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ABSTRACT 

Lifetime-prediction models are useful for simulating a material’s in-service 

behavior or outcome.  Perhaps the greatest advantage of these models is the ability to use 

the predicted results to help optimize engineering designs and reduce costs.  The 

Hastelloy® C-2000® superalloy is a single-phase material and face-centered cubic in 

structure at all temperatures.  The C-2000® alloy is a commercially designed alloy 

manufactured to function in both reducing and oxidizing solutions. C-2000® is used as a 

fabrication material for heat exchangers, piping for chemical refineries, and storage 

repositories. The corrosion properties of C-2000® are excellent, and the ductility and 

fatigue properties are good.  In this study, C-2000® is used to verify the theoretical basis 

of an electrochemical-micromechanical crack-initiation corrosion-fatigue model for 

materials under passive electrochemical conditions. The results from electrochemical and 

mechanical experiments, along with the findings from the conventional electron 

microscopy and a laser interferometer will be presented. 

 A nanocrystalline Ni-18 weight percent (wt.%) Fe alloy is examined to investigate 

its electrochemical behavior in a 3.5 wt.% NaCl solution.  Three Ni-18 wt.% Fe samples 

were annealed at 400ºC for 3, 8, and 24 hours (hrs.) to study the effects of grain sizes on 

the electrochemical properties of bulk Ni-18 wt.% Fe.  The electrochemical results from 

the annealed samples are compared with those measured for the as-received Ni-18 wt.% 

Fe material consisting of an average grain size of 23 nanometers (nm).  The samples 

annealed for times longer than 8 hrs. appear to have undergone an abnormal grain 

growth, where nanometer and micrometer (μm) grain sizes are present. Unlike the 

electrochemical results for the as-received material, the annealed nanocrystalline 



 vii

materials appear to be susceptible to localized corrosion.  Consequently, these larger 

grains within the nanoncrystalline-grain matrix are preferentially attacked during 

electrochemical corrosion.  Of the four materials studied, the as-received nanocrystalline 

alloy possesses the best corrosion properties, and the nanocrystalline material coarsened 

to an average grain size of 23 μm has the poorest electrochemical properties.   
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1.  Overview 

The Haynes C2000® Alloy is a commercially designed material manufactured to 

function in reducing and oxidizing environments [1]. Its industrial applications have 

tremendous potentials in automotive, structural, aviation, and storage components. Albeit 

its good reducing and oxidizing traits in extremely aggressive media are attractive 

features of its chemistry, changes in the mechanical properties are believed to be 

insignificant due to its strong propensity to passivate. Compared to stainless steels, 

C2000® exhibits both comparable tensile and fatigue properties and superior corrosion 

characteristics.   

The objective of this study is to understand the microstructural mechanisms 

influencing the incipient crack initiation within C2000® subjected to mechanical stresses 

in air and corrosive solutions.  The results from the aforementioned will serve as useful 

data toward the development of an electrochemical micro-mechanistic (EMM) model.  

Thus, a thorough characterization of the material is required to accomplish this task.  

Additionally, a systematic approach to determine the governing mechanisms influencing 

corrosion fatigue is necessary to design experiments and isolate critical corrosion-fatigue 

testing conditions.  The objectives of this research are addressed within three parts.  The 

first part is entitled “In-situ Electrochemical Investigations of a Nickel-Based Superalloy 

Subjected to Fatigue,” which identifies and discusses the experiments for extracting 

useful electrochemical parameters.  Moreover, the mechanism for the crack initiation and 

the contribution of the chlorides from the bulk electrolyte are discussed.  The second part, 

“Validation of an Electrochemical Model for a Passivating Nickel Alloy,” discusses the 

modeling considerations for developing a corrosion-fatigue crack-initiation model.  A 
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comparison of two of the best crack-initiation models is presented.  A new model 

developed to correct key parameters necessary to predict the crack-initiation in a 

structural material is presented and discussed.  The third part is entitled, “Pitting of a 

Bulk Ni-18 weight percent (wt.%)Fe Nanocrystalline Material,” which reports the 

research findings of a nanocrystalline material having a much smaller grain size than 

C2000.  Thus, the data findings are reported for a point of comparison.  Also, the 

inclusion of the experimental findings for nanocrystalline materials provides useful 

insights into the corrosion behavior and the possibilities of using nanocrystalline alloys as 

a new material for structural applications.  A dissertation appendix is included at the end, 

which is comprised of useful figures that do not necessarily provide clarity to the written 

contexts of the dissertation. 
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2.  Intellectual Merits 

Attempts to model microstructural characteristics and establish relationships 

between macroscopic and microscopic behavior require careful experimental data.  

Modeling heavily relies upon basic physical and mechanical properties that are always 

material specific.  Without circumspection, bias can easily be introduced.  Consequently, 

useful models have to be based upon data obtained in extremely controlled environments.  

Additionally, models have to incorporate ways to filter out errors introduced due to 

experimental setups and measurement techniques.  Models serve as the best method and 

most cost-efficient means of predicting or extrapolating the information that is difficult to 

resolve or monitor due to apparatus limitations.  They also aim to provide universal 

equations and more representative depictions of a material’s behavior under a set of in-

service conditions.   

Over the course of years, advances in technologies have aided the computational 

and modeling community tremendously in helping them better predict and represent a 

material’s behavior under adverse or in-situ settings.   Infrared thermography, atomic- 

force microscopy, acoustic emission, electrochemical-impedance spectroscopy, and 

electron microscopy are certainly at the forefront when it comes to microanalyses of 

materials.  In this study, additional advanced instrumentations were used to complement 

the conventional techniques, such as x-ray photoelectron-spectroscopy, atomic-force 

microscopy, transmission-electron microscopy (TEM), and scanning-electron microscopy 

(SEM) with the energy-dispersive spectroscopy (EDS), all of which are available to the 

researcher through shared facility programs supported by the University of Tennessee at 
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Knoxville and the Oak Ridge National Laboratory.  Partnerships with leading researchers 

within the governmental and academic arenas enable a more thorough research study for 

providing solutions to the scientific issues, and the joint collaborations allow the students 

to develop strong research skills by having access to a gamut of researchers.   
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3.  Broader Impacts 

  Since nickel has a face-centered-cubic (fcc) structure, the solubility of chromium 

in nickel is higher than the conventional iron-based, body-centered-cubic (bcc) structure.  

This trend lends nickel as a promising alloying material for applications demanding 

superior mechanical and corrosion-resistant properties.  The potential for nickel alloys to 

possess excellent mechanical and corrosion properties deems nickel alloys as very 

attractive suitors for vessels, piping, pumps, turbine blades, and almost any corrosive 

environment applications.  The majority of nickel-based alloys are used in the aircraft 

industry, and the greatest concerns are fatigue-related problems.  In a review by Cowles 

[1] , fatigue is responsible for the majority of damages in jet-engine components.  Figure 

1a (All figures and tables are listed in the appendices) shows the effects of the important 

factors for jet-engine components, and Figure 1b presents the susceptibility of various 

components to high-cycle fatigue (HCF) and low-cycle fatigue (LCF) problems, and 

other environmental and external influences. 

Nickel, molybdenum, and copper alloys with high chromium contents are 

excellent candidates for manufacturing piping, valves, containers, and tubing for 

environments exposed to both reducing and oxidizing solutions.  For waste repositories, 

the waste container has to possess superior corrosion properties, since the long-term 

exposure to stagnant solutions may give rise to the occurrence of localized corrosion. 

Additionally, for applications where nickel alloys serve as pressure housings, hydrogen-

charging effects of nickel alloys are of interest, since the accumulation of hydrogen gas 
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can increase lattice strains, which may cause a premature failure similar to brittle 

fracture, i.e., hydrogen embrittlement.   

 Thus, the findings of this research possess tremendous industrial impact.  Limited 

corrosion-fatigue research on the crack-initiation behavior in superalloys has been 

conducted, while none have been reported on the rich Cr and Mo alloy known as C2000®.  

For this reason, the research on nickel-based superalloys can provide the information that 

will aid in improving the processing, microstructures, mechanical and chemical 

properties, and also provide data for refining lifetime-prediction models in order to better 

understand the scientific issues as they relate to high-cycle corrosion-fatigue 

characteristics.  
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 4.  Research Approach 

4.1  Theoretical Approach:  The development of a lifetime-prediction model requires 

the background knowledge of the underlying mechanisms associated with the material 

under study in both the electrochemical and mechanical environments.  The 

determination of the governing mechanisms in each environment provides the platform 

for pinpointing key mechanisms for synergistic effects.  The development of a suitable 

electrochemical micro-mechanical lifetime model involves research in three separate 

tasks to yield pertinent modeling parameters.  Task 1 is the isolation of mechanical 

influences on C2000 when the material is subjected to cyclic stresses.  Task 2 is the 

isolation of electrochemical influences on C2000 while the material is exposed to a 3.5 

wt.% NaCl solution and a Cr2Cl3 solution.  Task 3 is the synergistic investigation of 

C2000 under fatigue.  A schematic delineating the conceptual approach for this research 

is depicted in Figure 2.  Additionally, the examinations of pre-existing models were 

scrutinized for revamping to develop a feasible electrochemical micro-mechanical 

(EMM) model.  Currently, Dr. M. Dauebler [2] and Dr. Kwai Chan [3] have developed 

microstructure-based fatigue-crack-initiation models that appear to provide a useful 

platform for either incorporating an electrochemical component or refining the existing 

models. 

4.2  Design Approach:  The Design of Experiment (DOE) technique was used to create a 

systematic experimental matrix.  DOE is useful for understanding synergistic effects, 

reducing the experimental time, and isolating factors and conditions that most influence 

the process under study.  Additionally, statistical analyses and interpretations of data can 

be performed in order to determine the path ascent for corrosion-fatigue experiments.  
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DOE is a useful tool for developing an experimental matrix to determine the 

research path for analyzing a problem involving many parameters.  Comparative 

experiments allow the researcher to make inferences about the differences in means and 

randomized designs.  Hypothesis testing and confidence intervals are two methods 

utilized to perform comparative analyses.    Several treatments or influences on the data 

are conditioned by means of several schemes, which may include one-way models, block 

designs, and factorial designs, to develop experimental setups; while regression analyses 

and response surfaces are useful for determining the path of ascent for the experiment of 

interest.   

In this investigation, the full factorial method was the choice for analyzing the 

critical external influences.  A 23 full factorial experiment (FFE) requires eight 

permutations for two external influences.  Air and 3.5 wt.% NaCl were the two factors 

controlled in this study.  Within each factor, high and low levels were assigned to 

develop a scheme to monitor the fatigue response, i.e., the number of cycles to failure.   

4.3  Advantages of Factorial Designs:  The effects of multiple interactions or influences 

can be determined efficiently using a factorial design.  In factorial designs, the 

fluctuations in levels produce a change in the response.  As explained above, influences 

are given high and low levels.  The difference between the average responses at both 

levels of each factor provides the main effect.  Parallel lines imply a lack of interactions 

between the two influences, and intersecting lines indicate interactions between the two 

factors.  The advantages of a factorial design lie within the statistics, which are heavily 

influenced by the number of events and data runs.  In other words, holding the high level 

of a factor, X, and varying another factor, Y, between high and low levels, yields two 
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combinations of X and Y, X1Y1 and X1Y2.  If the experimenter holds Y constant at the 

high level and varies X, the Y1X1 and Y1X2 permutations are observed.  Usually, one 

factor is altered several times, and the responses are recorded.  Since a bias is introduced 

in any experimental setup, average responses are more meaningful, which requires 

several runs of the data to provide a better representation.  Thus, with two factors and 

four levels, a minimum of six observations are required if two runs are recorded for the 

three combinations.  Planning experiments in this fashion is referred to as a one-factor-at-

a-time representation.  Factorial designs would consider the additional factor of X2Y2 to 

evaluate the responses to four observations.  This approach clearly reduces the number of 

replicates and gives a similar representation of the data as in the one-at-a-time method 

without additional experiments.  The disadvantage of this method is introduced when 

interactions are present.  Hence, factorial designs help avoid such conclusions because 

they provide a better range to examine the data.  Figure 3 shows a depiction of the 

conceptual logic process for the design of experiments regarding the study of C2000 in 

3.5 wt.% NaCl.  

Eight experiments at various permutations of potential, stress, and frequency are 

performed in both states, which are air and 3.5 wt.% NaCl.  From these experiments, 

data, such as electrochemical, mechanical property, and time/life results, were extracted 

and used as input for the lifetime-prediction model.  The experimental matrix used as a 

guideline for conducting fatigue experiments is shown in Figure 4, where the number (1) 

represents the high-level condition, and the number (-1) represents the low-level 

condition.  The subset table in the upper right of Figure 4 is a legend listing the states, the 

level assignments, and the experimental values. 
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4.4  Experimental Facilities and Setups:  Electrochemical, fatigue, and corrosion-

fatigue experiments were performed at the University of Tennessee-Knoxville.  Specimen 

machining and the necessary apparatus design were completed at the Machine Shop at 

the University of Tennessee.  Mechanical grinding, polishing, and electropolishing were 

used to obtain optimal surface finishes.  The characterization of the material for surface 

anomalies and defects was examined, using the conventional optical and electron 

microscopes along with advanced techniques, such as transmission-electron microscopy, 

x-ray photoelectron spectroscopy, and laser interferometry.  Data retrieved from the 

aforementioned include monitoring the free potential vs. time, the current transients vs. 

time, and the spatial-temporal evolution of the fatigue damage.   

The components of the design of an electrochemical cell include an insulated 

container capable of supporting the working electrode, which is the material under study, 

a counter or auxillary electrode to support the cathodic reaction, and a reference electrode 

to monitor relative potential changes.  The final electrochemical assemblage is referred to 

as the Stew-Field electrochemical cell, which is capable of testing uniaxial and bend 

specimens. The load frame used is a servohydraulic machine developed by the Materials 

Testing Systems (MTS).  All fatigue experiments will be performed in tension-tension 

using a pin-joint assembly fixture.   The observation of the deformed states has been 

captured using SEM and TEM. A Princeton Applied Research Potentiostat was interfaced 

with the electrochemical cell to control the potential while monitoring corrosion, and the 

data analysis will be performed with the ECorr Software.  Electrochemical experiments 

were designed to observe how pH changes and deaerated solutions affect the corrosion 

properties of C2000.  Scratch tests were performed to monitor the repassivation kinetics, 
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which could provide insights into the potential corrosion mechanisms operating during 

fatigue.  The optical microscopy, scanning-electron microscopy (SEM), and 

transmission-electron microscopy (TEM) were employed to probe the microstructure of 

the as-received and deformed states.   

4.4.1  Cyclic-Polarization Experiments:  Electrochemical data can be determined via 

cyclic-polarization experiments.  Cyclic-anodic-polarization curves are generated by 

connecting a sample known as the working electrode, a platinum counter electrode, and a 

reference electrode in the circuitry to polarize the working electrode toward anodic 

(positive) or cathodic (negative) potentials.  Figure 5 shows the various properties that 

can be retrieved from cyclic-polarization curves [4].  The free potential or corrosion 

potential, commonly referred to as Ecorr, is the natural potential of a material within a 

given electrolyte at the open-circuit potential.  The protective potential is the potential 

value at which the passivation is maintained.  A constant current density maintained over 

a particular potential range denotes the passive current density of the material.  The 

passivity region on the cyclic-anodic-polarization diagram is an indication of the 

material’s ability to resist dissolution or passive film breakdown within a given 

electrolyte.  The point at which the oxide/hydroxide layer experiences the dissolution is 

referred to as the pitting potential (Epit).  Although the pitting potential is commonly 

taken as the potential at the onset of pitting, pitting or localized corrosion may actually 

occur at potential values lower than those manifested on the cyclic-polarization curve.  

Hence, a more accurate definition of Epit is the potential representing a pit or other form 

of the localized corrosion of a critical size.  The intersection of the passive potential range 

and the reversed potential marks the protection potential (Epp) of the material.  Therefore, 
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a hysteresis is formed and provides useful information about the amount of material loss 

due to the localized corrosion phenomenon.   In some cases, such as inadvertent scratches 

or handling, the protection potential does not follow path 2 (Figure 5).  There is a 

possibility that the protection potential can intersect the cathodic (negative) region of the 

curve.  Thus, the protection potential is not in the anodic region.   

The degree to which a material has the ability to resist localized corrosion can be 

determined by evaluating the difference between Epit and Ecorr and Epp and Ecorr.  A large 

difference between Epit and Epp in relation to Ecorr implies a strong resistance to localized 

corrosion.  A set of results following path 3 (Figure 5) implies the material’s 

susceptibility to immediate pitting upon the immersion into the solution, if an inadvertent 

scratch or nick occurs.  Although many materials behave according to the trend depicted 

in Figure 5, the electrochemical behavior is not limited to the three paths discussed. 

Other important parameters, such as the corrosion-current density (icorr), and the 

passivation-current density are extremely useful.  The corrosion current density provides 

a reasonable estimate of the corrosion-penetration rate (CPR) by means of the following 

equation. 

ρn
icorrMmpyCPR ⋅

= 0129.0)(    (1) 

In the above equation, mpy represents mils per year, M represents the mass, and ρ 

represents the density.  The mols of electrons released are represented by n.  

4.4.2  Surface Finish and Geometrical Constraints:  The effects of the surface finish 

on fatigued samples have been studied extensively in the literature [5-8].  Figure 6 shows 

the effects of surface finishes on the fatigue properties.  The development of a micro-
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mechanistic understanding is heavily dependent upon observing and monitoring 

microstructural features, such as extrusions and slip steps.  Optimal finishes provide the 

best data for characterization tools, such as an atomic-force microscope (AFM), to 

provide the topographic contrast between normally indistinguishable features.  

Consequently, an optimal surface finish has to be achieved on C2000®, and 

electropolishing is the best method for obtaining an extremely smooth finish.  Table 1 [9] 

lists some common materials, such as steels and nickel alloys, and surface-roughness 

values (Ra) associated with mechanical, chemical, and electrochemical polishing 

preparation methods.  As clearly shown from the data listed in Table 1, the 

electropolished finish provides the optimal surface finish, which corresponds with the 

lowest Ra value. 

4.4.3  Electropolishing:  Electropolishing is an electrochemical process, which produces 

a luster on a metallic surface by removing metal ions.  The sample acts as the anode and 

is connected to the positive terminal of the power supply.  As shown in Figure 7, a 

stainless-steel container serves as the cathode, and a lead wire connects the cathode to the 

negative terminal of the power supply.  The material under study acts as the anode, and a 

lead is spot-welded to the sample and connected to the positive terminal of the power 

supply.  An electrical circuit is maintained via ionic conduction through the polishing 

electrolyte.  A 4.22 ohms resistor, R1, is added to the circuitry to increase the power 

source (Vs) to 12.4 V.   The parameters Rm, Rs, and Rc, represent the components that 

make up the total resistance in the circuit, which are the electrical leads, the polishing 

solution, and the stainless steel container, respectively.  The objective is to remove hills 

and burrs, which become areas of higher current densities, compared to those in valleys.  
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The removal of hills creates a smooth surface or even terrain to provide a highly 

reflective surface.  In the setup for electropolishing C2000, a circular container houses 

the electrolyte.  The advantage of a circular container is that it provides a radial 

conductive path for a uniform removal.  Corrosion effects are better studied on flat 

specimens to minimize bias due to roughness.  Since crack initiation is of importance to 

this study, the samples were designed to include a continuous radius to ensure crack 

initiation in the same proximity and ease microstructural probing with SEM.    

Additionally, the sample rotation is eliminated and the polishing time is reduced (Figure 

7). 

The C2000® specimens were electropolished in a 15 volume percent (vol. %) 

sulfuric acid and 85 vol. % methanol at 10 V for 45 minutes.  A liter of the electrolyte is 

required to submerse a 101.6 mm tensile sample.  The results of electropolishing for 

C2000 are shown in Figure 8.   

4.4.4  Investigative Tools:  Conventional characterization tools, such as x-rays and 

electron microscopy, are still two of the most powerful means of gaining insight about a 

material’s structure, constituents, and grain morphology.  These characterization tools 

can be catergorized into two types: weaker interactions and stronger interactions.  A short 

summary of the two types is recorded below. 

4.4.4.1  Weaker Material Interactions Tools:  X-ray diffraction uses a copper target to 

produce a monochromatic beam of x-rays as a means of probing samples.  A detector is 

positioned opposite the sample and target, while the sample is rotated to angles of up to 

90 degrees to provide a good count average for peak intensities.  Both bulk and powder 

samples are common samples studied using x-ray diffraction.  X-ray diffraction operates 
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on the basis of constructive interferences manifested as the maxima in the intensity for x-

ray.  Diffraction or constructive interference occurs when the incident waves are in phase, 

and the diffracted beam is a multiple of the incident wavelength. This condition is 

referred to as the Bragg condition.  The purpose of using x-ray diffraction on C2000 

sheets is to verify the structure and texture properties, and to identify the formation of 

possible second phase particles.  Although C2000 is reported as being homogeneous and 

face-centered-cubic (fcc) at all temperatures, the possibility of second phases is only 

plausible, if the alloy is not truly homogeneous as reported.  In-situ neutron diffraction, 

although costly, can provide the answer to such questions with less preparation. 

4.4.4.2  Stronger Material Interactions Tools:  Electron diffraction is another very 

useful tool for examining materials.  Since electrons are charged particles, they interact 

strongly with metallic materials.  For this reason, the information about the material is 

constrained within the interaction envelope, which has a limited depth.  The interaction of 

several electrons can be detected and used for imaging purposes via a scanning-electron 

microscope (SEM).  Depending on the type of detector device, the SEM can provide both 

topical and phase variations in the material.   

TEM provides the structural information by examining the diffraction pattern, and 

the nano-scale features, such as dislocations, can be resolved using bright-field or dark-

field imaging techniques.  However, the preparation is tedious, and the interpretation can 

present an erroneous picture if the evolution of events is not captured.  Unlike x-ray and 

neutron diffraction, the selected area diffraction with the energy-dispersive spectroscopy 

(EDS) can be used to isolate key features within the microstructure.   
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Surface-analysis tools, such x-ray photoelectron spectroscopy (XPS), are useful 

for understanding the chemistry of the oxide layer and determining the thickness.  With 

XPS, a characteristic energy profile can be determined, which reports the binding energy 

associated with each core atomic orbital.  The information obtained from XPS can be 

extremely useful for corrosion studies, since the migration of detrimental species, such as 

chlorides, are of interest.  Furthermore, the transportation of the chlorides to copious 

regions within the oxide depends upon the oxide composition and density, which can also 

be determined by XPS.   

4.4.5  Crack-Initiation Tools:  The potential drop, lasers, replica techniques, acoustic 

emissions, thermography, and SEM are techniques utilized throughout the fatigue and 

fracture community to detect early crack initiation [10-12].  However, each method must 

be carefully performed, which can be cumbersome.  All require tedious set up and 

auxillary equipment to monitor crack initiation, with the exception of the SEM and 

replica technique.  Choosing a suitable technique is determined by how early a crack 

needs to be detected.  The short-crack initiation and long-crack initiation must be 

deciphered, and each technique requires judicious planning and practices to determine 

cracks smaller than the grain size of most metallic materials.  A distinction between 

artifacts and authentic data becomes the challenge as the detection at lower scales is 

desired.  Hence, a second method is needed to verify the findings using one of the 

methods introduced.  Following is a brief description of the advantages and 

disadvantages of each method.   

4.4.5.1  Potential Drop:  The potential-drop method [13] can be conducted using direct 

current (DC) or alternating current (AC).  In both cases, the change in the potential or 
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potential drop across the crack-tip opening of a compact-tension (CT) specimen is 

monitored. The difference in the potential at the initial crack tip site is recorded and 

monitored during the crack-growth period against a calibrated sample.   

4.4.5.2  Acoustic Emission:  Acoustic emission [14-16] is fairly simple to assemble onto 

a sample, given that the sample is relatively large compared to the contacting electrodes.  

To utilize this technique, two transducers are positioned across the gage section of the 

sample via glue, such as epoxy or another nondestructive polymeric resin.  The material’s 

response to acoustic emissions is captured, and the signal is amplified and recorded for 

data analyses.    

4.4.5.3  Replica Technique:  The replica technique [17-20] involves a capillary 

attachment of the polymeric film, acetate, to the fatigued-sample surface using acetone.  

At particular intervals chosen during the testing, squirts of acetone promote a capillary 

adhesion of the film to the deformed surface to create a negative film of the specimen.  

The negative is sputtered with conductive plasma, such as gold or carbon, to view in an 

SEM. The major challenge of the replica technique is the selection of polymeric films, 

choosing the optimal sputtering-processing parameters, and keeping the sample in the 

maximum stress amplitude mode during designated intervals to properly identify and 

monitor the crack.     

4.4.5.4.  Thermography:  Thermography is a fairly new technique utilized for field 

engineering and research-related observation.  Infrared (IR) wavelength energy released 

from a sample is detected with the IR camera.  The energy is calculated against a 

calibrated scale and used to convert into a corresponding temperature.  Data handling is 

one of the main issues with thermography; judicious planning is involved in determining 
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the acquisition time, field of view, and data analysis.  Several authors [11, 21-28] have 

attempted to utilize an IR camera to detect the crack initiation during fatigue.   
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5.  Summary 

Corrosion alone presents unique challenges to the researcher.  Yet, corrosion 

fatigue proves to present greater obstacles due to synergistic effects.  Corrosion fatigue 

demands an adequate understanding of the material chemistry, a response to chemical 

environments and mechanical stresses, and an archive of events necessary to derive 

models capable of extrapolating solutions outside the span of the controlled research.  

The understanding of essential phenomena and parameters provides a platform to replace 

archaic models used to retire aging components, as well as new information useful for 

material and design optimizations.  Nickel-based superalloy research is extremely 

promising due to superalloys’ ability to remain immune to localized corrosion under 

various environments.  Additionally, they possess good mechanical properties.  In 

particular, Haynes C2000® possesses excellent corrosion properties, and the ductility is 

comparable to that observed for 304 stainless steel.  Thus, Haynes C2000® is a promising 

candidate for lifetime predictions due to the ability of the material to remain a single 

phase alloy at all temperatures.  A single phase alloy will require a micro-mechanistic 

model with fewer microstructural parameters. 

 

 

 

 



 - 21 -

6.  Research Background 

6.1  Superalloys: 

6.1.1  Emergence of Superalloys and Attributes:  Traditionally, the usage of iron alloys 

has dominated the structural commercial industry.  However, applications of nickel alloys 

for a wide variety of service conditions are on the rise [29].  The interest in nickel 

superalloys emerged during the 1950-1960s.  Superalloys, comprising 6 or more 

elemental additions, possess attractive qualities such as corrosion resistance, ductility, 

high fatigue strength, resilience, stiffness, durability, wear resistance, and the ability to 

withstand high temperatures [29, 30].  Additionally, nickel superalloys have recycle 

potentials.  Nickel-based superalloys have mechanical properties competitive to that of 

stainless steels.  They are superior in price when compared to cobalt-based superalloys, 

and are higher performing compared to iron-based superalloys.   

6.1.2  Synopsis of Investigated Material:  Haynes C2000® is a single-phased crystalline 

alloy comprised mostly of nickel, chromium, and molybdenum.  The nominal 

composition of C2000® is listed in Table 2.  X-ray diffraction confirms that C2000® is a 

homogeneous fcc structure (Figure 9).  High-resolution imaging reveals a structure that is 

comprised of annealing twins (Figure 10). 

The high content of chromium enables C2000® to exhibit resistance to oxidizing 

media, such as ferric ions or dissolved oxygen, while the addition of molybdenum and 

copper provides a chemistry conducive to the material’s usage in reducing media, such as 

sulfuric acid.  The material is processed by solid solution and hot rolling, followed by a 
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final anneal.  The fabrication of the C2000® is available in bar, sheet, plate, wire, and 

tubular forms.  C2000® possesses superior corrosion-resistance properties to alloys like 

an industry standard, C-276, which is comprised of 57Ni-16Cr-16Mo-5Fe-4W-2.5Co-

1Mn-0.35V-0.08Si-0.01C (wt. %).  Unlike Ni3Al and other superalloys used for high-

temperature applications, C2000® does not form second-phase precipitates at elevated 

temperatures.  Therefore, C2000® is extremely stable in aqueous environments at lower 

temperatures due to the material’s ability to maintain tenacious Cr3O2, Mo(OH)- and NiO 

barriers [31]. 

Determining the governing mechanisms for materials undergoing fatigue presents 

challenges due to their microstructural features, such as grain boundaries, precipitates, 

and grain sizes; and, synergistic influences on these features provide even greater 

challenges.  Hence, C2000® is an attractive superalloy for undergoing lifetime-prediction 

studies during corrosion fatigue because of the stability of the microstructure under many 

environmental conditions.   

6.1.3  Corrosion of Nickel Superalloys:   The corrosion-resistant properties of nickel are 

dependent upon the selection of elemental additions.  In the active state, pure nickel 

intrinsically possesses low corrosion rates in acidic solutions or reducing environments, 

while certain complex metal-ion additions in a given electrolyte may further decrease the 

corrosion rate.  There are three categories of nickel-based superalloys: nickel-copper 

alloys, nickel-chromium-molybdenum alloys, and nickel-chromium-iron-molybdenum 

alloys.  Each of these can attribute its inceptions to specific industry demands, such as the 
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resistance to deaerated hydrofluoric acid, oxidizers in acidic solutions, and chloride 

solutions.  

The nickel superalloys’ corrosion resistance is attributed to the high solubility 

content of chromium.  Consequently, the resistance to corrosive media spans a wide 

range.  Most nickel-based superalloys consist of additions of iron, molybdenum, cobalt, 

or niobium.  Table 3 [32] manifests both the commercial names and chemical 

compositions for selected corrosion-resistant nickel-based alloys.  Table 4 [32] outlines 

the electrochemical properties of some corrosion-resistant nickel superalloys.  In both 

neutral and iodide solutions, nickel-based superalloys are immune to any form of 

localized corrosion [33] at room temperature.   The breakdown of the stable chromium 

oxide layer made up of Cr(III) ions is heavily influenced by the temperature.  For solution 

temperatures lower than approximately 150ºC, the increased oxygen solubility and 

oxidizing power do not cause the dissolution of oxide films.  However, for temperatures 

greater than 150ºC, the protective oxide becomes less stable with the increased oxygen 

solubility.  Additionally, further deterioration can easily be achieved by slight increases 

in the oxidizing power of the solution. 

Although certain elemental additions are used to produce a protective layer, some 

oxides are vulnerable to dissolution in acidic solutions.  As a result, larger contents of 

chromium are beneficial, since the formation of Cr(III) oxides [34-37] is 

thermodynamically stable at room temperature and at temperatures ranging up to 300ºC 

[35, 38] (Figure 11).  In Figure 11, the effects of corrosive media and elevated 

temperatures on the corrosion of nickel-based alloys and stainless steels are schematically 

shown.  The schematic shows that a passive state is maintained in the 200ºC – 300ºC 
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range, where the possible protective oxides are Cr2O3 or CrOOH.  At an intermediate 

temperature of 350ºC, a breakdown in the oxide occurs.  At this point a transpassive state 

is reached.  At temperatures higher than 500ºC, a “density-controlled” passive state is 

reached, due to the high-density solution, which acts as a barrier to the material layer.  

For most alloys, chloride solutions are considered subcritical, since the chlorides 

depassivate the protective oxide.  However, for most nickel-based superalloys, the 

presence of chlorides does not induce localized corrosion at room temperature.  The 

pitting corrosion or localized corrosion is not prevalent until alloys are exposed to critical 

temperature values that depend upon the material’s chemistry.  The literature reports that 

most nickel superalloys require a breakdown of passive films to occur at temperatures 

above 100ºC - 400ºC [34].  

In particularly, Haynes C2000® is incredibly immune to localized corrosion in 

3.5wt.% sodium chloride solutions (Figure 12).  The corrosion behavior of Haynes 

C2000® in the presence of neutral and concentrated metal-ion (pH=0) solutions does not 

support the dissolution of passive films (Figure 13).  Overall, the performance of C2000® 

in various media is excellent.  Evidently, element additions play an integral role in 

tailoring an alloy for a specific application, especially if the corrosion resistance is the 

predominate factor.   

6.2  Corrosion: 

6.2.1 Anodic and Cathodic Reactions for Corrosion:  In general, cathodic reactions 

[39, 40] for the hydrogen ion reduction in an acidic solution follow the equation: 

)(adsHeH →+ −+         (2) 
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The adsorbed hydrogen created by this reaction can combine with other adsorbed 

hydrogen on the deteriorating surface by the reaction: 

)()()( 2 gHadsHadsH →+      (3) 

The accumulation of sufficient atomic hydrogen on the surface evolves hydrogen gas.  

The electrochemical desorption can also give rise to the hydrogen-gas evolution through 

the reaction: 

)()( 2 gHeadsHH →++ −+      (4) 

Equation 5 accounts for neutral and alkaline conditions where dissolved oxygen in water 

produces hydrogen oxide ions.  
−− →++ OHeOHO 442 22      (5) 

The dissolution of the anodic materials reacts according to the following for both acidic 

and neutral and alkaline environments. 

−+ +→ eMM      (6) 

Therefore, corrosion is driven by the conjoint oxidation and reduction reactions occurring 

on the metallic surface.  The corrosion rate is highly dependent upon the chemistry, 

surface imperfections, potentials, and coupling with dissimilar materials.   The area of the 

anodic to cathodic ratio is of importance as well as choosing the correct combination of 

metals in design.  In corrosion, most behavior can be described by the use of cyclic 

anodic or potentiodynamic curves.  These curves provide the useful information about the 

material’s response to the incremental potential increases in a particular electrolyte.  

Materials exhibit corrosion behavior within one or a combination of three regions:  the 

active, the passive, and the transpassive, or the pitting.    
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6.3  Mechanically-Induced Deformation: 

6.3.1  Fatigue-Crack Initiation and Propagation:  Fatigue-crack initiation was believed 

to be a consequence of exceeding the limit of the local strain hardening [41].  In 1953, 

Head [42] created a model to account for the local saturation of ductility, which leads to 

an increase in stress and subsequent cracking.  This ductility-exhaustion theory did not 

account for cracking on the atomic level.  Therefore, Stroh [43, 44] attempted to develop 

a micro-model.  These attempts yielded little value and proved unacceptable upon the 

advent of new and improved devices and techniques to image dislocations.  Finally, the 

creation of crevices in the material was attributed to the correct sources.  These sources 

are commonly known as intrusions and extrusions, which are surface phenomena (Figure 

14) [45].  Thus, fatigue-crack initiation is a surface phenomenon.  Cracks form in the 

crevices or recesses of the intrusions and extrusions due to newly created high-stress 

concentrators.  Ensuing crack initiation, propagation occurs to yield failures.  Crack 

initiation and propagation became pertinent issues for describing the fatigue life of a 

material.  It was commonly observed that under low-cycle-fatigue conditions, most of the 

fatigue life is spent in the propagation region.  For high-cycle-fatigue conditions, most of 

the fatigue life is spent in the crack-initiation stage.  The block diagram adopted from 

Schijve [46] best describes the crack-initiation period and the growth period with 

corresponding quantifying parameters (Figure 15). The stress-concentration factor (Kt) 

was first demonstrated by Inglis [47] in an experiment that showed an increase in the 

applied stress at the ends of the major axis of an ellipse.  Stress concentration is a 

measure of the ratio of the crack length to the crack radius.  According to Dowling [48], 

the stress-intensity factor (K) is best defined as the parameter that characterizes the 
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severity of the cracking situation as affected by the crack size, stress, and geometry.  For 

linearly-elastically-behaving materials, another term, known as the fracture toughness 

(K1c or Kc), is the measure of a material’s ability to withstand or resist fracture.  Later in 

the 1960s, a correlation was established between the crack-growth rate per fatigue cycle, 

da/dN, and stress-intensity-factor range (ΔK).  Paris, Gomez, and Anderson [49] were the 

first to release findings on their approach correlating the crack-growth rate and stress-

intensity factor in which they adopted the use of the K-value proposed by Irwin [50].  

Fatigue experiments yield various forms of the information.  Perhaps of most 

importance is the applied stress to the number of cycles to failure (S-N) curve.  Before 

the reference of the named S-N curve, these useful diagrams were known as the Wöhler 

diagrams.  S-N diagrams allow the material’s life to be analyzed over a period extending 

to millions of cycles.  In engineering, the fatigue limit or endurance limit is the most 

critical designing parameter extracted from the S-N curve.  Theoretically, failure does not 

occur below the fatigue limit.  Standardized methods have been devised to determine the 

fatigue limit of materials.  Table 5 lists the American Society for Testing and Materials 

(ASTM) standards associated with fatigue most commonly followed for simulating in-

service fatigue problems and performing fatigue experiments for reporting findings. 

6.3.2  Damage Mechanisms:  Damage mechanisms vary with the nickel superalloy 

composition, service or test temperature, and frequency.  For example, increasing the 

temperature alters the cracking mode by causing the alloy to exhibit an intergranular 

fracture.  At even higher temperatures, service conditions may incorporate an additional 

mechanism due to creep.  Such damage generally manifests itself via grain-boundary 

voids and cracks.  Yet, in lower temperature conditions, the localization of a plastic strain 
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is the most common means of nucleating cracks [44].  Thus, on a macroscopic scale, 

fatigue experiments investigate a material’s response to cyclic stresses.  The mechanisms 

in which failure occurs can be described by localized stress risers at low temperatures and 

creep mechanisms at high temperatures. 

During fatigue, lattice distortions produced by dislocations occur after the 

exertion of a force known as the Peierls-Nabarro force.  Since this force is contingent on 

the dislocation width or distorted region, the force experienced by a given dislocation is 

variable.  Edge, screw, and mixed (a combination of edge and screw) natures are the three 

types or characters of dislocations found in metallic materials.  Each type consists of 

similar components, yet differ in the directional functionality and geometrical positioning 

in the crystal.  The process by which the dislocation motion occurs is known as slip.  Slip 

from one crystallographic plane to another is referred to as cross-slip.  Positive-sense or 

negative-sense edge dislocations can exist within a crystalline structure.  Similar-sign 

dislocations provide a lower resistance to mobility than dissimilar-sign dislocations.  

Dislocation interactions coalesce when the signs are alike.   

Interactions between different senses cause the dislocations to repel.  

Consequently, this repelling promotes dislocation pile-ups, which can cause both a large 

stress concentration, and a barrier to further slip.  These pile-up-initiated stress 

concentrations become primary regions for crack initiation.   Other interactions can occur 

between dislocations and precipitates or inclusions.  For instance, interactions between 

dislocations and particles can cause a pinning effect, which generates additional 

dislocations within the material.  A common dislocation multiplier, known as the Frank-

Reed source, pins the dislocation lines to particles at the outer edges of the dislocation, 
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causing a bowing effect.  Upon applying shear stresses, a decreasing radius of curvature 

is experienced until the radius is half the length of the pinned dislocation.  At this point, 

an instability is reached and an annihilation occurs due to the bowing of the dislocation 

unto itself.  Subsequently, a new dislocation line is formed within the newly-generated 

loop developed by the aforementioned dislocation action.  This action continues until the 

stress from the pile-up interactions counteracts the stress required to continue generating 

dislocations.  Further complexity is introduced by the dissociation of edge dislocations 

into two partial dislocations.  Partial dislocations occur when the total strain energy is 

reduced by the splitting of the primary dislocation into two dislocations, i.e., partial 

dislocations.  The region formed between the two partial dislocations is called the 

stacking-fault width.  This width is useful for determining the stacking-fault energy 

(SFE), since the SFE is inversely proportional to the SFE width or separation distance.  

Low-stacking-fault energy materials, such as nickel and nickel alloys, exhibit minimal 

cross slips, resulting in narrow and straight slip bands.      

6.3.2.1  Persistent Slip Bands:  Persistent slip bands (PSBs) [51] are local deformation 

phenomena that insistently occur during a loading sequence.  Unlike monotonic testing, 

slip does not occur similar to a staircase.  The slip morphology on the surface resembles 

hills and valleys known as extrusions and intrusions.  PSBs are responsible for carrying 

the load during the cyclic deformation.  Persistent slip bands form in stage B of Figure 16 

during the fatigue process.  Crack initiation in stage I initiates at 45 degrees along the 

direction of the maximum shear stress.  PSBs consist of extrusions and intrusions on a 

material’s surface by means of the backward and forward slip.  This action continues 

until the crack traverses sufficient grains to deflect the propagation perpendicular to the 
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direction of the applied stress.  The crack propagation 90 degrees to the loading stress is 

known as the stage-II propagation, which is illustrated in Figure 16 [52].   

6. 4  Environmentally-Enhanced Deformation: 

6.4.1  Stress-Corrosion Cracking (SCC):  Overall, most stress-assisted cracking lies 

within two catergories:  stress-corrosion cracking and corrosion-fatigue.  Stress-corrosion 

cracking is attributed to a sustained-loading condition where the material, before the 

introduction of stresses, is susceptible to localized corrosion.  The material can produce 

cracks at grain boundaries or pits.  Cracking along grain boundaries is referred to as 

intergranular cracking.  Cracks that emanate from pits, once these pit have reached a 

critical size, are most likely associated with the formation of atomic hydrogen as a by-

product during metal hydrolyse.  The increase in the local hydrogen relative to the bulk 

electrolyte creates a potential-difference gradient.  Hence, the mass transport of 

detrimental species, such as chlorides to the pit, is permitted.  Additionally, the increase 

in the atomic hydrogen within the pit decreases the pH to cause acidification.  At a 

critical pit depth, a crack (or cracks) initiates from the pits to cause SCC.  Whether the 

culprit site is attributed to chemistry inhomogeneities, surface flaws, or pits, the addition 

of a stress to corrosion introduces a more complex region of activities.  Figure 17 shows a 

schematic of the corrosion regimes where cracking will most likely occur when coupled 

with stress.  Region I is labeled as the active region of corrosion.  Hydrogen 

embrittlement is dominant in this region, since the evolution of hydrogen is plentiful due 

to the low potential or cathodic currents imposed.  Thus, cracking occurs, resulting from 

the lattice dilation of diffused hydrogen into interstitial sites within the metallic lattice.  

The dilation causes a local condition of plane strain, which requires an applied stress 
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equal to at least three times the yield strength to promote the crack growth and 

subsequent failure.  The fracture behavior is a brittle one due to the large increase in the 

yield strength from the more macroscopic yield strength.  Region II is known as the 

passivity region.  The passivity region is marked by the formation of a protective film 

within a specific potential range.  The transition from the active to the passive regions is 

one of the most susceptible areas to cracking since active processes and oxide-formation 

processes are in competition.  Likewise, the transition from the passivity to pitting is also 

vulnerable to cracking, since the depassivation and oxide formation are occurring 

simultaneously.  The mechanism for localized corrosion in Region III described in Figure 

17 is known as pitting.   

6.4.2  Corrosion Fatigue or Cyclic-Loading Influences:  Unlike SCC, corrosion fatigue 

is caused by cyclic loading or alternating stress.  Both forms of stress corrosion account 

for the influences of stresses on a material in a given electrolyte, and plausible crack-

initiation phenomena can be explained with the linear-elastic-fracture mechanics.  

However, there are some subtleties.  SCC occurs under conditions of constant stresses.  

The fracture-mechanics-parameter, K, the stress-intensity factor, can be used to quantify 

the stress in which corrosion will not enhance or expedite the propagation rate of a given 

crack size.  The stress-intensity factor associated with the enhanced behavior is known as 

the critical stress-intensity factor, Kc, which is usually lower than that observed in air.  

However, corrosion fatigue is more complex in that the alternating stress is involved.  

Consequently, frequencies, R (σmin./σmax.= Kmin./Kmax.) ratios, mean stresses, and stress 

ranges or ΔK are of importance, since these parameters can strongly affect the fatigue life 

in the absence of corrosive media.   
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Another concern is differentiating the influences of pure mechanics from those 

induced by electrochemical means.  Roughness effects on the influences of fatigue lives 

are well established in the literature [53].  The explanation for the expected decrease in 

the fatigue life must be identified by carefully examining and understanding the fatigue 

behavior in both ambient and severely detrimental environments.   When studying the 

behavior of corrosive media during crack propagation, ΔKICF, the critical stress-intensity-

factor range due to corrosion can serve as a marker for this type of distinction.  Stress-

intensity-factor ranges below ΔKICF are mostly dominated by mechanical stresses, while 

values above ΔKICF are generally dominated by electrochemical influences.  Further 

studies have established a relationship to determine the susceptibility of a material to 

corrosion-fatigue by knowing the fatigue-endurance limit in both corrosive and ambient 

environments [54].  If the ratio of the corrosion-fatigue endurance limit to that observed 

in air is less than one, the material is likely to perform poorly in the corrosive media.  

Materials exhibiting ratios greater than one are deemed immune to corrosion under 

fatigue.   

Corrosion-fatigue mechanisms for metals in the active and passive regimes differ. 

For metals in the passive regime, a perturbation in the passive film must occur, such as 

film rupture, before corrosive species can cause dissolution of the freshly exposed 

surface.  Metals in the active regime experience dissolution more readily due to the 

inability to maintain a protective layer. Hence, the subjection to corrosion-fatigue 

exacerbates the corrosion behavior observed in the presence of aggressive solutions [54-

58].   
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  In general, corrosion-fatigue analyses require an understanding of the materials’ 

chemical state, corrosion properties (such as the localized corrosion occurrences) and 

mechanisms, and the environmental influences, such as stress, exposure to varying pH 

solutions, and temperature [59].  Studies performed by Garcia [60] substantiate the 

aforementioned as key issues to understanding crack-initiation processes incurred under 

cyclic stresses coupled with the corrosive media.  Given a sufficient time, corrosion 

species attack the bare metal exposed by the formation of extrusions and intrusions on the 

material surface.  The mechanism commonly adopted is that by which dissolution of the 

freshly exposed material occurs, and the ease of plastic deformation or the localized 

surface plasticity is more favorable [57].  Moreover, corrosion fatigue is affected by the 

type of oxides present and their thickness [61].  Understanding corrosion influences on 

the fatigue process of structural materials is difficult, considering that the corrosion 

process for materials is intrinsic to the unique chemistry of these materials.  The 

corrosion fatigue of materials can be categorized into two types:  Type 1 - pitting, and 

Type 2 – Embrittlement (Figures 18a and 18b).  Figure 18a shows the failure cascade for 

Type 1 and Type 2 cases.  The major distinction between the two cases is whether the 

material state is homogeneous or inhomogeneous and whether the material can maintain a 

protective film.  The response to the addition of stress is affected by the material state.  

Among the embrittlement postulates, two approaches are acceptable for the deterioration 

of material.  These two categories are known as the slip-step anodic dissolution and 

hydrogen-embrittlement.  In both cases, the crystal structure of the material is weakened 

and experiences dissolution. However, the mechanism by which slip-step anodic 

dissolution occurs is different than the mechanism for hydrogen embrittlement.  In 
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hydrogen-embrittlement, local acidification occurs due to the saturation of atomic 

hydrogen.  For slip-step anodic dissolution, the atomic hydrogen buildup is due to the 

local entrapping of the corrosive electrolyte, which produces hydrogen at a faster rate as 

opposed to having hydrogen readily available from the bulk electrolyte.  

6.4.2.1  Variable Effects:  Although nickel-based superalloys are widely used in various 

applications, limited studies on variable effects under corrosion fatigue of nickel-based 

superalloys are reported in the literature.  The waveform, frequency, R-ratio, and solution 

conditions can strongly affect the corrosion-fatigue behavior of alloys.  A careful 

inspection of the effects of the waveform, frequency, R-ratio, and solution has been 

summarized in the literature [51, 52].  Of the aforementioned, the authors have looked at 

the influences of these variables on the crack-growth rate but not the crack initiation.  In 

Figure 19, the effects of variable frequencies on the fatigue properties of a titanium alloy 

are examined.  The frequencies studied range from 5 Hz to 50 Hz.  All the experiments 

were performed at an R-ratio of 0.05 and at room temperature.  The plot shows that 

frequency does not affect the crack-growth rate in an inert environment, such as argon 

(Ar).  However, the material’s response to fatigue is dependent on frequency when 

studied in 3.5 wt.% NaCl.   

Additionally, at a constant frequency, Figure 20 shows the type of wave forms 

that can influence the propagation results.  The figure shows that a sinusoidal, a 

triangular, and a positive sawtooth waveform increases the fatigue-propagation rate,   

whereas the negative sawtooth, and square wave form do not affect the crack-propagation 

rates.  In both figures, the KISCC marker is placed as a point of reference for the reader, 
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although KISCC is the value determined on constant-loading conditions and not variable-

loading conditions. 

6.5  Corrosion-Fatigue: 

6.5.1  Corrosion-Fatigue Modeling:  Modeling of corrosion-fatigue phenomena 

presents certain challenges since every material-environment system is a synergistic 

effect, coupling the material nature, surface reactions, and stress conditions.  Thus, a 

universal model to describe the corrosion-fatigue behavior for classes of metallic 

materials remains to be developed.  Researchers [60, 62-68] who have attempted to 

model corrosion fatigue have achieved some success by using the superposition 

approach, which assumes that the operating mechanisms under sustained loading (stress-

corrosion cracking) and corrosion-fatigue hold true.  In the early 1970s, a model to 

determine the crack-growth rate was derived according to Equation 7 [69]. 
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Although synergistic interactions between the purely mechanical and corrosion 

fatigue occur, the model does not account for such behavior.  For this reason, others have 

tried to resolve this problem by incorporating a component to the above equation that 

would model synergistic effects and deem the model more representative.  Modern 

models incorporate the use of parametric representations of statistical fits to experimental 

data, where the distribution trend is normal and the variance is homogeneous.  Next, the 
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data is linked with probabilistic methods to determine life predictions.  Harlow and Wei 

suggest the use of mechanistically-based models to examine the corrosion-fatigue 

behavior of a material not within the interpolation range of data, i.e., extrapolated beyond 

the experimental data [62, 70-72].  Assuming that the rate of the growth of the pit radius 

is proportional to Faraday’s law, the following equation can be written.  

Fn
MI

dt
da

ρ
=       (8) 

In Equation 8, the crack-growth rate, da/dt, is proportional to the quotient of the 

molecular weight, M, current, I, and the valence electrons, n, the density, ρ, and 

Faraday’s constant.  Then the radius as a function of time is determined by the separation 

of variables and integrating Equation 8 over time to yield Equation 9, where aco is a 

constant representing the critical stable nucleus size to precede the crack propagation. 
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Once a critical pit size is reached, the fatigue-crack-growth rate follows the relation 

below.   

aKKKC
dN
da

Cn
thF σβΔ=ΔΔ−Δ= ;)(   (10) 

The parameters in Equation 10 describe the relationship between the fatigue-crack-

growth rate, da/dN, and the difference between the applied stress-intensity-factor range 

and the near–threshold stress-intensity-factor range, where crack growth is not 

permissible.  The stress-intensity-factor range can also be expressed according to the 
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linear-elastic fracture-mechanics relationship, where the stress-intensity-factor range is 

proportional to the stress range, Δσ, and the square of the crack length, a.  The CF and β 

parameters in Equation 9 are the proportionality constants, and nc is the fatigue exponent.  

A transition criterion for both the stress-intensity-factor range for the critical-pit size, 

ΔKPit, and the fatigue-crack-growth rate, da/dt)fcg,  is governed according to the 

following: 
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where ΔKth represents the near-threshold stress-intensity factor range and (da/dt)pit 

represents the rate of the pit growth before the onset of cracks emanating from pits, 

respectively.  Utilizing the above equations and their governing criteria, a mechanistic 

modeling approach is derived to relate the damage mechanisms induced by aging to 

fundamental scientific principles, which allows for extrapolation beyond the laboratory 

range of data, and better confidence intervals for life predictions.   
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7.  Conclusion 

Only a few materials exhibit a long range of passivity above their natural 

corrosion potential.  Hence, the pitting potential is not prevalent at room temperature.  In 

the presence of strongly acidic solutions and solutions with strong oxidizing powers, 

most materials have a strong propensity to pitting.  Corrosion fatigue involves a 

competition between the mechanical and electrochemical influences.  Under a given set 

of conditions, the control of the interdependent parameters can sway the deterioration of a 

material to be dominated by a purely mechanical or electrochemical process.  There are 

many reports in the literature discussing the influences of the mean stress and other 

variables on the fatigue life of materials.  Consequently, the effects of the mean stress on 

the corrosion-fatigue behavior of materials are suspected to exacerbate the fatigue life 

observed under the non-corrosive media.  Generally, the mean stress, frequency, and 

solution oxidizing strength are expected to have the greatest influences on the fatigue 

lives of materials, whether or not they are susceptible to pitting for a given potential at 

the ambient temperature or not.  An attempt to develop an experimental platform or 

approach for isolating the key parameters necessary for determining the cycles to crack 

initiation was the main thrust of this investigation.  The baseline material selected for this 

study was the nickel-based superalloy, C2000.  The advantages of C2000 are 1) the 

inability of the material to undergo pitting at room temperature for a range of potentials 

and 2) the fact that it is a single-phase material at all temperatures. 
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Table 1.  Typical Roughness Values for Various Materials 

Specimen Preparation Method Roughness (Ra) 

Fracture Surfaces None 100 nm - 5 mm 

Steel 

Mechanical Polishing 

(1-mm-diamond paste) 2 - 5 nm 

NiAl Single Crystal 

Mechanical Polishing 

(0.25 mm diamond paste) 1 nm 

Superalloy Chemical Etching 3 - 4 nm 

Superalloy Electropolishing 0.8 nm 

Microalloyed Steel Electropolishing 0.6 nm 

 
Source:  Goken, Mathias, University of Saarland, Germany, Veeco Technologies, Studies of Metallic Surfaces and 

Microstructure with Atomic Force Microscopy [9]. 
 
 

 

Table 2.  Nominal Composition of Haynes C2000® 

Nominal 
Chemistry Nickel Chromium Molybdenum Copper Carbon Silicon 

Weight 
Percent Bal. 23 16 1.6 0.01 Max 0.08 Max
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Table 3:  Chemical Composition of Various Corrosion-Resistant Nickel Alloys 

ALLOY COMPOSITION (wt.%) 

Alloy 59 59Ni-23Cr-16Mo-1Fe 

Alloy 686 46Ni-21Cr-16Mo-5Fe-4W 

Alloy 625 62Ni-21Cr-9Mo-5Fe 

Alloy 22 56Ni-22Cr-13Mo-3Fe-3W 

Alloy C2000 60Ni-23Cr-16Mo-1.6Cu 

 
Source:  Meck, S. N. and Crook, P. “Localized Corrosion Susceptibility of Nickel Alloys in 

Halide Containing Environments.”  Corrosion - NACE Conference 2002 [32]. 
 
 
 
 
 
 

Table 4:  Cyclic Polarization Electrochemical Parameters for Various Corrosion 
Resistant Nickel Alloys 

 
ALLOY ECORR(mV)SCE CPRx10-3 (mm/y) IPASS (mA/cm2) 

Alloy 59 -467 4.82 1.15 

Alloy 686 -426 2.91 1.36 

Alloy 625 -474 2.90 2.28 

Alloy 22 -505 1.71 1.75 

Alloy C2000 -446 0.2 0.90 

 

Source:  Meck, S. N. and Crook, P.  “Localized Corrosion Susceptibility of Nickel Alloys in 
Halide Containing Environments.” Corrosion -  NACE Conference 2002 [32]. 
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Table 5.   Common ASTM Standards Related to Fatigue 

ASTM Standard Standard Description 

E466 
Conducting Force Controlled Constant Amplitude Axial 

Fatigue Tests of Metallic Materials 

E467 
Verification of Constant Amplitude Dynamic Forces in an 

Axial Fatigue Testing System 

E468 
Presentation of Constant Amplitude Fatigue Test Results 

for Metallic Materials 

E606 Strain-Controlled Fatigue Testing 

E647 Measurement of Fatigue Crack Growth Rates 

E739 
Statistical Analysis of Linear or Linerarized Stress-Life  

(S-N) and Strain-Life (ε-N) Fatigue Data 

E1012 
Verification of Specimen Alignment Under Tensile 

Loading 

E1823 
Standard Terminology Relating to Fatigue and Fracture 

Testing 

  

Source:  Shigley, J.E., and Mische, R.M.., Mechanical Engineering Design. Fifth ed. 1989, New York: 
McGraw-Hill Book Company [7]. 
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Figure 1.  Fatigue Pie Chart:  a)  Distribution of Different Failure Modes in Jet 
Engines 
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Figure 1.  continued:  b)  Susceptibility of Different Components to HCF Problems 

Source:  Cowles, B. “High Cycle Fatigue in Aircraft Gas Turbines:  An Industry Perspective.” 
International Journal of Fracture.  Vol. 80, 1996.  (Reprinted from [1] with permission from Kluwer 

Academic Publisher.) 
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Figure 2.  Research Tasks Flowchart 
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Figure 3.  A Depiction of the Logic Process for the Design of Experiments of C2000 
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Figure 4.  The 23 Full Factorial Spreadsheet for C2000 

 

Completed Runs
Runs A B C

1 -1 -1 -1
2 1 -1 -1
3 -1 1 -1
4 1 1 -1
5 -1 -1 1
6 1 -1 1
7 -1 1 1
8 1 1 1

3 Factors/Influences
A-Potential (mV-SHE) Levels Values

High 400
Low 224

B-Stress (MPa)
High 574
Low 384

C-Frequency (Hz)
High 20
Low 1

DOE Approach:  Use 2^3 Full Factorial 
Experiment

Level Assignment
1
-1

1
-1

1
-1

23 
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Figure 5.  Typical Representation of Cyclic Anodic Polarization Curve 

Source:  Peter, W.H.; Buchanan, R.A.; Liu, C.T.; Liaw, P.K.; Morrison, M.L.; Horton, J.A.; Carmichael Jr., 
C.A.; and Wright, J.L. "Localized corrosion behavior of a zirconium-based bulk metallic glass relative to its crystalline 
state," Intermetallics, 2002; 10:1157-1162.  (Reprinted from  [4] with permission from Elsevier.) 
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Figure 6.  The Fatigue Properties of Materials for Various Surface Finishes 

Source:  Juvinall, R.C. and Marshek, K.M.., Fundamentals of Machine Component Design. Second ed. 1991, New 
York: John Wiley and Sons.  (Reprinted  from [5] with  permission from John Wiley and Sons.) 
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Figure 7.  Electrochemical Cell and Circuitry Model for Electropolishing C2000 
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Figure 8.  Unpolished and Polished Images of C2000 Samples 
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Figure 9.  X-Ray Diffraction Data of FCC C2000 
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Figure 10.  SEM Micrograph of C2000 Grain Morphology 
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Figure 11.  Effects of Increasing Temperature on Protective Oxide 

Source:  Kritzer P., Boukis N., and Dinjus E., “Review of the Corrosion of Nickel-Based Alloys 
and Stainless Steels in Strongly Oxidizing Pressurized High-Temperature Solutions at Subcritical 

and Supercritical Temperatures.” Corrosion, Vol. 56, No. 11.  (Reprinted from [34] with permission from 
the National Association of Corrosion Engineers.) 
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Figure 12.  Cyclic Polarization Curve for Haynes C2000® Alloy in Deaerated 3.5 
wt.% NaCl 
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Figure 13.  Cyclic Anodic Polarization Curve for Haynes C2000® in a Concentrated 
Metal-Ion Solution 
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Figure 14.  A Schematic of Persistent Slip Bands (PSB) 
 

Source:  Halfpenny A., A Practical Discussion on Fatigue, nCode International, Sheffield, UK [45]. 
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Figure 15.  Different Phases of Fatigue Life and Relevant Factors 
 

Source:  Schijve J., Fatigue of Structures and Materials in the 20th Century and the State of the Art, 
International Journal of Fatigue, Vol. 25, 2003, pp. 679-702.  (Reprinted from [46] with permission from 

Elsevier.) 
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Figure 16.  Different Regimes of Saturation Stress-Strain 
 

Source:  Suresh S., Fatigue of Materials, Second Edition, Cambridge University Press, 1998, pp. 42.  
(Reprinted from [52] with permission from the Cambridge University Press.) 
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Figure 17.  A Schematic for the Stress-Corrosion Cracking Behavior for Active 
Corrosion (Region I), Passivity (Region II), and Pitting (Region III) 

 
Source:  Stansbury, E. E., and Buchanan, R. A., Fundamentals of Electrochemical Corrosion, ASM 
International, 2000, pp. 371.  (Reprinted from [39] with permission from the American Society of 

Materials.) 
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Figure 18.  Types of Corrosion-Fatigue:  a)  Categories of Corrosion-Fatigue for 

Passivating Materials 
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Figure 18.  Continued.  b) Type II Embrittlement Postulates for Passivating 
Materials 
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Figure 19.  Frequency Effects on Corrosion Fatigue 

 
Source:  Suresh S., Fatigue of Materials, Second Edition, Cambridge University Press, 1998, pp. 583.  

(Reprinted from [52] with permission from the Cambridge University Press.) 
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Figure 20.  Waveform Effects on Corrosion Fatigue 

 
Source:  Suresh S., Fatigue of Materials, Second Edition, Cambridge University Press, 1998, pp. 584.  

(Reprinted from [52] with permission from the Cambridge University Press.) 
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1.  Introduction 
 

The Hastelloy C2000 is a nickel-based alloy rich in chromium and 

molybdenum to yield a high-corrosion-resistance performing alloy for piping, 

repositories, and valve fixtures.  Fatigue behavior in adverse solutions, namely 3-4 

weight percent (wt.%) NaCl was determined by Asphanani [1] for Ni-Cr with 

additions of molybdenum or other elements to determine the effects of a sodium-

chloride solution on the fatigue-endurance limit.  Although many papers have been 

published in the literature to study the effects of corrosive media on the fatigue 

behavior of conventional materials, such as stainless steels [2-6], the research 

manifesting the fatigue behavior of nickel-based alloys is limited for the monitoring 

of corrosion-fatigue behavior [1, 7, 8].  Additionally, most corrosion-fatigue studies 

are performed on materials that have moderate-forming protective films; and, thus, 

these materials are susceptible to the localized corrosion at a critical potential, Ep, 

above the natural potential of the material.  When cyclic stresses are imposed, the 

materials susceptible to corrosion experience a subcritical potential value to pitting.  

Therefore, the deterioration of the fatigue life is observed due to the coupling of the 

corrosive environment and the cyclic stresses, and the localized corrosion has caused 

the material to fail severely.   

Most materials that possess a strong passive current density with no pitting 

potential will withstand a premature fatigue-failure when studied in room-temperature 

conditions.  However, reports in the literature show a deterioration of the fatigue life 

in the presence of 4 wt. % NaCl for nickel-chromium-molybdenum alloys possessing 

a 16 wt.% of chromium or less.  Therefore, studies on materials with extremely 
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tenacious passive films, which usually have a chromium content greater than 16 

wt.%, are of interest.  Currently, there are no publications known to the author on the 

fatigue behavior of chromium-rich alloys possessing a wt.% greater than 22 wt.% in 

NaCl solutions, especially those monitoring corrosion-fatigue characteristics.  In this 

investigation, the potential, frequency, and exposure times in 3.5 wt.% NaCl are 

studied to determine the transition in which electrochemical influences dominate the 

fatigue behavior. 
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2.  Experimental Setup 

2.1  Metallographic Preparations and Electrochemical Experiments:  The 

Hastelloy C2000 superalloy is a face-centered cubic structure at all temperatures.  

The material has a nominal composition in wt. % consisting of 23 wt.% Cr, 16 wt. % 

Mo, 1.6 wt. % Cu, and balance Ni.  The ultimate tensile strength is approximately 750 

MPa for a sheet form.   The natural potential of C2000 in 3.5 wt.% NaCl solutions is 

approximately -224 mV on a standard hydrogen-electrode scale. 

For static electrochemical measurements, Hastelloy ® C2000 samples were 

coarse ground to a 800 grit finish using silicon-carbide grinding pads manufactured 

by Buehler.  A final fine polish was achieved using a diamond paste slurry for 4 hours 

on a Buehler Vibromet 2  vibratory polisher to produce a 1 micron finish.   

2.2   Electrochemical Cell:  The electrochemical analysis was conducted in a 2-

liter cell consisting of a platinum-counter electrode to support the corrosion reactions 

in Figure 1.  The sample is firmly mounted in epoxy.  An electrical contact was made 

with the sample by tapping a brass screw through the epoxy holder to the sample or 

working electrode.  The working electrode is secured to the u-tube by screwing the 

sample into a brass screw inset of the u-tube.  The sample is submerged into the 2-

liter cell via the suspension of the u-tube from an orifice located at the top of the glass 

container.  A polymeric washer placed around the tapped brass screw extending from 

the back of the epoxy holder helps preclude contact with the 3.5 wt.% NaCl 

electrolyte.  Yet, the washer does not interfere with the electrical contact made by the 

brass screw with the brass inset located in the u-tube.  A saturated calomel electrode 
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(SCE) connected by a saturated potassium chloride salt bridge served as the reference 

electrode, which allowed the charge passage for potential measurement readings.   

Cyclic-anodic-polarization and potentiodynamic experiments were initiated at 

a potential of 50 mV below the free potential of the alloys investigated at a scan rate 

of 0.167 mV/s.  A Princeton Applied Research Model 263A potentiostat/galvanostat 

was interfaced with the electrochemical apparatus to control voltages, monitor 

currents, and record responses for data analyses using an EG&G 352 SoftCorr III 

software.  All potential values recorded during electrochemical measurements were 

converted to the standard hydrogen-electrode (SHE) scale for scratch and cyclic-

anodic polarization results. 

2.3   Mechanical Scratch Tests:  Experimental mechanical scratch tests were also 

performed in a 2-liter cell with a platinum electrode as the counter electrode.  The 

C2000 sample served as the working electrode.  As in the cartoon depicted in Figure 

1 (All figures and tables are listed in the appendices), the working electrode is 

secured to the u-tube via a brass screw making an electrical contact with the sample 

through the epoxy holder and brass screw inset.  The sample is submerged into the 2-

liter cell via the suspension of the u-tube from an orifice located at the top of the glass 

container.  A saturated calomel electrode connected by means of a salt bridge acted as 

the reference electrode.  While monitoring the current-density response to increasing 

potentials, scratch tests were conducted with a diamond-tip stylus to mechanically 

scratch the oxide film.  Scratch tests were initiated at 25 mV intervals up until 

approximately 1,000 mV for 10 seconds during each interval to observe the 

repassivation kinetics.   
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2.4   Corrosion-Fatigue Experiments and Surface Preparations:  Fatigue 

experiments were performed with a closed-loop servo-hydraulic Materials Testing 

System (MTS).  Figure 2 shows a picture of the experimental setup for the corrosion-

fatigue chamber used to conduct corrosion-fatigue experiments on C2000.  The 

samples were affixed to grips via a ceramic pin-joint assembly to isolate the sample 

from grips, i.e., to prevent galvanic coupling.  A free-floating Teflon top allowed the 

connection of the working electrode, which is the sample, the platinum counter 

electrodes, and the salt bridge for electrochemical testing.  Experiments were 

conducted at frequencies of 20 Hz, 5 Hz, and 1 Hz with a constant R-ratio (minimum 

stress/maximum stress) of 0.1.  All fatigue tests were performed under uniaxial 

tension-tension conditions.  Experiments were conducted at each frequency in both 

the air and 3.5 wt.% NaCl solution.  The free potential or natural potential of C2000 

and a potential value of 350 mV against a SCE reference electrode were the two 

potential values controlled during fatigue testing.   

The specimens for the C-2000 superalloy were machined from blanks into a 

flat geometry according to guidelines outlined in the American Society for Testing 

and Materials (ASTM) E8-M and E-466 specifications [9].  The final geometry was a 

50% reduction of the dimensions stated in the ASTM guidelines (Figure 3).  The 

dimensions of the specimen were machined to 101.6 mm in length with a center 

thickness of 1.59 mm and a hole diameter of 6.6 mm.  Each sample consisted of a 

continuous radius to ensure crack initiation within the center area and the ease of the 

crack identification under the scanning-electron microscope (SEM). To generate the 

stress versus fatigue life cycle (S-N) data, 600 grit, 800 grit, and 1,200 grit silicon-
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carbide papers were used to bevel the edges of the samples.  For careful examinations 

of the fatigued surface under SEM, additional samples were given an optimal surface 

finish by electropolishing the sample for seventy-five minutes at 5V and 1.5 amps in 

a methanol and a sulfuric acid bath.  

2.5   Characterization:  The characterization of the as-received material was done 

with a transmission-electron microscope.  Transmission-electron-microscopy (TEM) 

observations were carried out, using a Schottky field-emission gun FEI Tecnai F20 

UT microscope with a spatial resolution of 0.14 nm operating at 200 kV. The TEM 

thin-foil specimens were prepared by the conventional twin-jet electro-polishing 

technique using a 25 volume percent (vol.%) nitric acid + 75 vol.% methanol solution 

at -30°C and 10 V.  The observation of the fracture morphologies and crack-initiation 

phenomenon was visualized, using a Leo scanning-electron microscope operating at 

20 kV with energy-dispersive-x-ray-spectroscopy (EDS) capabilities. 
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3.  Results 

Figure 4 shows the S-N curves for C2000 (Ni-23 wt.%Cr- 16 wt.%Mo) having 

a coarse-ground finish in both 3.5 wt.% NaCl solutions and air, and a nickel (Ni-16 

wt.%Cr-16 wt.%Mo) alloy studied by Asphanani in both air and 4 wt.% NaCl.  For 

both alloys, the fatigue behavior in air is similar, while the fatigue endurance limit of 

the C2000 in NaCl is higher than that observed for the Ni-16 wt.%Cr- 16wt.%Mo 

alloy.  However, relative to the fatigue life in air, the fatigue life of C2000 in NaCl 

shows an innocuous trend, while the fatigue life of the 16 wt.% Cr alloy exhibits a 

decrease in NaCl.  Evidently, the higher concentration of chromium is beneficial to 

maintaining the fatigue life in the C2000 than the Ni-16wt.%Cr- 16 wt.% Mo alloy. 

The ability for a material to repassivate or protect the underlying material by 

providing an oxide film is necessary to impede localized corrosion, such as pitting.  

Simulated mechanically-perturbation tests provide an indication of the repassivation 

behavior, as shown in Figure 5.  Using a potentiostat, a potential versus current-

density curve is generated.  A diamond-tip stylus is used to scratch the surface for 10 

seconds before removing.  The response to the scratched line is represented by an 

increase in the current density.  After 10 seconds, the current density returns to the 

passivation-current density, ip.   Since the current excursions observed during the 

scratch tip-unloading segment of the curve are retraceable with that observed during 

the scratch tip-loading, a rapid repassivation kinetics is inferred (Figure 5).  

Experiments to determine the current responses to the in-situ corrosion-fatigue 

performed at a stress amplitude, σa, of 574 MPa and a frequency of 20 Hz are 

depicted in Figure 6.  Region A is in the potential range of -75 mV – 150 mV, which 
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represents the early stages of fatigue where the cycle range is from 0 – 60,000 fatigue 

cycles.  The critical potential region, ~ 150 mV – 550 mV, represents the portion of 

the fatigue behavior where 60,000 – 120,000 fatigue cycles have accrued, and it is 

also a susceptible region to localized corrosion attack.  Unlike the results from those 

shown in Figure 5, a delay in the current response upon the scratch tip-unloading is 

indicated by the current transients outlined with a square box known as the critical 

potential region.  The presence of current transients suggests that there are locations 

where fresh metal is exposed for localized corrosion to occur.  Passing the critical 

potential region is Region B, ~550 mV – 800 mV, where the cycle range is from 

120,000 – 200,000 cycles.  An SEM micrograph of the slip events on the fatigue 

surface associated with the critical potential range and the corresponding fatigue 

cycles is captured via an SEM image, which is shown in Figure 7.  Since the amount 

of the bare material exposed during the slip activities is related to the current density 

through Faraday’s law, a current density versus time diagram can provide a better 

understanding of the repassivation kinetics for the fatigue sample in 3.5 wt.% NaCl.  

Thus, the critical-current data associated with the critical potential range can provide 

useful information concerning the repassivation and subsequent film-rupture time 

scales for the surface-damage events.  Figure 8 shows a current versus time plot 

where the time axes represent the total time span for the current transients within the 

critical potential range.  The dotted line represents the absence of stresses whereas the 

solid line represents the response to increasing potentials during cyclic loading.  In 

Region 1 of Figure 8, the time for the repassivation is approximately one minute or 60 

seconds.  In Region 2, the time for a subsequent event to occur can take as long as 5 
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minutes or 300 seconds.  Overall, the time frame for the incipient surface-damage-

event activities vary as well as the time required to repair the ruptured film associated 

with the collective surface-damage events.   

Each current transient is believed to be correlated with the slip-steps emerging 

on the surface, since these are the only visible features observed under SEM 

examinations during interrupted fatigue intervals.   Hence, the current rise is 

associated with the film rupture imposed by the material’s intrinsic slip mechanisms.  

To better substantiate the notion of slip steps being the only contributor to the 

observed current transients, a potential of 350 mV was chosen as the constant 

potential value to monitor the current responses without the addition of stresses over 

time.  Figure 9 shows the results of holding the potential constant at 350 mV.  In 

Region 1, the current is steady over times.  The dashed lines demarcate a deviation 

from a steady-state current behavior to the onset of a sharp increase in the current.  

The current decay associated with the repassivation occurs over seconds at which 

time a steady-state behavior is once again achieved, albeit it is at a higher current.  In 

Region 2, current-transient peak values are not as high as those observed in Region 1. 

However, the repassivation time appears to be slightly longer.  Region 2s shows that 

the steady-state current achieved after the repassivation is stable for some time 

period.  Notice that in Region 2s, the steady-state current is higher than the steady-

state current in Region 1.  Further monitoring of the current over time manifests 

another sharp current spike associated with the exposure of surface-damage events.  

Unlike the current behavior in Region 2, the repassivation kinetics is faster but the 

steady-state current is approximately 30 microamps higher.  The inspection of Region 



 88

4 yields a current trend similar to Region 3, with the exception of the inability to 

reach a steady-state value with increasing times.  Thus, the non-steady state current 

behavior appears to dominate at times greater than 90,000 seconds.  The behavior in 

Region 4 infers that an electrochemical influence can govern the fatigue life for 

C2000, if the material is subjected to a constant potential of 350 mV for 

approximately 90,000s before performing fatigue.  The reason for the introduction of 

a hold time at a constant potential of 350 mV in the electrolyte before commencing 

fatigue is to induce a corrosion-fatigue effect, which will provide a better 

understanding of the possible controlling variables if C2000 were to be placed in an 

electrolyte having a similar oxidizing power.   Thus, a non-steady state current 

response observed in Region 4 of Figure 9 implies that the protective oxide is less 

protective than at times below 90,000s.  Without a good protective oxide layer, the 

material becomes more susceptible to anodic dissolution.  For time periods less than 

90,000s, a steady-state current is recovered, even if current transients appear.  

Consequently, the surface-damage events plotted in Figure 8 must be strongly 

associated with the exposure of the bare material upon the emergence of slip steps to 

the surface.  Thus, it appears that a reasonable oxide film is most likely maintained 

even with the addition of cyclic stresses and increased potentials for short electrolyte 

exposure times. 

SEM micrographs revealing the fractographs for C2000 fatigued at a stress 

amplitude of 574 MPa in 3.5 wt.% NaCl at frequencies of 20 Hz, 5 Hz, and 1 Hz are 

displayed in Figures 10 and 11 along with the representative EDS patterns.  EDS 

profiles were taken from the crack-initiation site to the edges of the propagation 
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region.  From EDS, chlorine is possibly forming an undetermined chloride at the 

crack-initiation site, which requires the usage of X-ray photoelectron spectroscopy 

(XPS) or Raman spectroscopy.  In each figure, the EDS profiles at the crack-initiation 

site are shown.  Since chromium is more favorable to forming an oxide than nickel, a 

normalized representation of the chloride counts with that of the nickel was tabulated.  

Table 1 shows the normalized count trend for the measurements taken at 20 Hz, 5 Hz, 

and 1 Hz.  As the frequency decreases from 20 Hz to 5 Hz and 1 Hz, the normalized 

count at the crack-initiation site is decreasing.     The means by which the chlorides 

are being transported may be assisted by chloride channels.  Possible secondary 

chloride channels were observed on C2000 studied in 3.5 wt.% NaCl at a frequency 

of 1 Hz and a stress amplitude of 574 MPa.  Figure 12 shows an SEM micrograph of 

the features, which are believed to be secondary chloride channels that were observed 

on the surface of the C2000 sample. 

The fracture surface of C2000 fatigued in air at a frequency of 20 Hz is shown 

in Figure 13.  In the absence of the corrosive media, the fracture appearance of C2000 

manifests a ductile appearance with three fairly distinctive regions:  A) crack 

initiation, B) crack propagation or growth, and C) fast fracture region.  Conversely, 

C2000 held at a potential of 350 mV over a period of seven days in 3.5 wt.% NaCl at 

a frequency of 20 Hz reveals a strikingly different fracture morphology.  Figure 14 

reveals a washed-out surface morphology where there are no distinct fracture regions.  

The washed-out fracture morphology is most likely associated with the anodic-

dissolution behavior of various chloride channels merging to create an eroded or 

indistinct appearance on the fractured surface.   
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The crack-initiation site is captured during an interval within the corrosion-

fatigue cycles.  The enclave of the crack width is much wider at the center as 

compared to the edges.  This behavior suggests that the crack initiation originated at 

the center of the crack shown in Figure 15.  The nucleation of small flaws along the 

slip bands or steps was observed under the transmission-electron microscopy (TEM).  

Figure 16 shows a TEM image of a flaw along a slip band having a length of 

approximately 300 nm.   
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4.  Discussion 

Both slip dissolution and film rupture are mechanisms commonly associated 

with the removal or disturbance of oxide films on metallic materials.  Sophisticated 

scratch tests [10] have been performed to better understand the repassivation kinetics, 

and models have been derived to capture the behavior of oxides during and following 

scratch tests.  These conventional tests provide useful insights into the time necessary 

to reform a protective layer.  However, scratch tests conducted by a diamond stylus 

on coupons submerged in an aqueous corrosion solution do not adequately account 

for the interaction of the bare material with the cleaved oxide layers.  Hence, a more 

ideal experiment is needed to account for such interactions to provide a clearer 

understanding of how emerging slip steps affect the oxide repassivation.  If a material 

is not susceptible to pitting under static corrosion conditions due to a strong tendency 

to maintain passivity, the influence of an electrochemical environment will not be 

observed if the passive film is not ruptured.  Once a film rupture has occurred due to 

emerging slip steps, the mass transport of detrimental ions from the bulk solution can 

cause adverse effects on the fatigue behavior.  Otherwise, the environment does not 

have an effect on the fatigue life.   

As shown in Figure 6, a critical potential range exists whereby the 

repassivation-kinetics behavior is slower.  Slip emergences before the critical 

potential range are mostly reversible slip steps, which quickly come back into registry 

upon unloading.  The notion of the slip-reversibility dominating at potentials before 

the critical potential range is substantiated by the absence of current transients in this 

region, and, hence, null or little bare material is exposed.  If the summation of the 
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bare material over the entire sample is too small, the scan rate may be too fast to 

detect the fresh metal with increasing potentials.  It is apparent that within the critical 

potential region (150 mV – 550 mV) in Figure 6, the slip irreversibility is more 

prevalent due to the pronounced increase in the current and the slower repassivation-

kinetics trend indicated by the current transients in Figure 6.  A detectable slip-step 

height must be a critical height to allow for an ample exposure of the bare material 

over the entire surface.  Therefore, the charge transfer associated with the anodic and 

cathodic reactions must be sufficient to detect a measurable current response due to 

increases in potentials.    The detectable current transients are associated with the 

amount of the bare material loss or dissolution through Faraday’s law by integrating 

the area underneath the decay response. The current responses in Figure 6 also 

correspond with the total amount of slip-step events occurring at various locations 

over the deformed gage area (Figure 7).   

Once the critical current regime has been passed, a trend similar to that 

observed at lower potentials is restored (Region B in Figure 6).  The trend shown in 

Region B is most likely due to a quasi-permanent surface formed by the irreversibility 

of slips, in which the response is expected to be similar to that found for an 

undisturbed surface or one experiencing the slip reversibility.  Thus, in Region A, 

before the critical potential regime, the ease of slip reversibility permits a virtually 

smooth surface finish to exist until the critical regime is reached.  Within the critical 

regime, dislocation multiplication and mobility continue until dislocation pile-ups 

occur due to the number of dislocations generated along with the prevalence of 

favorable slip planes oriented for an easy slip.  Thus, the tendency for slip 
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reversibility becomes less likely.  At some point within the critical range, saturation 

occurs in which slip reversibility is no longer possible.  Consequently, the new 

surface contour is attributed to a more diffused surface created as a result of cycling.  

This surface is fairly uniform or undisturbed until the impediment of further 

dislocation motion promotes the crack initiation at the interface of microstructural 

barriers, such as twin boundaries, grain boundaries or precipitates.  Once a primary 

crack propagates throughout the sample, continuous fatigue makes failures inevitable.   

Figure 8 shows the current response of C-2000 to increasing potentials with 

and without cyclic stresses within the critical potential regime.  The time between 

subsequent events provides an estimate for the average time necessary to initiate 

another series of transient bursts.  Within a forty-minute span, at least ten current 

transients account for a given number of deformation events at a stress amplitude of 

574 MPa and a frequency of 20 Hz in 3.5 wt.% NaCl.  For comparison purposes, the 

cyclic anodic-polarization currents, as represented by the dotted lines, for C-2000 

coupons are plotted to validate the presence of current transients observed during 

fatigue.  Without the presence of stresses, a steady current rise should occur over 

times as the potential increases.  The addition of stresses cause the slip activity, which 

exposes the bare material, to produce a current rise that is captured in the data 

reported in Figure 8.   

Figure 9 depicts the response of the current to a potential held at 350 mV 

against a saturated calomel electrode (SCE).  Over times, the steady-current response 

is interrupted, as indicated by the sharp rise in the current between Regions 1 and 2.  

In this experiment stress is not prevalent; thus, the gradual increase in the current 
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response is not due to film rupture produced by slip steps emerging to the free 

surface.  The local oxide break-down, possibly attributed to local defects within the 

oxide, appears to be occurring.  However, the examination for tiny pits under an 

optical microscope was not apparent.  The reason may result from the strong 

propensity for the formation of the chromium oxide, which acts as a protective barrier 

to corrosion.  Additionally, a good mapping scheme is necessary to compare the as-

received sample with one exposed at 350 mV for long times to indisputably resolve 

defects over the surface.   

Between Regions 2 and 3, the current response is marked by the rapid increase 

in the current not observed at shorter times.  The sharp rise and rapid decay suggest 

many small openings, i.e., defects, happening over the gage area.   Large or step-like 

regions formed by emerging slip steps expose more areas for electrochemical attack 

as compared to defect openings located in the oxide layer; consequently, more time is 

required to allow for the repassivation of a larger area, as compared to a smaller one.  

Another apparent observation is the inability to maintain the original current 

response, while holding the sample at 350 mV.  The dashed lines separate 

incommensurable responses.  At each dashed-line interval, the steady-state current 

response is higher than the previous state.  This behavior continues until Region 4 is 

reached; in which the non-steady state behavior dominates.  The observation in 

Region 4 suggests the depletion of chromium from the sample.  Thus, the acceleration 

of corrosion for C-2000 subjected to cyclic fatigue appears to occur for potentials 

within the critical potential range, lower frequencies, such as 20 Hz, 5 Hz, and 1 Hz, 

and exposure times greater than 200,000 seconds in chloride solutions.  At a potential 
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chosen from the critical potential range, the depletion of chromium over time occurs 

more rapidly.  Without the sufficient chromium content, the oxide-reformation 

kinetics is not as protective.  At frequencies less than 5 Hz, more time is permitted to 

allow for the transport of detrimental ions, such as chlorides, to be transported along 

the direction of crack propagation.  The transition from purely mechanical to 

electrochemical influences is most notable at exposure times of 200,000s where the 

chlorides have more opportunities to be transported into the oxide layer or attracted to 

local defect inhomegeneities in the oxide layer. Additionally, the local acidification 

will expedite the dissolution process to create chloride channels (Figure 12) for a 

crack-propagation effect governed by electrochemical influences.   

The effect of chloride species on C2000 is dependent upon factors including 

the oxide-film thickness, oxide-film-rupture strain, and kinetics of foreign ions to 

assailable regions on the surface.  Consequently, the dissolution of the oxide film 

must occur for the aqueous-corrosion attack under static and dynamic loading.  The 

dissolution of the tenacious oxide layer of C2000 is not possible in room-temperature 

conditions.  The reason is partly due to key constituents, such as the high chromium 

content and the addition of molybdenum.  The addition of molybdenum to nickel 

alloys, such as C2000, is believed to preferentially locate to local defect sites within 

the oxide barrier, which decreases the propensity for anodic dissolution due to the 

molybdenum’s ability to act as a strong bond former with surrounding neighbors [11, 

12].  Other theories suggest that the presence of MoO4
2- acts as a repelling barrier for 

detrimental ions, such as OH- and Cl- [11, 13].  An electrolyte hold-time test was 

performed to determine the effects of the chloride-layer buildup at the surface after 
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the exposure to chloride concentrations over time.  The chloride transport into the 

sub-layer is indisputable if chlorides are found below the surface at various sites 

around the fracture circumference. SEM with EDS provides some idea as to chlorides 

being transported along the fractured surface.  However, whether the transport 

mechanism(s) is by the competitive ion adsorption or ion penetration is arguable [14, 

15].  One clear observation is that a sufficient time is necessary to allow the transport 

of chlorides into the fractured regions.  At higher frequencies like 20 Hz, the chloride 

concentration is very high at the crack-initiation site, as compared to other regions on 

the fractured surface.  As the frequency is decreased, more time is allotted for the 

transport of chlorides from the crack-initiation site along the crack propagation or 

growth direction.  Staehle [16] postulated the crack growth by anodic dissolution due 

to emerging slips at the crack core, as described in Figure 17.  Once a critical crack 

size is achieved, the subsequent chemical reactions in the occluded region are at a 

lower pH, which increases the local acidity.  The acidic solution is more aggressive 

than that in the bulk solution.  Consequently, the repassivation kinetics can be 

severely affected at the location where slips emerge into the core of the occluded 

region.  The core-lining is now rough because of the dissolution and the irreversibility 

of dislocations on favorable slip planes protruding to the inner layer.  Secondary 

cracks on the surface are capacious due to chloride channels propagating from the 

anodic dissolution region at emerging slip steps from the sub-layer (Figure 12) at a 

frequency of 1 Hz and stress amplitude of 574 MPa.  Thus, this trend provides a 

strong evidence that chloride channels, a pit formed by progressive anodic 

dissolution, are plausible means of promoting crack propagation in 3.5 wt.% NaCl. 
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Figures 10 and 11 reveal the results of corrosion-fatigue experiments in 3.5 

wt. % NaCl solutions at frequencies of 20 Hz, 5 Hz, and 1 Hz to determine the 

chloride buildup and transport from the crack-initiation site to the edge of the 

propagation region of the fracture surface.  At frequencies of 5 Hz and 1 Hz, the ratio 

of chloride to nickel counts is less than that calculated at higher frequencies, such as 

20 Hz.  Thus, it reasonable to surmise that with decreasing frequencies more time is 

allotted for the chlorides to be transported along the direction of propagation, as 

determined by line profiles measured from the crack-initiation site to the edge of the 

propagation region.  The chloride content at the crack-initiation site has decreased 

from above 3,000 counts for a frequency of 20 Hz to slightly below 250 counts for a 

frequency of 5 Hz.  For C2000 fatigued at 20 Hz, an EDS profile was taken at the 

edge of the propagation region in the area delineated by the box, as shown in Figure 

10, to obtain a qualitative estimation of 200 counts for the chloride content.  Table 1 

lists the normalized EDS data for C2000. 

Figure 14 manifests the appearance of the fracture surface after exposing 

C2000 to a 3.5 wt.% NaCl electrolyte for seven days before commencing the 

corrosion-fatigue experiment.  In air or at frequencies of 20 Hz, 5 Hz, and 1 Hz in 3.5 

wt.% NaCl, the fatigue or corrosion-fatigue behavior is governed strictly by the 

mechanical process, such as the crack initiation at slip interfaces or steps (Figures 15 

and 16).   Thus, at the natural potential of C2000, reducing frequencies from 20 Hz to 

1 Hz do not significantly affect the fatigue life in both air and 3.5 wt.% NaCl (Table 

2).  However, a longer exposure time of seven days to 3.5 wt.% NaCl induces an 

electrochemical effect on fatigue of C2000.  The reason is attributed to the chloride 
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layer buildup, which attacks the local inhomogeneities in the oxide film.  The 

coupling of the mechanical stresses and the dissolution associated with the longer 

exposure to chlorides promotes a deleterious effect on the fatigue life of C2000 

(Table 2).   The reason is that the distinctive regions normally observed in 3.5 wt.% 

NaCl upon the fresh exposure or in air are clearly indistinguishable after the long-

term exposure.  The coupling of the anodic dissolution and crack propagation 

occurring simultaneously produces an eroded or washed-out fracture appearance.  

This washed-out phenomenon suggests that the electrochemical process dominates 

the corrosion-fatigue behavior at the long-term exposure in 3.5 wt.% NaCl.  Thus, the 

combination of a critical potential value of 350 mV and increased exposure times 

promote the depletion of the chromium oxide layer.  As a result, the repassivation 

kinetics upon fatiguing the sample is not as protective.  Therefore, the material 

becomes susceptible to anodic dissolution, and thus, the creation of chloride channels 

form and propagate to manifest a washed-out fracture morphology.  
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5.  Conclusion 

The corrosion-fatigue behaviors of C2000 at a frequencies of 20 Hz, 5 Hz, and 

1 Hz in 3.5 wt.% NaCl and air were studied.  The fatigue characteristics for C2000 in 

air and 3.5 wt. % NaCl are similar at all three frequencies tested, which implies no 

corrosion dependence on the fatigue properties.  Thus, reducing frequencies from 20 

Hz to 1 Hz does not significantly affect the fatigue life at the natural potential of 

C2000.  However, the combination of a critical potential value of 350 mV and 

increased exposure times to 3.5 wt.% NaCl before commencing fatigue induces 

failures dominated by electrochemical influences.  After seven days, the chlorides in 

the bulk solution have longer times to form a chloride-buildup layer around the 

C2000 sample.  Chloride channels are believed to be the means at which chlorides are 

transported along the crack-propagation direction.  The presence of chloride channels 

was observed at secondary crack-initiation sites.  Consequently, the propagation of 

the crack via chloride channels produces a washed-out fracture surface that is 

attributed to the anodic dissolution and crack propagation occurring simultaneously. 
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Table 1.  Chloride Content for C2000 in 3.5 wt.% NaCl 

 
R = 0.1 

                                      
 
 
Normalized Counts 

20 Hz 5 Hz 1 Hz 

Chloride Counts / 
Nickel Counts 

 
2.00 1.80 0.77 

 
 
 
 

Table 2.  Corrosion-Fatigue Data for C2000 in 3.5 wt.% NaCl 
 

R = 0.1 
        

 
 
                                 
Chloride 
Content 

20 Hz 5 Hz 1 Hz 
Long-term 

Exposure  @ 
20 Hz 

Cycles to 
Failure 
σa max = 574 
MPa 

109,282 205,440 110,584 74,805 

Cycles to 
Failure 
σa min = 384 
MPa 
*- no failure 

 
5,000,000* 

 
3,683,891* 

 
1,015,246 

 

 
 
 
 
 
 
 
 
 
 

Frequency 

Frequency 
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Figure 1.  Electrochemical-Cell Apparatus for Scratch Tests 
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Figure 2.  Corrosion Cell Interfaced with a MTS Fatigue Machine 
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Figure 3.  Schematic of Flat Tensile Specimen Geometry [1] 
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  Figure 4.  S-N Curve for C2000 and a Nickel Alloy Studied by Asphanani [2]. 
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Figure 5.  Potentiodynamic Scratch Test Curve in 3.5 wt. % NaCl 
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Figure 6.  Cyclic-Anodic Polarization Corrosion-Fatigue Curve in 3.5 wt. % 
NaCl at a Frequency of 20 Hz and a Stress Amplitude of 574 MPa. 
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Figure 7.  Slip Steps Emerging to the Surface Throughout the Gage Volume for 

C2000 
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Figure 8.  Critical Current Range Corresponding to the Critical Potential Range 
 
 
 
 
 

 

 
 
 

Figure 9.  Constant Potential of 350 mV Against SCE Graph Monitoring 
Current vs. Time for C2000 
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Figure 10.    Fracture Morphology and Corresponding EDS Spectrum for 
Corrosion-Fatigue of C2000 in Air at R = 0.1, f = 20 Hz, and σ a = 574 MPa 
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Figure 11.  Fracture Morphology:  A)  Fracture Morphology and Corresponding 
EDS Spectrum for Corrosion-Fatigue of C2000 in 3.5 wt.% NaCl at R = 0.1, f = 5 

Hz, and σa = 574 MPa  B)  Fracture Morphology and Corresponding EDS 
Spectrum for Corrosion-Fatigue of C2000 in 3.5 wt.% NaCl at R = 0.1, f = 1 Hz, 

and σa = 574 MPa 
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Figure 12.  Chloride Channels at Secondary Crack-Initiation Sites 
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Figure 13.  Distinctive Fracture-Morphology Regions Associated with Fatigue of 

C2000 in air at R = 0.1 and f = 20 Hz 
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Figure 14.  Distinctive Fracture Regions Washed-Out Due to the Anodic 
Dissolution after Long-Term Exposure Times (7 days) to 3.5 wt.% NaCl Before 

Commencing Corrosion-Fatigue at R = 0.1, f  = 20Hz 
 
 
 
 
 
 

 

 
 

 
Figure 15.  Crack-Initiation Site for C2000 at Slip Bands. 
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Figure 16.  Transmission-Electron-Microscopy Image of a Secondary Crack at a 
Slip Interface 
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Figure 17.  Stahle [16] Model for Crack Propagation in a Corrosive 
Environment 
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PART III 
 

Validation of an Electrochemical Model for a Passivating Nickel Alloy 
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1.  Introduction 
 

Fatigue-crack initiation is a subject that is of concern to industry.  In the 

aviation industry, crack-initiation is frequently ascribed to microstructural variables 

and foreign debris.  Attempts to derive equations or models to predict the crack-

initiation life for structural materials is limited.  Mura, Tanaka, and Naksone [1] have 

created models that account for the contribution of dislocations along favorable slip 

bands to crack initiation.  Attempts to revamp their models to include other crack-

initiation mechanisms such as crack-initiation at inclusions and grain boundaries [2], 

have been performed.  Models to represent the corrosion-fatigue influence on the 

crack initiation within the active, passive, or pitting regions have been treated [3].  All 

of the models identify parameters that are believed to characterize the response of the 

material system under corrosion-fatigue and fatigue environments.   

Predicting the crack-initiation life for structural materials is challenging 

because data on the mechanical and electrochemical properties are limited, or 

unavailable.  Additionally, the crack-initiation process depends upon the material [4] 

and electrolyte-exposure times [5].  Moreover, designing an experimental platform to 

investigate conjoint influences presents difficult, since the pertinent parameters must 

be experimentally measurable.  Hence, repeatable testing is required to give credence 

to model solutions. 

In this part, a refined model to determine the number of cycles to crack 

initiation for a passivating material, C2000, is presented.  Experimental procedures 

are highlighted to provide the reader with insight into how the experimental 

parameters were determined, and pertinent constants extracted from the literature are 
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described.  The section also discusses the theoretical basis on which the model was 

conceived. 
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2.  Experimental Procedure 

2.1   Corrosion-Fatigue Experiments and Surface Preparations:  Cyclic-

anodic-polarization and potentiodynamic experiments were initiated at a potential 

of 50 mV below the free potential of the alloys investigated at a scan rate of 0.167 

V/s.  A Princeton Applied Research Model 263A potentiostat/galvanostat was 

interfaced with the electrochemical apparatus to control voltages, monitor currents, 

and record responses for data analyses using an EG&G 352 SoftCorr III software.  

All potential values recorded during electrochemical measurements were 

converted to the standard hydrogen-electrode (SHE) scale for scratch and cyclic-

anodic polarization results. 

Fatigue experiments were performed with a closed-loop servohydraulic 

Materials Testing System (MTS).  Figure 1 (All figures and tables are listed in the 

appendices) shows a picture of the experimental setup for the corrosion-fatigue 

chamber used to conduct corrosion-fatigue experiments on C2000.  The samples 

were affixed to grips via a ceramic pin-joint assembly to isolate the sample from 

grips, i.e., to prevent the galvanic coupling.  A free-floating Teflon top allowed 

the connection of the working electrode, which is the sample, the platinum 

counter electrodes, and the salt bridge for electrochemical testing.  Experiments 

were conducted at frequencies of 20 Hz with a constant R-ratio (minimum 

stress/maximum stress) of 0.1.  All fatigue tests were performed under uniaxial 

tension-tension conditions.  Corrosion-fatigue experiments were conducted in a 

3.5 wt.% NaCl solution.  Accelerated corrosion experiments were performed for 
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C2000 by increasing the potential value to 350 mV against a SCE reference for all 

fatigue testing.   
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3. Background on C2000 
 

Corrosion-fatigue involves the deterioration of the fatigue life produced in an 

inert environment with that observed in a non-inert environment.  In general, fatigue 

involves the formation of extrusions and intrusions on the surface of a material [6].  

These intrusions and extrusions form recesses that can potentially serve as local stress 

risers for the initiation of a crack.  For corrosion-fatigue, at the point where the 

primary crack forms, it is believed that the advent of anodic slip-step dissolution 

occurs simultaneously.  Subsequently, deformation is controlled by mechanical and 

electrochemical influences, which depends on the exposure time and the electrolyte.  

A commercially-available material known as C2000 does not undergo localized 

corrosion at room temperature in 3.5 wt.% NaCl solutions [7].  An in-situ 

electrochemical-fatigue study implies that the material’s intrinsic slip process 

influences the current responses [8], which makes this material an ideal material for 

validation of a corrosion-fatigue model.  With a sufficient exposure time to the 3.5 

wt.% NaCl electrolyte, chlorides can be transported along the direction of crack 

propagation [8].  These chlorides participate in the anodic dissolution process, and 

hence, chloride channels are created as depicted by the blue dotted lines in Figures 2a 

and 2b.     
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4. Formulation of Corrosion-Fatigue Crack-Initiation Model 

4.1  Mueller’s Model Approach:  Mueller [9] attempted to develop a model that 

would predict the corrosion-fatigue behavior for materials within various states of 

corrosion, such as the active or passive states.  Muller’s theory suggested that a 

critical notch depth begins along a favorable slip-plane during the fatigue process.  

The critical notch depth occurs at a critical stress range, where the critical depth is 

only possible, if the passive layer thickness is less in dimensions than the slip-step 

height.  Thus, below the fatigue-endurance limit, the stress range is too low to surface 

slip steps greater than the passive film thickness, and film rupture will not occur.  

While Muller’s work identified useful correlations between the passive film thickness 

and the slip-step height, and the critical current density and critical depth, the model 

uses a conservative fracture-mechanics approach, the Dugdale model, for describing 

the primary flaw. 

4.2  Daeubler’s Model Approach:  Daeubler et al. [3] further refined Muller’s 

model to describe the initiation of a given crack along a favorable slip band by using 

a Griffith model from fracture mechanics to describe the critical crack size 

length/depth.  The notion that the flaw length/depth was attributed to the progressive 

dissolution of the bare material was again used to formulate the model.  In the model, 

the authors’ describe the crack-initiation phenomenon for passive materials, and they 

identify some pertinent correlations between mechanical and electrochemical 

phenomena.  However, the inception of a critical crack depth occurring due to the 

progressive dissolution theory has not been observed experimentally.  In most cases, 

for materials within the passive regime, the nucleation of flaws requires the rupturing 
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of the oxide films.  Also, the oxide regrowth kinetics must occur at a much slower 

rate in comparison to the exposure of the material to detrimental species within the 

electrolyte.  Within the critical stress range, film rupture permits bare material 

exposure to the electrolyte upon successive fatigue cycles, where the amount of 

material exposed to the electrolyte for a given time depends upon the ease of slip.  

Once irreversible slip is achieved, the repassivation time or passive film kinetics is 

affected more severely due to the frustration of oxide growth during fatigue, and 

hence, successive film ruptures.   

Thus, Daubler’s work attempted to present a more representative lifetime-

prediction model of the corrosion-fatigue process for passivating materials.  Perhaps 

the most important parameter in Daeubler’s equation is the fatigue exponent, (α), 

since it appears to control the shift of the curve on the stress versus the number of 

cycles to crack initiation (S-Ni) diagram.  Therefore, α may possibly serve as a useful 

parameter for a material’s susceptibility to crack initiation.  The final mechanical-

electrochemical model derived by Daeubler yields the following equation for the 

number of cycles to crack initiation, Ni.  Table 1 is a legend of all the parameters 

used in Equations 1 - 10.     
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4.3  Chan’s Model Approach:  In the work of Chan [2], the number of dislocations 

required to contribute to the initiation of a crack can be described by considering 

when the crack formation is energetically favorable.  This trend would be the case 

when the surface energy to form the crack is balanced by the strain energy due to the 

obstruction of further dislocation mobility.  Thus, the energy associated with the 

creation of a crack, Weq, is determined by the product of the two new surfaces of a 

particular length, c, and the surface energy required to produce the crack enclave.  

The strain energy, γs, associated with the onset of the formation of the crack, ac, can 

be correlated with the surface energy associated with the creation of two new surfaces, 

the crack length, and the slip-band width, d (Equation 2). 

 

d
cW

sc
eqa =γ2      (2) 

 

Also, the actual number of dislocations, nc, necessary to produce the local rise in the 

strain energy, and hence, the creation of a flaw of length c, can be described using the 

following equation, where b is the burger’s vector. 

 

               bna cc =                                                        (3) 
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The number of dislocations, n, in a given slip band, along with the combinations of 

Equations 2 and 3, can be used to derive Equation 4 for the critical number of 

dislocations [10].  
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Therefore, the final equation to describe the crack size, ac, for a primary crack depth 

is given by Equation 5: 
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Once the description for the critical depth is identified, an energy balance equation 

relating the response variables to the applied stress range can be formulated.  Chan’s 

model for the life-prediction of structural materials at a grain-boundary is described 

below in Equation 6. 
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5.  Refined Model Approach 

In Daeubler’s model, a dimensional analysis approach is proposed to derive an 

equation that describes the number of cycles to crack initiation.  An energy balance 

approach is employed to construct a microstructure-based model in Chan’s model.  

Although both models have microstructural and other key parameters, the platforms 

on which these models were proposed are questionable or incomplete for crack-

initiation in corrosive media.  Consquently, an attempt to develop a model that 

adequately describes the crack initiation in real systems is presented in a refined 

model, which uses both Daeubler’s and Chan’s models.   

There are two possibilities to increase the local strain energy along a given 

slip band oriented for favorable slip.   Case 1a is the increase in local strain energy at 

the intersection of a grain or twin boundary due to dislocation pile-ups.  Case 1b 

represents the occurrence of a crack by dislocation pile-ups at precipitates.  Ensuing 

crack initiation, the film-reformation kinetics does not occur at the same rate since the 

core of the crack has a more diffuse character.  Additionally, secondary slip planes 

within the proximity of the original or primary crack site further frustrates the 

reformation of the protective oxide.  Figure 2 is a cartoon of how the crack initiates in 

both cases.   

Of all the models for corrosion-fatigue or fatigue, the aforementioned are the 

best relationships for describing the intrinsic micro-features and electrochemical 

contributions to corrosion-fatigue-crack initiation.  In the corrosion-fatigue of passive 

films, both film rupture and dissolution must occur simultaneously at the critical 

nucleation depth.  Since both Chan’s and Daeubler’s models allot for a defect tolerant 
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term, the crack depth term, a, from Equations 1 and 6, respectively, can be equated.  

The point at which the crack depths are equivalent is known as the critical depth for 

the formation of a stable crack.  The present model to describe the number of cycles 

to create a critical depth is shown in Equation 7: 
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The substitution for Chan’s estimation of the stable crack size or the critical 

crack depth can be justified for two reasons.  First, film rupture must occur for 

materials exhibiting the passive behavior before anodic currents can be detected.  

This trend requires that a critical slip-step height associated with the applied stress 

(8) 

(7) 

(9) =

=
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must be achieved to allot for the bare material exposure to the electrolyte.   It also 

must hold true that the beginning of the progressive dissolution occurs simultaneously 

with the formation of a stable crack depth.  With Chan’s model, the nucleation of the 

critical crack depth is not restricted to the slip band, but may occur at any material 

barrier. 
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6.  Discussion 

Since the current response increases upon exposure of the bare material to the 

rupture process experienced during fatigue, cyclic-anodic-polarization tests coupled 

with fatigue tests provide an indication of the critical potential range for the onset of 

fracture due to accelerated corrosion conditions.  For a stress amplitude of σ1 = 574 

MPa and a frequency of 20 Hz, the current transients occur intermittently, whereas 

the current excursions are more regular for lower frequencies, such as 1 Hz.  The 

parameters extracted from the experiments include the slip-step height and the 

critical-current density.   

For this research, the slip-step height is measured with a laser interferometer.  

The grain size is measured using the conventional optical-microscopy-measuring 

techniques, and the current density is judiciously selected by generating a histogram 

of the number of anodic current transients occurring within increasing time intervals.  

The histogram is generated by averaging the magnitude of the current transient 

occurrences over time.  These magnitudes are then graphed to observe the current-

transient trend.  The time for crack initiation is selected as the highest response value 

measured by the most pronounced anodic-current response represented by the trend.  

For example, if a modal distribution is present, the highest point is chosen as the 

crack-initiation site.  If a bimodal distribution is observed, the point exhibiting the 

largest average magnitude is chosen.  In Figure 3, diagram (a) represents a modal 

distribution of the corrosion-fatigue behavior at σ1 = 574  MPa.  Figures 3 (b) and 3 

(c) represent the intermediate and the lowest stress amplitudes of σ2 = 485 MPa and 

384 MPa, respectively. 
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At an intermediate stress of 485 MPa a modal behavior is plotted, and at the 

fatigue endurance limit a steady-state current response is observed.  The film 

thickness and material constants are chosen to be reasonable with those found in 

literature.  Table 2 lists the values selected for this study. 

 The incipient crack-initiation forms when the instability criterion [2] is 

satisfied.  Since the experimental current response can be monitored versus the 

number of cycle, the estimated number of cycles required for the onset of crack 

initiation can be determined, although the approach is conservative in two respects.  

First, the approach is conservative due to the instability criterion and, secondly, the 

approach is conservative because the number of fatigue cycles to initiate a detectable 

crack is based on mostly current response data from optical microscopy. 

In the refinement of Dauebler’s model, an attempt has been made to better 

account for microstructural contributions to the corrosion-fatigue crack-initiation 

model.  As a result of monitoring the current response under corrosion-fatigue 

conditions, a reasonable estimate can be estimated for the number of cycles required 

for the onset of crack nucleation.  Thus a relation between the number of cycles to 

initiate a crack and the crack-size power relation can be generated according to 

equation 10.  Figure 4 shows the experimental corrosion-fatigue S-Ni curve as 

measured by the aforementioned method for determining the crack-initiation site.  

The solid line represents the theoretical fit to the curve.  Figure 5 shows a cartoon 

comparing the improvement in the electrochemical models up to the present.  As can 

be seen, the present model is an improvement due to Ni’s higher power exponent 

dependence to the critical crack size.   
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7. Conclusion 

C2000 is a nickel-based superalloy that is resistant to localized corrosion in 

3.5 wt.% NaCl solutions at the natural potential of the material.  In the case of C2000, 

a critical potential within the passive range of the material is held constant to 

determine the electrochemical influences on fatigue.  The critical current associated 

with onset of primary fracture is used in the refined model along with the 

measurement of the average critical slip-step-heights to determine the response to 

corrosion-fatigue in a potentially detrimental electrolyte.  The extracted experimental 

values are used in the model along with collected data to verify the validity of the 

refined model approach.  Thus, the refined model: 

• Provides a better estimate of the electrochemical and mechanical 

responses for C2000. 

• Serves as an improvement of Mueller’s and Dauebler’s models. 
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Table 1.  Parameter Descriptions 
 

Parameter Definition 
SSHc Slip-step Height 

ν Frequency 
n Number of Slip Steps on the Surface 
b Burger’s Vector 
hf Passive Film Thickness 
z Charge 
F Faraday’s Constant 
ρ Density 

α and k Fitting Parameters 
ac Critical Crack Length  
M Atomic Weight 
c Chan’s Critical Crack Length 
i* Maximum  Current Density 
σa Applied Stress Amplitude 
σfl Fatigue Limit 
d Grain Size 

ΜT Taylor Factor 
t Geometrical Constant 
μ Shear Modulus 
h Slip-band Width 
λ Universal Constant 
τp Plastic Shear Stress 
Ni Number of Cycles to Crack-Initiation 
Gs Surface Energy of the Crack 
Weq Strain Energy Stored in the Dislocation 

Dipoles 
nc Number of dislocations that Contribute to 

the Crack Formation 
Δσ Stress Range 
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Table 2.  Values Used in the Calculation of the Present Model 
 

Mt = 2 ν = 0.3 
μ = 8 x 104 MPa hf = 2 x 10-9 m 
M = 6.72 x 104 Mpa I = 1283 x 10-6 A/cm 
SSH = 1240 x 10-9 m d = 200 x 10-6m 
z = 2 1/mol M = 8 x 104 106 kg/m·s2 
F = 96,500 A/s f = 20 Hz 
n = 5 α = -0.35 
ρ = 8.34 g/cm3 k = 175 
b = 0.25 x 10-9 nm γ = 0.005 Hz 
h = 4 x 10-5 m  
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Figure 1.  Electrochemical Chamber Interfaced with Electrohydraulic 
Fatigue Testing Machine. 
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Figure 2.  Rupture Process:  Case (a):  The Nucleation of a Crack Due to 
Dislocation Pile-up at a Twin or Grain Boundary; Case (b):  The Nucleation of a 

Crack Due to Pile-up at Precipitates 
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Figure 3.  Temporal Representation of Fatigue Events:    a) Number of Current 

Transients Recorded Over Time at a High Stress Amplitude of 574 MPa;  b)   
Intermediate Stress Amplitude of 485 MPa;  c) and at the Endurance Limit of 

384 MPa at a Frequency of 20 Hz 
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Figure 4.  Refinement of Mueller’s and Daeubler’s Model for Predicting 
the Lifetime for C2000 
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Figure 5.  A Cartoon Showing the Various Refinement Effects of Mueller’s 

Model Fit for Predicting the Lifetime for Crack-initiation in Structural 
Materials 
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PART IV 
 

Pitting of a Bulk Ni-18 wt.% Fe Nanocrystalline Alloy 
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1.  Introduction 

Grain size is known to be inversely proportional to the material strength via the 

widely-known Petch [1] and Hall [2] relationship established in the 1950s.  Although the 

metallurgical community was privy to the notion of the improved strength with the 

decreasing grain size, the advent of bulk nanocrystalline (nc) materials emerged later due 

to the lack of successful bulk-fabrication methods.  Interests in nc materials debuted in 

the 1980s [3-7] .  Recently, techniques, such as electrodeposition and mechanical 

attrition, are promising techniques for producing nc materials.  The breakthrough for the 

vast commercialization of bulk nc materials is predicated upon a good understanding of 

both the material’s mechanical and electrochemical properties to compete with advanced 

high-strength materials like bulk metallic glasses [8] and superalloys [9].   

Intuitively, pitting corrosion of nc alloys are not expected to exhibit good 

corrosion behavior, considering that many grain boundaries are available for the 

occurrence of intergranular corrosion, a reasonable suspect.  The fabrication method for 

the production of nc materials is of great importance.  For instance, powder-metallurgical 

nc materials have porosity issues, which compromise the bulk integrity.  Substantial 

voids in ball-milled nc materials promote easy coalescence and provide channels for 

chloride ions from the bulk electrolyte or hydrogen produced via hydrolysis to be 

transported quickly into vacancy portals.  Hence, excessive hydrogen gas or chloride ions 

can potentially produce swelling. 

The aim of this paper is to report findings of the electrochemical behavior 

available on a binary nickel-based bulk nc material, Ni-18 wt.% Fe, as a function of 

microstructure, and provide an explanation of the cracking-phenoma observed in the pit 
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core.  Moreover, the comparisons of the electrochemical properties among the as-

received and annealed nc alloys are discussed.  
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2.  Experimental Procedure 

2.1  Specimen Preparation:  The nc Ni-18Fe alloy was prepared by an electrodeposition 

technique on a stainless-steel substrate, and was provided by Integran Technologies, Inc.  

The as-received nc material dimensions were 70 mm (length) x 70 mm  (width) x 3 mm 

(thickness). The nc coupons for the electrochemical studies comprised of an approximate 

30.7 mm2 area.  Three nc alloys were heated treated in an air furnace at a temperature of 

400ºC for 3 hrs., 8 hrs., and 24 hrs.  The as-received nc sample was fine polished to a 0.5 

μm finish.   The annealed nc coupons were mechanically grinded with silcon-carbide 

grinding pads to a 800 grit finish.  Afterwards, each coarse-ground sample was finished 

through a series of fine polishes until a 0.5 μm finish was achieved.  The etchant used to 

reveal the grain morphology consisted of a 35 ml hydrochloric acid, 15 ml of glycerol, 

and 10 ml of nitric acid.  The samples were held under hot water for a few seconds before 

performing a swab etch.   

2.2  Optical Microscopy (OM):  The characterization was done with a Reichert – Jung 

MeF4 Metallograph microscope system to visualize and capture optical micrographs of 

the as-received and corroded samples.   

2.3  X-Ray Diffraction:  The bulk nc samples were placed on a SiO2 single-crystal slide 

to keep the sample firmly mounted to the sample holder during testing. X-ray diffraction 

data was taken with a Phillips diffractometer. The scan step size was 0.04 (steps/second), 

and the target wavelength used was 1.54 Å Cu Kα.   

2.4  Scanning-Electron Microscopy (SEM):  The observation of the localized corrosion 

phenomenon was carried out with a LEO SEM with energy-dispersive-spectrum (EDS) 

capabilities by JEOL.   The accelerating beam used to image the structure was 20 KeV. 
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2.5  Transmission-Electron Microscopy (TEM):  A transmission-electron microscope 

(TEM) was used to image the grains at high magnifications and verify the nc size-

distribution of the grains.  The TEM observations were carried out using a Schottky field-

emission gun FEI Tecnai F20 UT microscope with a spatial resolution of 0.14 nm 

operating at 200 kV. The TEM thin-foil specimens were prepared by the conventional 

twin-jet electro-polishing technique using a 25 volume percent (vol.%) nitric acid + 75 

vol.% methanol solution at -30°C and 10 V.   

2.6  Electrochemical Experiments:  Electrochemical experiments were conducted 

within a glass cell with an epoxy lid containing orifices for working, counter, and 

reference electrodes.  A platinum foil was used as the counter electrode, and a saturated 

calomel electrode served as the reference electrode.  All electrochemical experiments 

were performed under aerated conditions.  The electrolyte consists of a 0.6 M solution of 

NaCl.  The open circuit potential and potentiodynamic-polarization tests were measured 

with a potentiostat in the circuitry with the reference, counter, and working electrodes.  

The nc coupon comprised of an approximate 30.7 mm2 area was finished to a 0.5 μm 

polish.  All cyclic-anodic polarization experiments were conducted at a scan rate of 0.167 

mV/s using a PARC Parstat 2263 pontentiostat equipped with the POWERCORR 

software.  Before commencing a cyclic-anodic polarization test, the open-circuit or free 

potential of the material under study was monitored until a steady state was achieved.  

Actual cyclic-anodic-polarization experiments began 20 mV below the open-circuit 

potential, and initially scanned in the noble direction.  

2.7  Atom-Probe Tomography:  NC samples were prepared by the atom-probe 

tomography on an Imago LEAP microscope system by machining a 1 mm x 1 mm square 
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plate from the bulk material with a mechanical wire saw.  The samples were 

electropolished to a sharp tip radius for the operation below a 14 KV threshold.  Each 

sample was cryogenically cooled before the ionization.  A pulse fraction of 20% of the 

standing voltage was used during operation. 
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3.  Results 

3.1  Optical Microscopy:  The optical micrographs were captured for the as-received nc 

material, the 3 hrs., 8 hrs., and 24 hrs.-annealed nc materials (Figures 1-4) (All figures 

and tables are listed in the appendices).  The grain morphology of the as-received nc alloy 

were equiaxed and uniformly distributed.  There was no difference in the grain 

morphology and grain-size distributions for the as-received and 3 hrs.-annealed nc 

materials.  Both the 8 hrs. and 24 hrs. nc materials exhibited similarities in the grain 

morphologies (Figure 3 and 4).  The optical micrographs for the four nc materials were 

captured after performing cyclic-anodic-polarization experiments.  For the samples 

annealed for times longer than 3 hrs., micrometer and nanometer grains were observed. 

After performing cyclic-polarization tests, optical images were taken to observe the 

effects of the corrosive media on the nc material.   

3.2  Transmission -Electron Microscopy:  Transmission-electron microscopy confirms 

that the as-received material is nanocrystalline.  Figure 5a shows the TEM image of the 

as-deposited nc material.  The as-deposited sample contained equiaxed grains.  The 

average grain size is 23 (Figure 5b).   

3.3  X-ray Diffraction:  The X-ray diffraction profiles were taken for the 3 hrs., 8 hrs. 

and 24 hrs.-annealed nc materials to determine whether a change in the crystal structure 

occurred during the annealing treatments (Figure 6).  The data in Figure 6 shows no 

change in the crystal structure for the three heat-treated nc samples.   

3.4  Electrochemical Experiments:  Various properties about the material under study 

can be retrieved from cyclic-anodic polarization curves (Figure 7) [10].  The free 

potential or corrosion potential, commonly referred to as Ecorr, is the natural potential, 
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with respect to the reference electrode, of a material within a given electrolyte without 

impressing a potential.  The protective potential is the potential value at which the 

passivation is maintained.  A passive trend on the cyclic-anodic-polarization diagram is 

an indication of the material’s ability to resist dissolution or passive film breakdown 

within a given electrolyte.  The point at which the oxide/hydroxide layer experiences 

dissolution is referred to as the pitting potential, Epit.  Although the pitting potential is 

commonly taken as the potential at the onset of pitting, pitting or localized corrosion may 

actually occur at potential values lower than those manifested on the cyclic-polarization 

curve.  Hence, a more accurate definition of Epit is the potential representing a pit or 

another form of the localized corrosion of a critical size.  The intersection of the passive 

potential range and the reversed potential marks the protection or repassivation potential, 

Epp, of the material.  In some cases, the protection potential does not follow path 2.  Thus, 

the protection potential is not in the anodic region.  There is a possibility that the 

protection potential can intersect the cathodic (negative) region of the curve.  If such an 

event occurs, the material is extremely sensitive to the localized corrosion induced by 

inadvertent events, such as scratches incurred during handling.     

Figure 8 shows the cyclic-anodic-polarization behavior for the as-received nc 

material and the nc materials heat treated for 3 hrs., 8 hrs., and 24 hrs.  In Figure 8, the 

as-received nc material exhibits the best Icorr value, and the annealed nc materials 

experience a decrease in Icorr with increasing grain size (Table 1).  The Ecorr values for 

the as-received and the nc alloys annealed for 3 hrs. were similar.  However, the 24-hrs. 

sample experienced a slight decrease, while the 8-hrs. sample exhibited a much lower 

Ecorr value.  The pitting-potential values, Epit, for the as-received and the 3 hrs. and 8 
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hrs. are shown in Table 1.  Unlike the aforementioned, Epit for the 24-hrs. sample was 

difficult to measure from the cyclic-anodic-polarization graph, since there is a steady 

increase in the current density.  Hence, it is reasonable to assume that the pitting potential 

is within the range of Ecorr.   

The scanning-electron microscopy (SEM) images for the tested as-received nc 

alloy (Figure 9), and the qualitative X-ray mapping images were taken for the tested as-

received nc material to identify the location of iron oxides, chlorides, and elemental 

constituents or compounds that are likely present due to the anodic polarization. 

Qualitative mapping results, which appear as the brightest regions, verified the presence 

of chlorides (Figure 10a), an iron oxide (Figure 10b), and nickel (Figure 10c).  In Figure 

10a, X-ray mapping results show the mass transport of chlorides from the bulk electrolyte 

to the pit core.  A deposited iron-oxide layer formed an enclosed ring around the pit core 

(Figure 10b).  The iron oxide is believed to be Fe2O3, since optical microscopy revealed 

the presence of a burnt-orange colored ring.  The nickel tends to remain uniformly 

distributed, with the exception of the depleted Ni region indicated by the arrows on 

Figure 10c.  Figures 11a and 11b show both a lower and higher resolution of the etched 

24 hrs.-nc material after the cyclic-anodic-polarization.  Unlike the as-received nc alloy, a 

random distribution of the localized pits is observed throughout the sample.   

In Table 1, the natural corrosion potential, Ecorr, of both the nc and the annealed-

materials are similar.  However, the current density, Icorr, is higher for the 24-hrs. 

anneald nc alloy.  A decline in the passivation properties is apparent from the shift to the 

right on the cyclic-anodic-polarization data, and the steady increase in the current density.  

Additionally, there is not a protective potential, EPP, for any of the alloys.  The pitting 
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potential, EPit, for the as-received nc alloy is higher than those observed for the 3-hrs., 8-

hrs., and 24-hrs. alloys.   Electrochemical data (Table 1) are compared with those 

measured for the as-received nc alloy and annealed Ni-18 wt.% Fe materials.  An SEM 

image was captured at a high resolution (Figure 12) to carefully observe the grain pattern, 

and EDS was used to verify that the larger and smaller grains were the same composition.  

Figures 13a and 13b manifest similar EDS profiles, which confirms that the alloy remains 

homogenous.    

3.5  Atom-Probe Tomography:  The atom-probe tomography was employed to monitor 

the evolution of the grain-boundary segregation.  Figure 14 reveals the results of an atom 

probe tomography reconstruction of the material for the 3- and 24-hrs. annealed samples.  

It is evident that there is no grain-boundary segregation occurring over time.  Thus, the nc 

material’s chemistry remains uniform and is stable at elevated temperatures up to 400ºC.  

Additionally, the electrodeposition process is optimal considering the absence of 

impurities detected within the bulk of the nanocrystalline material.  Only surface 

contaminants of oxygen and carbon were detected.    
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4.  Discussion 

4.1  Pit Initiation:  Two reasons may be responsible for the decrease in passivation 

properties for the annealed nc alloys.  The first could be associated with either a structure 

change, which can be verified via X-ray diffraction, or heterogeneities, which can be 

verified via an energy dispersive spectroscopy (EDS) analyses.  Since there is no 

structure change (Figure 6) nor compositional heterogeneities present (Figure 14), 

structure dependence does not seem to be a plausible reason for the passivity breakdown.  

Therefore, the reduced electrochemical properties are most likely attributed to the second 

most likely cause: the nature of the passive film [11] and the nc order arrangement within 

the grains.   

The cyclic-anodic-polarization data manifests a short passivity range for 

nanocrystalline materials.  Longer annealing times for the nanocrystalline material further 

reduce the passivity range and increase the corrosion rate.  Finally, after annealing for 24 

hrs., the nanocrystalline material does not exhibit any appreciable passivity; and, thus, the 

material has a strong propensity for pitting.  Overall, for the as-deposited nanocrystalline 

material, within a 150 mV range above the free potential, the passivity range for the 

nanocrystalline Ni-18 wt.% Fe is resistant to the localized corrosion.   This trend is 

unusual since one would expect the grain-boundary population for the nanocrystalline 

material to be greater than the annealed nc materials.  With this in mind, the localized 

corrosion attributed to intergranular corrosion would appear to be the most probable 

suspect, given the large volume fraction of grain-boundaries present.   

4.2  Pit Propagation:  For the as-received nc alloy, the pit depth increases due to the 

depletion of oxygen and the increased pH.  Increasing potentials exacerbate the 
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autocalytic growth of pits; and, thus, massive pits form.  Upon returning the material to 

the proximity of the natural potential, i.e., returning to the open-circuit potential, cracking 

occurs due the possible presence of residual stresses, which can accelerate dissolution.  

Subsequent transport of excessive detrimental chlorides from the bulk electrolyte to the 

pit core, or the increased hydrogen content within the localized pit may induce expansion 

or swelling of the nc material.  The formation of cracks within the pit core due to 

residual-stress cracking or mud cracking have been reported for other materials exposed 

to salt environments [12].   

Research in the literature [13-15] reports that the hardness properties are 

temperature dependent, within a 1-hour exposure to an elevated temperature of  300ºC.  

Therefore, the mechanical properties of nanocrystalline materials are dependent upon  the 

temperature.  Additionally, the strength of nanocrystalline grains consisting of sizes 

smaller than 10 nm does not follow the Hall-Petch relationship.  To continue to produce 

high-strength materials with a reduced grain-size, another mechanism must be employed.  

Grain-boundary segregation is among the most popular means to achieve further 

improvement in the strength with the decreased grain size.  Lui et. al  [16, 17] first 

showed how the addition of boron promotes grain segregation in Ni3Al systems, which 

improves the strength.   

According to the Ni-Fe phase diagram, a gamma prime (γ) phase is in equilibrium 

at a temperature slightly below the heat treatment temperature. Instead of adding smaller 

constituents, such as boron, it is plausible to assume that the segregation of γ particles to 

the grain boundaries can occur at an elevated temperature of 400ºC, if the transformation 

has not reached an equilibrium.  Consequently, EDS results were performed to study 
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compositional variations between the smaller and larger grains within the bulk nc 

material. If the grain-boundary segregation is prevalent, the segregated particles are not a 

property-enhancing mechanism for corrosion as with strengthening due to the local 

chemical-potential gradient present at the grain-boundary junction.  Indeed, the 

electrochemical results show a reduction in the passivity range with increasing grain size 

(Figure 8).  Such results infer a breakdown of the passive film integrity, which implies 

that there are an increased number of defects present due to annealing.  If there are an 

increased number of defects, there are an increased number of sites available for the 

deposit of detrimental chloride species from the bulk electrolyte.  As a result, there are a 

uniform number of pit-incubation sites.  However, the propagation of pits for the 

annealed nc alloys is believed to be attributed to the increased surface area availability on 

the larger grains for cathodic reactions to occur as opposed to those for the smaller grains. 

For corrosion to occur, the current densities associated with the anodic and 

cathodic reactions must be balanced.  Consequently, the cathodic and anodic sites are 

necessary to create a concentration cell, i.e., pitting.  Within the bulk electrolyte, 

detrimental-chloride species are attracted to metal ions.  Subsequent, metal hydrolyse 

occur, which increases the local hydrogen-ion concentration, i.e., the local acidification.  

The chloride species are uniformily dispersed due to the large degree of defects within 

the grains of the nc materials.  The initial stage of localized corrosion is believed to 

commence at the grain-boundary interface of the larger and smaller grains possessing the 

greatest grain-boundary mismatch and defect density.  Within the matrix of the larger 

grains, a long-range packing order is more prevalent as compared to the grain boundary, 

which is comprised of defects associated with a short-range order of atoms and loosely-
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packed atoms.  Thus, corrosion propagation may easily occur preferentially within the 

larger grains due to the larger surface area available, which increases the total number of 

cathodic reactions available to consume electrons released by the dissolution of metal to 

metal ions.   

Since the corrosion behavior of the nc materials is more resistant than the 

annealed samples, the growth of the pits is constrained due to the lack of susceptibility to 

corrosion.  At the smaller grains, the localized-corrosion proliferation is impeded because 

of the limited cathodic sites.  Additionally, the possible presence of defects within the 

grain boundary may create a higher resistance to the current.  Hence, the corrosion rate is 

decreased, and the spread of corrosion to similar-size neighboring grains is impeded. 

The atom-probe tomography was employed to monitor the evolution of grain-

boundary segregation.  Figure 15 reveals the results of an atom-probe-tomography 

reconstruction of nickel for the 3- and 24-hrs.-annealed samples.  It is evident that there is 

no grain-boundary segregation occurring over time.  Thus, the nc material’s chemistry 

remains uniform and is stable at elevated temperatures up to 400ºC.  Additionally, the 

electrodeposition process is optimal considering the absence of impurities detected within 

the bulk of the nc material.  Only the surface contaminants of oxygen and carbon were 

detected. Hence careful re-inspection of the metallographic surface under the SEM 

appears to show that the larger grains are more susceptible for the aforementioned 

reasons (Figure 11b). 
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5.  Conclusion 

A binary Ni-18 wt. % Fe nanocrystalline material undergoes localized corrosion 

when immersed in 3.5 wt.% NaCl solutions during potentiodynamic-polarization 

experiments.  The possible formation of Fe2O3 deposits surround the pits for the as-

received nc material.  The cracking phenomena is most likely associated with the 

coupling effects of possible residual stresses and detrimental species, such as chlorides or 

hydrogen, into the pit core.  The atom-probe-tomography validates that the compositon of 

the nc material remains uniform after ageing for 3 hrs., 8 hrs., and 24 hrs.  The absence of 

the γ segregation to the grain boundary suggest that the material does not exhibit grain 

boundary segregation.  Overall, the corrosion behavior of the as-depostited 

nanocrystalline material is the best compared to those reported for the aged nc materials.  

The reason is believed to be the lack of surface area available for the completion of 

cathodic reactions by the consumption of electrons released from the oxidation of metal 

to metal ions in the aged nc materials. 
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Table 1.  Electrochemical Data for Nickel and Nickel-based Materials 
 

Alloy Icorr (A/m2) Ecorr (mV-SCE) Epit (mV-SCE) 
Ni-18wt.% Fe As-Received 0.05 -231 -142 
Ni-18wt.% Fe – 3 hr. 0.10 -219 -175 
Ni-18wt.% Fe – 8 hr. 0.40 -280 -153 
Ni-18wt.% Fe – 24 hr. 0.90 -246 – 
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Figure 1.  Nanocrystalline Ni-18wt.%Fe As-received Material. 

 
 
 

 

 
Figure 2.  3 hrs. Anneal at 400ºC of Nanocrystalline Ni-18wt.%Fe 
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Figure 3.  8 hrs. Anneal at 400ºC of Nanocrystalline Ni-18wt.%Fe 

 
 
 
 

 
Figure 4.  24 hrs. Anneal at 400ºC of Nanocrystalline Ni-18wt.%Fe 
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Figure 5.  Nanocrystalline Ni-18wt.%Fe:  a) Transmission Electron Micrograph, 
and b) Grain-Size Distribution. 
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Figure 6.  X-ray Diffraction results for Ni-18wt.% Fe Nanocrystalline Samples after 
3 hrs., 8 hrs., and 24 hrs. annealing 
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Figure 7.  Typical Representation of Cyclic Anodic Polarization Curve 

Source:  Peter, W.H.; Buchanan, R.A.; Liu, C.T.; Liaw, P.K.; Morrison, M.L.; Horton, J.A.; Carmichael Jr., 
C.A.; and Wright, J.L. "Localized corrosion behavior of a zirconium-based bulk metallic glass relative to its crystalline 
state," Intermetallics, 2002; 10:1157-1162.  (Reprinted from [8] with permission from Elsevier.) 
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Figure 8.  Cyclic-Anodic Polarization Curve for Ni-18wt.% Fe Nanocrystalline 
Sample in 3.5 wt.% NaCl Solution 
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Figure 9.  SEM Micrograph of Mud Cracking in Pit on Ni-18wt.% Fe 
Nanocrystalline Surface 
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Figure 10. Qualitative X-ray Mapping Data:  A) Chloride Concentrations; B) Fe2O3 
Concentrations; and C) Nickel Concentrations. 
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Figure 11.  Magnification of Localized Corrosion in 3.5 wt.% NaCl Solution for 
Nanocrystalline Ni-18wt.%Fe Annealed for 24 hrs. at 400ºC  
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Figure 12.  Magnification of Localized Corrosion in 3.5 wt.% NaCl solution for 
Nanocrystalline Ni-18wt.%Fe Annealed for 24 hrs. at 400ºC  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

LLooccaalliizzeedd  
CCoorrrroossiioonn  aatt  
LLaarrggee  GGrraaiinn--
SSiizzee  



 185

 
 

 
 

Figure 13.  Secondary Electron SEM Image of Nanocrystalline Ni-18wt.%Fe 
Annealed at 400ºC for 24 hrs. with EDS Profile 
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Figure 14.  EDS Profiles for the 24-hrs. Annealed NC Material:  a) Larger Grain 
Region.   b)  Smaller Grain Region  
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Figure 15.  Atom-Probe Reconstruction:  a) Ni-Compositional Matrix for the 3-hr. 
Post Treatment of Ni-18wt.%Fe;  b)  Ni-Compositional Matrix for the 24-hr. Post 

Treatment of Ni-18wt.%Fe 
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Figure 1.  Optical Micrograph of the As-Received C2000 in Viewing Direction 1 
 
 
 
 
 
 

 
 
 

Figure 2.  Optical Micrograph of the As-Received C2000 in Viewing Direction 2 
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Figure 3.  Optical Micrograph of the As-Received C2000 in Viewing Direction 3 
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Figure 4.  SEM Micrograph of the As-Received C2000 at Field of View (FOV) 1 
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Figure 5.  SEM Micrograph of the As-Received C2000 at FOV 2 
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Figure 6.  SEM Micrograph of the As-Received C2000 at FOV 3 
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Figure 7.  Grain-Boundary Mobility Region in the As-Fabricated C2000  
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Figure 8.  TEM Microgaph of the As-Received C2000 in FOV 1  
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Figure 9.  TEM Micrograph of the As-Received C2000 in FOV 2  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

800nm 

FOV 2 



 198

 
 
 
 

Figure 10.  TEM Micrograph of the As-Received C2000 in FOV 3 
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Figure 11.  Higher-Resolution TEM Micrograph of the As-Received C2000  
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Figure 12.  The Evolution of Dislocations:  a)  As-Received C2000, b) Less Than 
1,000,000 Cycles, c)  Greater than 1,000,000 Cycles, d)  A Secondary Crack 

Observed After 1,000,000 Cycles 
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Figure 13.  Crack Propagation of C2000 Fatigued at 574 MPa in 3.5 wt.% NaCl and 

an R-Ratio of 0.1 
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Figure 14.  FOV Showing Primary and Secondary Crack-Propagation of C2000 
Fatigued at 574 MPa 3.5 wt.% NaCl and an R-Ratio of 0.1 
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Figure 15.  Primary Crack-Propagation of C2000 Fatigued at 574 MPa 3.5 wt.% 
NaCl and an R-Ratio of 0.1 
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Figure 16.  Secondary-Crack Propagation of C2000 Fatigued at 574 MPa 3.5 wt.% 

NaCl and an R-Ratio of 0.1 
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Figure 17.  Fractographs of C2000 Fatigued at 574 MPa in Air and an R-Ratio of 0.1 
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Figure 18.  Fractographs of C2000 Fatigued at 425 MPa in Air and an R-Ratio of 0.1 
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Figure 19.  Fractographs of C2000 Fatigued at 400 MPa in Air and an R-Ratio of 0.1 
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Figure 20.  Fractographs of C2000 Fatigued at 382 MPa in Air at and an R-Ratio of 

0.1  
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Figure 21.  Interferometer Measurements of C2000 Gage Area Deformed at 574 
MPa and a R-Ratio of 0.1 
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Figure 22.  A Cartoon of the Possible Events that Transpire during Corrosion-
Fatigue 
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Figure 23.  Potential vs. Cycles to Failure for C2000 Subjected to Fatigue at an R-
Ratio of 0.1 
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Figure 24.  Current vs. Time and Number of Cycles, Nf, for C2000 Subjected to 
Fatigue at 574 MPa and an R-Ratio of 0.1 While Maintaining a 350 mV Potential 
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Figure 25.  A Cartoon Showing the Progressive Anodic Dissolution During 
Corrosion-Fatigue 
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 Figure 26.  The S-Ni and S-N Curves for C2000  
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Figure 27.  Daeubler and Mueller’s Models Plotted With the Experimental Data 
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Figure 28.  Top View of the Corrosion Cell Chamber 
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Figure 29.  A Zoom Image of the Top View of the Corrosion Cell Chamber 
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Figure 30.  Side View of the Corrosion Cell Chamber 
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Figure 1.  SEM of the 8 hrs. Anneal at 400ºC of Nanocrystalline Ni-18wt.%Fe at 
Field of View 1 (FOV 1)  
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Figure 2.  SEM of the 8 hrs. Anneal at 400ºC of Nanocrystalline Ni-18wt.% at  
FOV 2 
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Figure 3.  SEM of the 8 hrs. Anneal at 400ºC of Nanocrystalline Ni-18wt.%Fe at 

FOV 3  
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Figure 4.  SEM of the 8 hrs. Anneal at 400ºC of Nanocrystalline Ni-18wt.%Fe at 
FOV 4 
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Figure 5.  SEM of the 24 hrs. Anneal at 400ºC of Nanocrystalline Ni-18wt.%Fe at 
FOV 1 
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Figure 6.  SEM of the 24 hrs. Anneal at 400ºC of Nanocrystalline Ni-18wt.%Fe at 

FOV 2 
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Figure 7.  SEM of the 24 hrs. Anneal at 400ºC of Nanocrystalline Ni-18wt.%Fe at 
FOV 3 
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Figure 8.  SEM of the 24 hrs. Anneal at 400ºC of Nanocrystalline Ni-18wt.%Fe at 
FOV 4  
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Figure 9.  Magnification of Localized Corrosion in a 3.5 wt.% NaCl Solution for 
Nanocrystalline Ni-18wt.%Fe Annealed for 24 hrs. at 400ºC at FOV 1 
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Figure 10.  Magnification of Localized Corrosion in a 3.5 wt.% NaCl Solution for 
Nanocrystalline Ni-18wt.%Fe Annealed for 24 hrs. at 400ºC at FOV 2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 230

VITA 
 
Ms. Rejanah Steward is a native of Alcorn State, MS.  She is the daughter of Mr. and Mrs. 

Harry and Yvonne Steward.  She completed a B.S. degree in Mechanical Engineering 

from Mississippi State University as a Whitman “Grady” Mayo Scholar, a M.S. degree 

from Auburn University as a Graduate (GEM) Fellow.  Ms. Steward began her Ph. D. 

studies at the Georgia Institute of Technology as a GEM Fellow for two years.  She 

completed her Ph.D. studies in the Department of Materials Science and Engineering at 

the University of Tennessee-Knoxville, and further studies at the Oxford University, 

Oxford, England.  Ms. Steward has earned many awards over her academic tenure.  Her 

most recent honors include the Emerald Honors Student Leadership Award for Minorities 

in Science, where she will be featured in the Science Spectrum Magazine; the 2006 

International TMS Structural Materials Division (SMD) graduate student poster winner 

for her research on the “Corrosion Fatigue of a Nickel-based Superalloy”; and she was 

selected as one of two TMS representatives chosen to represent TMS at Junior 

EUROMAT, a European Materials Science Conference hosted in Lausanne, Switzerland.  

Most importantly, she is a recipient of God’s grace and a persevering saint and servant of 

Jesus Christ.  In her pastime, Ms. Steward enjoys serving in her church, missions and 

working with students. 

 


	A Lifetime-Prediction Approach to Understanding Corrosion: The Corrosion-Fatigue and the Corrosion Behavior of a Nickel-Based Superalloy and a Nanocrystalline Alloy
	Recommended Citation

	Microsoft Word - Introduction.doc

