/cm2.

Figure 4. LPR for titanium and steel samples
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Figure 5c presents the electrochemical noise resistance time series for different periods of
immersion, obtained as the ratio of potential standard deviation over current standard deviation
associated to the overall corrosion rates. The signals reflect the conditions of the corrosion surface,
depending upon the type of attack present. Variable transient behavior in the noise resistance for: one,
six and twenty four days of immersion associated to more localized attack. The average noise
resistance values lie between 1E+05 and 1E+06 ohm-cm2.

a)

b)

c)

Figure 5. Electrochemical noise: (a)potential, (b)current and (c)resistance for 1045 steel for different
periods of immersion.
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Figure 6 presents the electrochemical noise resistance values for the steel samples, obtained for
different periods of immersion. Noise resistance values vary as a function of time of immersion,
reaching the highest transient values around 1E+04 ohm-cm2, for the titanium (blank) and the 304
stainless steel sample; followed by the 1045 sample (1E+03 ohm-cm2). All the steel titanium coated
samples present variable noise resistance behavior. Exception was the 4140 steel sample with the
lowest noise resistance value obtained close to 1E+02 ohm-cm2, at the end of the experimental period.
Also, the sample results present a trend to decrease as a function of time, reflecting the degrading
corrosion effects suffered over time by the 4140 steel titanium coating, increasing its corrosion rate
over time.
In general, the corrosion behavior of the steel samples, reflect the changing corrosion
conditions over the metal surfaces along the period of immersion. They can go from passive
conditions, film breakdown and localized attack, according to the electrochemical noise resistance
values obtained 6, 12.

Figure 6. Electrochemical noise resistance for the steel - titanium coated samples for different periods
of immersion.

After the end of the experiments, the sample surfaces were gently rinsed in tap water to remove
what appears to be a bio-film over the surface. These films were visible after 2 weeks of immersion in
the Hank solution, as reported in the literature 13-15. Good adhesion conditions were observed for
these bio-films, a condition regarding biomaterials interacting with body fluids and tissues. Afterwards
the samples were prepared for SEM observations of the bio-film growth presence. Figures 7 (a to d)
presents SEM micrographs of different areas and magnifications of the metal sample, showing what
appears to be a bio-film growth over the 304 stainless steel Ti coated metal surface. Also, cracked
metal film could be observed under the bio-film presence.
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Figure 8 presents the surface condition of the metal samples: a) titanium sample, b) 1045 steel,
c) 4140 steel and d) 304 stainless steel titanium coated samples, after rinsing and gently cleaning the
surface with a brush. The blank titanium sample presents a clean surface while AISI 1045 steel sample
presents the surface totally covered with iron corrosion products. The AISI 4140 steel sample presents
some severe localized crevice corrosion attack at the left hand side and a slight attack at the edges of
the metal sample, although the sides were covered with varnish before encapsulation to prevent this
attack. Finally the 304 stainless steel sample presents a clean surface with very slight crevice attack
quite similar to the titanium surface corrosion condition, as suggested by the electrochemical results
obtained (see figures 3 to 6).

Figure 7. Biofilm formed over the 304 stainless steel Ti coated metal surface.

One possible reason for the corrosion behavior observed were the titanium diffusion process
coating, related to the microstructure of the different steel samples. These are characterized, for: 1045
steel by a ferritic and perlite matrix, 4140 steel presents a ferritic matrix, while for 304 stainless steel
the microstructure is austenitic type 16, 17. The AISI 1045 steel presents a particular surface
morphology due to the elevated oxidation that was developed during the test. This in turn is
responsible for the poor Ti diffusion into the steel and lack of adhesion, which is promoted by the
excessive presence of carbon in the steel structure, transforming it into the poor corrosion resistance
performance obtained from the electrochemical measurements (see figures 3 and 4) and observed
during the corrosion test (see figure 8).
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The active free corrosion potential obtained and presented in figure 3, and the low polarization
resistance (figure 4), are consistent with the poor corrosion behavior observed in AISI 1045 steel
sample (see figure 8). The other two alloyed steel samples present more noble free corrosion potentials
and higher polarization resistant values, therefore good corrosion behavior. One of them (4140 steel)
presents some scattering in its results, suggesting possible localized corrosion attack 12. This was
confirmed by the electrochemical noise results obtained and presented in figure 5 and 6, and observed
over the metal surface and presented in figure 8. Good adhesive properties of the grown bio-film, was
obtained for the titanium coated steel samples (except 1045) confirmed by the SEM micrographs
presented in figure 7.
Titanium is a well known material and widely used for biological applications, with good
mechanical and corrosion properties9, 18-20. Titanium develops a passive film over the surface, and
this is responsible for its good corrosion conditions. The use of steel provides an alternative cheaper
material with good mechanical properties, and the titanium coating with an oxide film developed
provides very good corrosion conditions and well proven bio compatibility, thus good bio material
properties 18, 21. The 304 Ti coated is comparable to Ti metal, preventing or inhibiting the
formation of Cr6+, that is formed with untreated 304 steel.

a)

b)
c)

d)
Figure 8. Surface condition of steel samples after cleaning: a) titanium, b) 1045 steel, c) 4140 steel
and d) 304 stainless steel titanium coated samples.

4. CONCLUSIONS.
The proposed Ti diffusion by hot pressing coating treatment over steel samples, resulted to be a
promissory alternative as a potential biomaterial. The best titanium treated corrosion performance
obtained was the 304 stainless steel comparable to titanium; followed by 4140 steel presenting some
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localized crevice attack. The 1045 steel sample showed the worst performance, presenting a poor
diffusion-adhesion conditions and general corrosion attack of the steel substrate.
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