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Abstract Potentiodynamic polarization and electro-

chemical impedance spectroscopy were employed to test

carbonitrided CP-Ti, treated by a relatively new method

called pulsed-plasma electrolytic carbonitriding. The

results show excellent corrosion resistance for modified

CP-Ti. The effect of frequency and duty cycle of pulsed

current were investigated. It was found that pulse fre-

quency and duty cycle affect the size and porosity of

nanocrystalline carbonitrides and by controlling these

effective parameters surface modification can render the

CP-Ti material extremely corrosion resistant.

Introduction

Titanium possess low density, high strength-to-weight

ratio, high stiffness and strength [1, 2]. Commercially pure

titanium (CP-Ti) is being investigated and recommended

for elevated temperature applications, where weight

reduction is a prime concern. The resistance of CP-Ti to

corrosion at room temperatures has been investigated and

there are some reports of electrochemical studies to this

end in service environments [3–6]. For implant applica-

tions it is necessary to consider both biological and

corrosion aspects. Other Ti-based alloys are also being

investigated for implant applications. Also CP-Ti is

extensively used as raw material in biomedical implants

[6].

Some surface modification techniques have been

developed for protection of Titanium [7, 8]. The plasma

electrolytic carbonitriding (PEC/N) [9–12], a new and

effective surface treatment technique developed, has been

applied for surface modification of Ti alloys and some

significant results have been reported [13, 14]. PEC/N

process provides titanium thick, hard, high corrosion

resistant ceramic-like nitride, and carbide films composed

of a porous nanocrystalline layer [10, 11].

In this particular work, the corrosion behavior of CP-Ti

in Ringer’s solution, used to simulate human body fluids, is

investigated for carbonitrided samples at different condi-

tions. Two electrochemical techniques were used for this

purpose: potentiodynamic polarization and electrochemical

impedance spectroscopy (EIS). Standard corrosion param-

eters, such as corrosion current density (icorr), corrosion

potential (Ecorr), polarization resistance (Rp) and corrosion

rate (CR) were calculated from these experiments.

Effect of coating parameters on the properties of PEC/N

films on CP-Ti have not been well studied; and the rela-

tionship between electronic characteristics and corrosion

properties of PEC/N film is also seldom concerned. In this

investigation, effects of two different effective parameters

(frequency and duty cycle of pulse current) in Triethanol-

amine base electrolyte on the structure, composition and

corrosion resistance of CP-Ti with PEC/N film were

studied. Based on the results, corrosion resistance of the

PEC/N films was analyzed.

Experimental procedure

CP-Ti was received in the form of rod with a diameter of

25 mm. Disc-shaped specimens with thickness of 5 mm

and a diameter of 20 mm were obtained from the center of
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these rods using usual machining. Prior to the surface

treatment, each specimen was ground with 240–3,000 grit

SiC paper and ultrasonically cleaned with alcohol. The

corrosion measurements for each experimental condition

were carried out using a potentiostat/galvanostat (EG&G

273A, Princeton Applied Research), a standard cell and

electrode holders. Saturated calomel electrode was used as

the reference electrode and the counter electrode consisted

of platinum plate. The surface area exposed to the elec-

trolyte was 0.785 cm2. The corrosion behavior of the

treated CP-Ti was evaluated at room temperature using

Ringer’s solution which was not deaerated, with an

approximate pH between 5 and 6.

The potentiodynamic polarization curves for the sam-

ples were recorded for a potential scan from -0.4 V versus

open circuit potential to 2 V versus saturated calomel

electrode at a scan rate of 0.5 mV/s. The polarization

curves were analyzed to determine Ecorr (corrosion poten-

tial) and icorr (corrosion current). The corrosion rate, CR

(rate of metal dissolution), in millimeters per year, was

determined with the following standard equation:

CR ¼ icorr � AWð Þ � z� F � qð Þ�1

where AW, z and q are characteristic properties of each

sample (atomic weight, valence, and density respectively)

and F is the Faraday constant (96,500 As/mol). Equivalent

weights based on standard equations were obtained to

calculate the corrosion rate.

Electrochemical impedance spectroscopy was also used

to evaluate the samples. This method was conducted

according to the ASTM G-106 standard practice. Samples

were left in contact with Ringer’s solution at open circuit

conditions for 1 h prior to carrying out the EIS tests. The

alternating current (AC) impedance spectra for CP-Ti were

obtained at the open circuit potential, with a scan frequency

range of 100 KHz to 10 mHz with amplitude of 10 mV to

obtain 30 experimental points. Nyquist plots were obtained

by curve fitting these data points using a commercial

software package called Electrochemistry Power Suite.

These plots were analyzed to determine the solution

resistance (RX), polarization resistance at the electrode/

solution interface (Rp), and the double layer capacitance at

this interface (CDL). Bode plots were also plotted from the

same data to better analyze and understand the corrosion

phenomena occurring during the impedance tests.

CP-Ti samples used in this study were modified by

different conditions of pulsed-plasma electrolytic carbo-

nitriding. All these samples were carbonitrided at 500 V by

rectangular pulse shape method at different frequencies and

duty cycles. The temperature of electrolyte remained con-

stant at 30 �C, by circulating cold water around electrolyte

bath. Electrolyte bath tank was made from stainless steel

and acted as anode in electrochemical system of coating

process. Other specifications can be found in Refs. [12, 15].

The carbonitrided layer formed as a result of the plasma

electrolysis process has a thickness around 10 lm for all

samples regarding to the kinetics of layer’s growth for each

coating process’s conditions that achieved by pretests. The

as-received samples were used as control for comparison

purposes. All corrosion testing was carried out at 25 �C.

Four samples were tested for each experimental condition

and the average of these results is reported. Outlier data

was not included in these calculations.

Micrographs of samples were obtained with electron

backscattering using scanning electron microscopes (SEM)

(Philips XL-30 and CamScan MV-2300).

Results and discussion

The modified surfaces were observed in SEM by mounting

the samples in a polymeric resin. Figure 1 is an example of

two different samples with different frequencies and shows

the difference between the sizes of nanocrystalline

carbonitrides.

Fig. 1 Nanocrystalline carbonitrides on the compound layer of

sample: (a) 100 Hz, 20% (average size of nanocrystals is 99 nm),

(b) 1,000 Hz, 20% (average size of nanocrystals is 78 nm) (60,0009)
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Standard techniques were used to extract Ecorr, icorr and

CR values from the potentiodynamic polarization plots,

samples of which are shown in Figs. 2 and 3. Table 1

shows the polarization data obtained for CP-Ti including

Tafel slopes (ba and bc), Ecorr and icorr values.

From Table 1, it is possible to observe low values of

corrosion rate for all of the samples treated with PEC/N.

Also in all of the cases the corrosion current density has

been reduced after coating process. The formation of car-

bonitride films on the CP-Ti samples, resulting from the

surface treatment renders these samples passive and highly

corrosion resistant in Ringer’s solution.

Figures 4 and 5 show Nyquist plots obtained experi-

mentally for CP-Ti in Ringer’s solution, respectively.

The impedance spectra shown in Fig. 4 for CP-Ti indi-

cate that the best corrosion resistance that was exhibited

for samples carbonitrided at high frequencies in com-

parison with other samples. This behavior can be

attributed to the presence of a denser compound layer

formed with this treatment by higher frequencies. The

Nyquist plots obtained for CP-Ti at different duty cycles

(Fig. 5) indicate that the best corrosion resistance is

obtained for the carbonitrided samples at lower duty

cycles in comparison with the samples by higher duty

cycles, attributed to the presence of a well performed and

lower sizes of nanocrystalline carbonitrides in compound

layer on the CP-Ti surface and corroborated by the

polarization data in Table 1. Although attempts were

made with X-ray diffraction to determine the nature of

the carbonitride layer formed on CP-Ti during the plasma

electrolytic process, this layer has not been clearly

identified yet. Figure 6 illustrates X-ray diffraction of a

sample treated by 100 Hz (frequency) and 10% (duty

cycle) at different glancing angles (3, 5 and 10�) which

shows a complex compound layer. All of the samples

treated by PEC/N were coated by this complex phase.

Nevertheless, the presence of this continuous protective

layer improves the corrosion resistance of this metal,

manifested in the high values of Rp obtained experi-

mentally for the carbonitrided samples.

Table 2 shows the corrosion parameters obtained for

CP-Ti with EIS. This table shows the values of solution

resistance (RX), polarization resistance (Rp) and capaci-

tance of the double layer (CDL) obtained by curve fitting

the EIS data using Electrochemistry Power Suite. The

electrolyte resistance (RX) has consistent values that are

noted for CP-Ti in the presence of Ringer’s solution.

The higher value of RX for the case of the CP-Ti sample

carbonitrided at lower frequencies is possibly a manifes-

tation of the porous complex titanium carbonitrided layer.

Higher values of polarization resistance (Rp) are also noted

for all of the samples treated by PEC/N. A high Rp value is

an indication of the working electrode strongly resisting

change from its equilibrium state and corresponds to a low

rate of titanium ion release. This behavior is clearly noted

and is in agreement with the results found with potentio-

dynamic polarization. From Table 2, it can also be seen

that, in general, for all surface treatments that tested for

corrosion properties in Ringer’s solution, high values of

polarization resistance (Rp) ranging from 176 to

51,242 MX Cm2 are measured, which implies an excellent

corrosion resistance for this metal after surface modifica-

tion. Also values of CDL in the range of 30–40 lF/Cm2

were determined. The RCoat values for the two samples

treated at different duty cycles and frequencies

(1,000 Hz—10%, 10 Hz—20%) reveal an interesting

point. First sample (1,000 Hz—10%) has a lower value of

CPECoat and its RCoat value formed during the EIS tests is

larger than for other sample (10 Hz—20%) treated at duty

cycle of 20%. This reflects the presence of a relatively

coherent and stable carbonitride layer formed on first

Fig. 2 Polarization curves for samples treated by different

frequencies

Fig. 3 Polarization curves for samples treated by different duty

cycles
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sample (1,000 Hz—10%) with this treatment, while the

obtained layer formed on other sample (10 Hz—20%) is

porous and possibly less stable. During impedance testing,

this porous carbonitride is made denser by passivation,

reflected in a larger value of CPECoat. Bode phase plot

spectra from the EIS data were evaluated to observe

changes in the sample surface during EIS testing. From this

graph it is possible to deduce the presence of a compact

film, if (a) the phase angle is close to 90� over a wide-

frequency range, and (b) if the spectrum shows linear

portions at intermediate frequencies. Figure 7 shows rep-

resentative Bode plots for two samples treated at a very

opposite frequencies and duty cycles (10 KHz—10%,

10 Hz—60%) in Ringer’s solution as examples. The

impedance spectra found for the sample (10 KHz—10%)

exhibited a near capacitive response illustrated by a phase

angle close to 85�, while the sample (10 Hz—60%)

showed a phase angle close to 80� over a wide frequency

range. This response and the high values of Rp obtained

from the Nyquist plot corroborates the presence of a barrier

layer formed on this metal after the surface treatment

especially for sample (10 KHz—10%). Sample (10 KHz—

10%) has the highest frequency and lowest duty cycle in

this study which tends to receive the lowest size of nano-

crystalline carbonitrides on its surface. It seems that

compact layer with nanocrystalline carbonitrides with

smaller dimensions, shows a better corrosion behavior.

This fact is obviously clear for all samples treated in this

study. So by increasing frequency and decreasing duty

cycle of the pulse current, the corrosion behavior of sam-

ples will improve significantly.

For all cases, a simple EEC model shown in Fig. 8 is

sufficient to explain the observed EIS data.

Table 1 Corrosion parameters from potentiodynamic polarization tests

Frequency, duty cycle ba (mV/decade) bc (mV/decade) Ecorr (mV/SCE) icorr (lA/Cm2) CR (mm/y)

10 Hz, 20% 364.72 201.44 -343 0.32 4.84 9 10-3

100 Hz, 20% 371.02 216.72 -320 0.14 2.12 9 10-3

1,000 Hz, 20% 370.81 340.27 -194 0.04 0.61 9 10-3

1,000 Hz, 50% 359.83 150.08 -337 0.06 0.91 9 10-3

1,000 Hz, 10% 374.5 172.31 -219 0.001 0.16 9 10-4

CP-Ti 351.2 269.05 -387 0.68 10.3 9 10-3

Fig. 4 Nyquist plots for samples treated by different frequencies

Fig. 5 Nyquist plots for samples treated by different duty cycles

Fig. 6 X-ray diffraction pattern of sample (100 Hz, 10%) by fixed-h
mode at different glancing angles: (1) 3�, (2) 5�, and (3) 10�
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The corrosion behavior of carbonitrided CP-Ti in

Ringer’s solution was experimentally studied and it

appears that this material has excellent corrosion resistance

based on both direct current and alternating current

techniques.

Although the main aim of this study was to investigate

the resistance to corrosion of CP-Ti in a physiological

environment, a number of points regarding the type and

composition of carbonitride formed after plasma elec-

trolysis and the oxide film growth in Ringer’s solution for

the samples (10 KHz—10%, 10 Hz—60%) (different

opposite frequencies and duty cycles) need to be further

discussed.

Conclusions

The corrosion parameters (Ecorr, icorr) obtained by the

potentiodynamic polarization technique indicate excellent

corrosion resistance for pulsed-plasma electrolytic carbo-

nitrided CP-Ti. Both electrochemical techniques show that

these samples exhibit a corrosion behavior in Ringer’s

solution better than raw CP-Ti and by increasing frequency

and decreasing duty cycle of pulse current not only the size

of nanocrystalline carbonitrides will decrease, but also the

corrosion characteristics will improve significantly. Sur-

face carbonitriding at 1,000 Hz significantly increases the

corrosion resistance of CP-Ti, while carbonitriding at

10 Hz results in the formation of a porous carbonitrided

layer. In general, the low values for corrosion rate, and the

high values of polarization resistance (Rp) obtained

experimentally for carbonitrided CP-Ti in Ringer’s solu-

tion, imply that this material has the potential to be

considered as a biomaterial.
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