
Voltage Dependent Electrochemical Impedance Spectroscopy of Co-Cr-Mo Using New Empirical Functions 
Morteza Haeri, Jeremy L. Gilbert 

Department of Biomedical and Chemical Engineering, Syracuse University, NY 13244.
Statement of Purpose: Metallic biomaterials implanted 
inside body undergo several physical and chemical 
phenomena at their interfaces. Characterization of such a 
dynamic interface using step polarization impedance 
spectroscopy (SPIS)1 can shed light on different 
phenomena happening at these interfaces.  In this 
technique the response of the biomaterial-solution 
interface is reflected in the current transient measured 
upon application of a step in voltage. Acquiring 
information over a much shorter time scale (between 0.1 
and 30 seconds) and the ability to determine both 
polarization and impedance behavior simultaneously are 
the most important advantages of  SPIS compared with 
the standard EIS in the frequency domain. 
Furthermore, it is important to note that medical devices 
experience significant voltage variations at their surface 
due to breaching and repassivation of the oxide film 
during mechanically assisted corrosion. The goal of this 
abstract is explore the use of new time-transient empirical 
functions that can accurately describe the impedance 
behavior of a non-linear electrochemical interface, Co-Cr-
Mo in PBS, as a function of voltage. 
Methods:  Co-Cr-Mo (ASTM F-1537) alloy, was 
mechanically polished and rinsed with water and ethanol 
before immersion in PBS, (pH=7.4, Sigma) for 24 hours. 
The electrochemical setup consisted of a standard three 
electrode system with an Ag/AgCl reference electrode, 
and a carbon counter electrode. The sample was working 
electrode, initially held at -1000 mV for 10 min, and +50 
mV potential steps were applied to the sample every 30 
seconds. Current transients were measured, and the 
process was stopped at +600mV. The interface was 
modeled by a non-linear Randle’s circuit approximation2 
where the ideal circuit decay is modified with a stretched 
exponential function (KWW function) with n as the 
exponent, as well as an empirical current decay function 
proposed by the authors (see below) to derive the relevant 
interfacial parameters including the degree of non-ideality 
present at different voltages.   ( ) 1 1
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Where I(t) is the current transient, I0 is the baseline current 
before the step, t is time, ΔVis the voltage step, Re early 
resistance, Rp polarization resistance, τ the time constant and 
k is an exponent used to represent the dispersion of 
relaxation times. The corresponding frequency-domain 
parameters were derived by performing a numerical 
Laplace transform1 on current transients. The derivation 
of α (the frequency-based constant phase element, CPE,  
exponent) was largely based on finding the best fit 
between the raw transient data and a theoretical current 
decay function resulting from distribution of relaxation 
times of the Cole-Cole equation3. 
Results and Discussion: The current transient response 
for a step in voltage from -0.3 to -0.25 V is shown in 

Fig.1 (a) together with the best fits to the modified 
Randles and the proposed function (eqn.1) on a log-log 
scale. It can be seen that the new model fits the raw data 
better, particularly, at later times of the decay process. 
The interfacial parameters correlated with the changes 
happening in the oxide (C, Rp, n, k, and α) show a 
systematic variation with voltage.  Rp drops suddenly at a 
voltage around +0.5 V indicating the start of the oxide 
breakdown, which is also evident by a sharp rise in the 
current in the polarization curve (not shown). Moreover, it 
was observed that the dispersion coefficients (n, α, and k) 
(Fig. 1d), which can vary from 0 to 1 (n, a) and 0 to 
infinity (k) depending on the capacitive character of the 
oxide, are inversely proportional to C (Fig. 1b). As values 
of n, k and α depart from 1, the oxide layer will behave 
more like a leaky capacitor and will become less 
corrosion resistant. It was also found that the time and 
frequency domain dispersion parameters (n and α) are 
systematically related through a power law function: 

28.192.0 α=n .This provides a convenient method to 
transform the transient response of a non-ideal interface to 
the corresponding impedance data in the frequency 
domain. Most interestingly, the values of the dispersion 
exponents (normalized k, and α) almost overlap (Fig.1 d), 
showing that the new model provides a universal 
dispersion coefficient in both time and frequency domain.  
 
 
 
 
 
 
 
 
a)                                b)  
 
 
 
 
 
 
c)         d)  
Fig. 1. (a) Current transient response for a voltage step from -0.3 
to -0.25 V and the best fit modified Randle’s equation and the 
new proposed function. (b-d) Variation of C, Rp, n, k, and α of 
the interface with voltage. (Note Rs was constant with voltage)  
Conclusions: Time domain current transients can be used 
to predict frequency-based impedance behavior of non-
ideal electrochemical interfaces. Simultaneous collection 
of polarization data and impedance is a powerful method 
to explore electrochemical behavior. There is a systematic 
relation between the time and frequency domain behavior 
of the electrochemical interfaces. 
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