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ABSTRACT 

This research focused on the corrosion response and electrochemical behavior of 

electroplated low hydrogen embrittlement alkaline γ-phase zinc nickel with passivation 

layers. The motivation was the need to replace hexavalent chromium conversion coatings 

in military grade electrical systems with a more environment friendly alternative. The 

passivation layers were employed for the purpose of mitigating corrosion attack while 

maintaining low contact resistance. Trivalent chromium-based passivations and cerium-

based passivations were compared against the currently used hexavalent chromium 

conversion coating. The coating systems were compared using electrochemical impedance 

spectroscopy, cyclic potentiodymanic scans, salt spray exposure testing, electrical 

resistance measurements, microstructure analysis, and compositional analysis.  Coating 

systems with lower open circuit had a lower corrosion current and performed better during 

salt spray testing. All of the systems evaluated had corrosion products consistent with 

oxidized zinc compounds but the morphology of the passivation was dependent on the 

passivation. The electrical contact resistance ranged from 1 to 108 mΩ/cm2, after salt spray 

testing. Two versions of Trivalent chromium-based passivations, were able to meet military 

performance specifications after corrosion testing.  
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SECTION 

1. INTRODUCTION 

1.1 RESEARCH OBJECTIVE 

Department of Defense electrical system interconnects is currently provided by 

electroplated cadmium passivated with a chromate conversion coating (CrCC) for low 

contact resistance corrosion protection. An electroplated low hydrogen embrittlement γ-

phase zinc nickel alloy (γ-ZnNi) has been determined to be a suitable replacement for 

electroplated cadmium coatings due to galvanic compatibility, being compatible with low 

hydrogen embrittlement bake procedures, and meeting other military performance 

requirements.1 The chromate conversion coating, however, is still the only commercial 

available passivation that has been approved with γ-ZnNi for electrical connectors used in 

U.S. Department of Defense applications.1 The objective of this research was to develop 

and evaluate non-hexavalent passivations on γ-ZnNi. The passivations studied were 

trivalent chromium-based (TCP) and cerium-based conversion coatings (CeCC). Both 

types of passivations have been shown to increase the corrosion resistance of the metallic 

substrates.2-3 Investigation into use of TCP and CeCC passivations on γ-ZnNi for electrical 

connector applications was the focus of this work.  

This research was done to answer several questions. First, can CeCCs and TCPs 

improve the corrosion performance of γ-ZnNi? Second, can either CeCCs or TCP-based 

passivations provide similar or better corrosion protection than CrCCs? Third, can these 

passivations provide the desired corrosion resistance while maintaining the needed 

electrical contact resistance? These questions were answered using several characterization 

methods. The electrochemical response was studied using both cyclic potentiodynamic 
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scans and electrochemical impedance spectroscopy. These methods gave insight into the 

corrosion behavior of the coating systems such as corrosion resistance, and electrochemical 

changes within the systems. These tests allowed for evaluation of the systems in less than 

one day before the weeks of salt spray testing. Exposure to ASTM B117 neutral salt spray 

conditions was used to observe corrosion performance under accelerated test conditions. 

Electrical contact resistance was measured in accordance with the MIL-DTL-81706 

specification. The coating systems microstructures and chemical compositions were 

characterized using scanning electron microscopy, energy dispersive X-ray spectroscopy 

and X-ray diffraction. The papers that make up the main chapters of this thesis discuss the 

results and answer the questions above.        

1.2 PAPER DESCRIPTIONS 

The intended journal for Paper I is Surface Engineering. The first paper 

characterized passivation coatings on -ZnNi using electrochemical methods and also 

examined the corrosion response and contact resistance of the passivations. The paper used 

cyclic potentiodynamic scans (CPDS) and electrochemical impedance spectroscopy (EIS) 

to compare the different coating system electrochemical responses. CPDS revealed that the 

cerium-based passivations (CeCC) had more cathodic corrosion potentials, at -670 mV, 

than the trivalent chromium-based passivations (-720 to -860 mV). The corrosion current 

for TCP was 105 μA/cm2, while the CeCCs had corrosion currents ranging from 56 to 170 

μA/cm2. The results were then compared to the salt spray testing (SST) where the CeCCs 

had more corrosion product than TCP samples. The CPDS results showed that when all 

passivations were broken down oxidation of the zinc into zinc compounds occurred. 

Impedance testing revealed that the coating systems with complex electrochemical phase 
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angle response curves had improved corrosion resistance in SST, but that resistance to 

polarization did not correlate to SST performance. The TCP based systems had a much 

more complex response, with several time constants seen in the Bode phase angle plot, 

compared to the CeCC. EIS was also done after SST and showed that all the passivations 

had a simple barrier response curve. Electrical contact resistance value correlated with the 

SST corrosion performance and electrochemical response where the coatings with the least 

amount of corrosion product had the lowest contact resistance. The TCP based coating 

systems had the lowest electrical resistances, making it a viable alternative to the CrCC 

system currently in use. 

The intended journal for Paper II is Transactions of the Institute of Metal Finishing. 

The second paper characterized the microstructure and chemical composition of the coating 

systems before and after SST. The microstructures were compared using scanning electron 

microscopy (SEM). The microstructure of the developed corrosion products were vastly 

different from one another, although the thicknesses of the passivations were about the 

same. This showed that the morphology of the corrosion product that developed depended 

on the way the chemical composition of the passivations responded to corrosion. All 

coatings systems developed some corrosion, but TCP and one of the TCP variants exhibited 

very little corrosion. The chemical composition of the corrosion product was zinc 

hydroxycarbonate. The results from these experiments were compared to the results of 

paper 1 to determine that the TCP coatings would make a good alternative to chromate 

conversion coatings on γ-ZnNi.  
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1.3 IMPACT OF WORK 

This work found that TCP and CeCC based passivations had very different 

responses on γ-ZnNi. TCPs were more active than CeCCs and produced more time 

constants on the Bode phase angle plot and peaked at higher frequency. The more complex 

electrochemical response correlated to less corrosion product during ASTM B117 testing. 

As zinc nickel alloys become a more popular choice for corrosion prevention to replace 

cadmium, this work can be used as a guideline for future work looking at other passivation 

alternatives to chromates.   
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2. LITERATURE REVIEW 

2.1 ELECTROPLATED γ-ZINC NICKEL COATINGS 

Zinc nickel coatings have been studied since the mid-1960s to improve corrosion 

resistance compared to nominally pure zinc coatings.1 These coatings are formed by an 

anomalous codeposition process and were one of the first systems to use this method of 

deposition.2 Zinc nickel coatings are used or have been proposed for use in many industries 

such as the automotive and aerospace industries.3 Coatings containing 11 to 14 wt% nickel 

have improved corrosion resistance compared to electrodeposited zinc, with nearly a four-

fold decrease in corrosion rate.3, 4     

The zinc-nickel system has several single solid phases that are stable at room 

temperature (Figure 2-1). At room temperature, the face centered cubic nickel structure is 

stable up to ~27 at% Zn. The β1 phase is a solid solution phase with the nominal 

composition of ZnNi.  It has the AuCu-based structure and a composition range from 45.5 

to 52 at% Zn. The γ phase, which has a composition range from 74.3 to 85 at% Zn, has the 

γ brass-based structure. The δ phase of zinc nickel is monoclinic and has a narrow range of 

stability at ~89 at% Zn. Finally, Ni is nearly insoluble in Zn, meaning that nearly pure Zn 

is the only other phase in the system.5 For corrosion protection, the zinc-nickel alloy of 

interest is γ-phase ZnNi (γ-ZnNi) because of its mechanical properties, wear behavior, and 

corrosion resistance. This ZnNi phase has a yield strength of 260 MPa, elongation to failure 

of 0.7%, and a hardness of 2.6 to 3.9 GPa.4 For comparison commercially rolled zinc has 

a lower tensile strength (up to ~190 MPa), an elongation of 40 to 60% and a hardness of 

0.4 GPa.6 Because -ZnNi is a candidate for replacement of Cd, the properties of Cd are a 

tensile strength of up to ~85 MPa, 50% elongation and a hardness of ~0.2 GPa.7 Hence, γ-
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ZnNi has improved strength and hardness compared to coatings that it may replace. 

Second, γ-ZnNi has enhanced wear resistance compared to cadmium and zinc coatings. 

After wear testing, the open circuit potential of the γ-ZnNi became electrochemically 

nobler and resistance to polarization (Rp) values increased. These responses were 

interpreted to indicate that dezincification during wear increased the relative amount of 

exposed nickel.8 As shown in Figure 2-2 the increased Rp values for γ-ZnNi (Zn-Ni(2)) 

show that the coating is becoming more resistant to corrosion during wear compared to Zn, 

Cd, and other alloys.8 The final reason for interest in γ-ZnNi is a lower average corrosion 

rate (Figure 2-3).4 The corrosion resistance can be increased by incorporating ~12.5 wt% 

nickel to achieve the minimum corrosion rate, which is a four-fold reduction compared to 

a pure zinc.4 Together, these properties make γ-ZnNi coatings a promising alternative to 

both Zn and Cd coatings. 

 

Figure 2-1: The Zn-Ni binary phase diagram.5 
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Figure 2-2: Resistance to polarization values before and after wear testing. Zn-Ni (1) was   
deposited at 48 mA/cm2 (fine plate-like structure of γ-ZnNi), Zn-Ni (2) was 

deposited at 30 mA/cm2 (large plate-like structure of γ-ZnNi), Zn coating was 
zinc, Cd coating was Cadmium, Cd-Ti coating was a solid solution of 

cadmium and Titanium.8 

 

Figure 2-3: Average corrosion rate for ZnNi electrodeposits in 3.5 wt% NaCl solution, 
measured using a polarization pulse method.4 
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An anomalous codeposition method is used to deposit zinc-nickel coatings by either 

direct or pulsed current. 3, 9, 10 Physical vapor deposition can also be used to deposit ZnNi.11 

The commonly accepted theory for the mechanism for electrodeposition is that from a 

solution containing both Zn and Ni, zinc is deposited preferentially because it is more 

active than nickel.3, 12 Then, as Zn starts to oxidize to Zn(OH)2 due to a pH increase at the 

cathode, Ni deposition becomes favorable and will replace the Zn(OH)2.3, 12  Process 

parameters such as current density, temperature, additives, pH, and concentrations can be 

adjusted to control the ratio of Zn to Ni in coatings. These parameters also influence 

deposition kinetics, morphology, and the mechanical properties of ZnNi coating.12 For 

example, metal ion concentration, temperature, and current density affect the 

microhardness as seen in (Figure 2-4).13 An example of the current density affecting the 

morphology of the ZnNi is also seen in (Figure 2-5).13 The deposition was performed at 

40°C, with Ni2+/Zn2+ ratio = 1 in the deposition solution. As the current density is increased, 

the size of the grains increased. Current density also affected the deposition time. If a thick 

coating with a fine grained microstructure is desired, then the deposition time must 

increase. Thus, deposition of ZnNi is a balance between multiple parameters.13   

The electroplated γ-ZnNi has been studied as a potential replacement for toxic 

cadmium coatings.14 Cadmium is a sacrificial coating on high strength steels and 

compatible with treatments that minimize hydrogen embrittlement of the underlying 

steel.15 Hydrogen embrittlement weakens steel and is induced by water that is trapped in 

the coating or at coating/substrate interface that then reacts with the substrate and diffuses 

into it, making it brittle.16, 17 γ-ZnNi can be compatible with low hydrogen embrittlement 
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(LHE) treatments since it can undergo a baking procedure to remove water.18 The 

aerospace industry uses LHE γ-ZnNi as an effective cadmium replacement.13 

 
Figure 2-4: Microhardness vs; A) Ni to Zn ion concentration ratio, B) 

temperature, and C) current density.13 

The corrosion properties of γ-ZnNi coatings are similar to cadmium; both coatings 

are sacrificial to steel in a corrosive environment and have relatively low corrosion 

rates.19-21 The corrosion properties of γ-ZnNi have been well documented. Electrochemical 

Impedance Spectroscopy (EIS) has shown that γ-ZnNi coatings are a simple protective 

barrier with Rp values ranging from 600 to 1900 Ω/cm2 depending on the deposition 

method.10, 15 For comparison, cadmium has an Rp value of about 190 Ω/cm2.8 The corrosion 

potential (ECorr) and corrosion current (ICorr) vary depending on the grain size and 

composition of the γ-ZnNi coatings. 10 The reported ECorr
 values range from ~-600 mV to 

~-1100 mV with ICorr values range from 20 to 50 µA/cm2. 10, 11 
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Figure 2-5: Surface morphology of ZnNi coatings by ESEM, electrodeposited at: (a) 50, 
(b) 80, and (c) 100 mA/cm2.13 
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Kwon et al. studied the corrosion behavior of electroplated ZnNi with Ni content 

below 11 wt% and they concluded that corrosion resistance increased as the nickel content 

increased and was maximized at 10 wt% Ni approaching the γ-phase. 21, 22 Ganesan et al. 

studied electroplated ZnNi from 15 to 30 wt% Ni at the coating surface and found 

increasing the nickel content further in modulated ZnNi deposits to 30 wt% improved 

corrosion resistance in electrochemical tests; however, coatings with the lower 20 wt% 

nickel resisted corrosion for about 100 hours more than other compositions when tested in 

ASTM B117 salt spray.23 They concluded that using γ-ZnNi with a surface containing 20 

wt% Ni would be a possible alternative to just γ-ZnNi.23 Typically the ZnNi coatings are 

Zn rich in at the surface, due to the anomalous codeposition method.3  By increasing the 

Ni content at the surface, the corrosion rate will decrease due to a more positive (noble) 

potential. These studies helped to confirmed that the ideal range for Ni content is between 

10 and 15 wt% Ni for use in corrosion based applications.4  

2.2 PASSIVATION COATINGS      

Passivation coatings are typically less than 500 nm thick oxide-based coatings that 

prevent substrates from reacting with external environments.24-27 Passivations are 

composed of materials with low solubility and non-reactive to the external environment. 

These coatings are usually formed by chemical conversion of the substrate surface when 

an anodic half-reaction leads to dissolution of the substrate and then formation of the 

passivation by the cathodic half-reaction.28-30 These reactions can be induced either by 

applying a current or by taking advantage of the electrochemical interaction between the 

substrate and the deposition solution. This review will cover three types of passivation 
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coatings: hexavalent chromate conversion coatings, trivalent chromium-based passivation 

coatings, and cerium-based passivation coatings.     

2.2.1 Hexavalent Chromate Coatings.  Hexavalent chromium coatings (CrCCs)  

have been widely used by the aerospace and other industries for corrosion protection. The 

CrCCs are composed of a matrix of complexes of trivalent chromium hydroxides, oxides 

and hydrates.31, 32 Within the matrix, hexavalent chromium ions act as an active corrosion 

inhibitor while the matrix is an effective environmental barrier.33 The hexavalent 

chromium ions have the ability to be released during corrosive attack followed by 

migration to the site of damage.34 The chromate ions then oxidize, forming insoluble 

trivalent chromium complexes.34 Kendig et al. found that the hexavalent chromium ions 

can absorb rapidly onto surfaces and then inhibit cathodic reactions occurring at Cu-

containing aluminides in Al 2024-T3.29 The ability of CrCCs to release from the coating 

matrix, migrate to the site of attack, and react to passivate the attack describes its ability to 

self-heal. For example, when corrosive attack leads to dissolution of the aluminum 

substrate (Reaction 1), CrCC coatings respond by releasing chromate ions that react to 

passivate the damaged area by Reaction 2. 35: 

3
( ) ( )2 2 6s aqAl Al e                                   (1) 

 2
2 7 (( ) () 3 2 ( ))8 6 2 ( )aqa lq sCr O H e Cr OH H O         (2) 

This is one example of a possible reaction mechanism that could provide the self-

healing behavior observed in CrCCs.  The trivalent chromium hydroxide complexes are 

inert over a wide range of pH values, providing a stable coating.29 While CrCCs provide 

excellent corrosion protection, hexavalent chromium ions are carcinogenic and dangerous 
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to the environment.36 As a result, chromates are regulated by governments around the 

world.   

2.2.2 Trivalent Chromium Coatings. Trivalent chromium-based passivations  

(TCPs) were developed to replace hexavalent chromium-based coatings. The passivations 

are usually between 90 and 250 nm thick depending on the processing parameters.25, 26 

Trivalent chromium passivations are commonly considered safe to both humans and the 

environment because they do not contain appreciable amounts of hexavalent chromium.37 

Passivations derived from trivalent chromium are a combination of oxide and hydroxide 

chromium species that provide an insoluble coating to mitigate corrosion, it is also common 

for the substrate to form hydroxide species that become a part of the passivation.25, 38 The 

chemistry of these coatings varies depending on the concentration and additives in the 

deposition solution. For example, cobalt is a common additive in TCP deposition solutions 

and it also becomes part of the coating.39 Trivalent chromium passivations have the 

reputation for performance that depends on an array of processing parameters including 

surface preparation such as cleaning, concentration of the deposition solution, and 

temperature of the deposition bath, as well as surface activation, deoxidizer type, and the 

anions in the deposition solution. 40 These parameters need to be optimized for each 

different substrate type to obtain consistent corrosion performance. 41      

A study by Gardner and Scharf compared TCP and CrCC coatings on zinc and zinc 

alloy substrates.42 Both passivations performed similarly in ASTM B117 salt spray testing 

when TCP coatings were between 250 and 500 nm thick.  The extra thickness was needed 

to reduce the chance of a defect compromising the coating since TCPs do not have self-

healing capabilities. Interestingly, TCP coatings survived thermal shock at temperatures of 
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150˚C in contrast to CrCCs that developed severe cracking under similar conditions, which 

caused a loss of corrosion resistance. The poor performance of CrCCs was attributed to 

dehydration of hexavalent chromium compounds, which are required to enable self-

healing. The TCP on the other hand survive elevated temperatures and maintained 

corrosion performance.42      

Comparing coating morphologies, CrCCs have microcracks whereas TCP coatings 

do not.42 Microcracking is caused by CrCCs being thicker than TCPs. However, cracking 

could also be from dehydration of the hexavalent chromium species.42 Zhang et al. also 

observed etched zones that indicated that TCP deposition was influenced by the orientation 

of the underlying zinc grains. Also, Zhang et al. discussed the electrochemical mechanism 

thought to inhibit corrosion. Polarization experiments in aerated and de-aerated aqueous 

solutions of NaCl showed that corrosion of zinc was dependent on oxygen diffusion. These 

tests showed improved corrosion resistance in de-aerated solutions, which lead to the 

proposed mechanism for the protection of TCP whereby it inhibits diffusion of oxygen to 

the substrate.26 This corrosion protection mechanism is also supported by other studies. 39, 

43, 44 

2.2.3 Cerium-Based Passivation Coatings.  The research and development of a  

cerium-based passivation coating (CeCC) was a direct response to the workplace 

regulations imposed on use of the hexavalent chromium, which is commonly used as a 

corrosion inhibitor. Cerium compounds are of interest due to their low toxicity.45 The first 

reported use of a CeCC was by Hinton, Arnott and Ryan in 1986. They discovered that a 

cerium-based passivation was deposited on an aluminum 7075-T651 substrate from a 

solution containing either CeCl3
 or Ce(NO3)3 salts when current was applied to the 
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substrate. 27 These coatings initially took hundreds of hours to deposit, but the use of 

oxidizers, such as hydrogen peroxide, reduced deposition time to just a few minutes.27, 28, 

46 The substrate used, surface preparation of the substrate, chemistry of the deposition 

solution, and post-treatment of the passivation impact the quality, thickness and corrosion 

performance of CeCCs.  

Surface preparation prior to deposition of cerium-based passivations usually 

includes degreasing and etching steps. Degreasing removes any organic residue that is 

adhered to the substrate surface. The type of solution, temperature, agitation, and duration 

of cleaning of the substrate can all impact the condition of the passivation and these 

parameters are dependent on the substrate used. Typically an alkaline solution held at 55˚C 

for 5 min is used to degrease the surface.47-50 Etching removes some of oxide layer on the 

surface of the substrate. Again, the processing parameters such as acid/base type, duration, 

temperature, and agitation can all have an effect on the condition of the passivation.51 For 

example, the use of a 1 wt% sulfuric acid solution was able to activate the surface of Al 

2024-T3 alloy 40 times more quickly than with just the use of an alkaline cleaner.51 The 

type of substrate used determines many of the surface preparations needed.  

The chemistry of the deposition solution also impacts the passivation. Additives 

such as an organic gelatin can produce a smoother textured passivation, which helps to 

increase the quality and performance.50 Specifically for cerium-based passivations, gelatin 

additions stabilize the gas bubbles that are generated on the substrate surface during 

deposition.50 Without the gelatin the deposition occur quickly and produce cracks.50 The 

amount of hydrogen peroxide also affects the uniformity of the passivation, its thickness 

across the substrate, internal stress, and adhesion between the substrate and passivation. 
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Peroxide content affects deposition rate.  Higher rates lead to areas of varying thicknesses 

because of differences in chemical composition across the substrate. The varying 

thicknesses of the passivation can lead to internal stresses and cracks which can affect the 

corrosion performance. 28, 46 Controlling the rate of deposition with use of additives can 

help to produce a better quality passivation.  

Post-treatment, also known as sealing, converts the as-deposited cerium(IV) oxide 

hydrate to cerium(III) phosphate by exposure to a bath of a phosphate salt.48, 49 Cerium(III) 

phosphate has a lower solubility than that of the oxide making for a better performing 

passivation.48-50 Processing parameters such as type of phosphate salt used, temperature, 

and duration of immersion, can also impact the condition of the cerium-based 

passivation.48, 49 Post-treatments have been able to increase the impedance of the cerium-

based passivations in EIS studies by several factors (Figure 2-6). 49 The post-treatments 

used an aqueous solution with 2.5 wt% NH4H2PO4 at 85˚C.49 The use of a post-treatment 

can be an effective process to increase the corrosion performance of cerium-based 

passivations.  

Spontaneous deposition of cerium-based passivations relies on electrochemical 

redox reactions.47, 52 Deposition starts with the oxidation of the substrate.  For this example, 

zinc dissolves by Reaction 3 with simultaneous reduction of oxygen and water by Reaction 

4, which produces OH- species that promote formation of the cerium deposition by an 

increase in local pH. As shown by Reactions 5 and 6, intermediate complexes that form 

during deposition rely on OH- species both to form and to react to the final product of 

CeO2•2H2O by Reaction 7. The presence of hydrogen peroxide increases the rate of 
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deposition by generating OH- species (Reaction 8), which increases the local pH near the 

substrate surface more quickly, leading to more rapid deposition.47, 52  

 

Figure 2-6: Effect of post-treatment as function of time in electrochemical 
impedance spectroscopy. 
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Cerium-based passivations have been produced on different substrate systems 

including aluminum alloys 2024-T3 and 7075-T6, magnesium alloys AZ31 and AZ91, 

stainless steel, zinc and δ-ZnNi.46, 53-59  These cerium-based passivations inhibit corrosion 

by retarding the transport of oxygen to the substrate surface, which prevents the cathodic 

half-reaction from occurring. Unlike CrCCs, the CeCCs do not exhibit self-healing due to 

limited solubility of cerium species above a pH of around 2.60  Even though CeCCs do not 

show self-healing, they are a promising alternative for CrCCs because they are able impede 

the diffusion oxygen to the substrate which can lead to corrosion. 

2.3 ELECTRICAL CONNECTORS 

Electrical connectors for U.S. military applications must meet stringent 

regulations.61 These connectors must be resistant to corrosive environments, maintain their 

electrical conductivity at all times, and have an operating temperature range of -65˚C to 

+200˚C.61  Because of this, a number of different classes of connectors have been defined 

and each one requires a unique combination of materials to achieve the desired properties.61 

The most significant standards that electrical connectors must meet include polarization of 

the connector shells, pin to pin mating, interchangeability, thermal shock and cycling, 

plating adhesion, air leakage, corrosion resistance, and contact resistance.61 The main parts 

of electrical connectors are a shell, pins, insulator, and plugs. The shell is exposed to the 

environment and is usually made of aluminum or steel that is coated in nickel, gold, 

cadmium or other corrosion resistant materials, which may also have a passivation coating. 

Pins are usually copper plated with gold, but the pins can also be made from steel that is 

plated with cadmium and then passivated with a CrCC. The same materials are also used 

for connector plugs. The insulator is usually made of a dielectric material or a glass if the 
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connector is hermetically sealed. Figure 2-7 shows an example of a military grade electrical 

connector.61 The Department of Defense is interested in replacing the cadmium used in 

these electrical connectors due to the toxicity of the metal. However, this has been a 

challenge due to many desirable properties of cadmium, which include low hydrogen 

embrittlement, galvanic compatibility, electrical conductivity and corrosion resistance.61, 

62 They have designated several different possible candidates to replace cadmium in these 

system, these include: Ni-fluorocarbon Polytetraflouroethelyne, ZnNi, and pure Al.63  

 

Figure 2-7: Military grade electrical connector.64 

2.4 CONTACT RESISTANCE  

Electrical contact resistance is an important property for many applications in 

electrical devices, such as circuit breakers, relays, and connectors.65 Electrical contact 

resistance is the resistance of a surface when in contact with another surface. This is 

important because many highly conductive metals develop an insulating oxide thin film on 

the surface when introduced to the atmosphere, and it is this film that can impede the flow 

of electrons, increasing the electrical contact resistance. Preventing the degradation of 

electrical performance is important, so a coating is used to maintain the desired contact 

resistance. These coatings are usually a nobler metal or a passivation coating. The 

passivation coating, which is usually oxide based, is also an insulator, but thin coatings 
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allow electrons to tunnel through the coating, making the coating electrically conductive.65 

Surface roughness also plays an important role in the measurement of contact resistance, 

Figure 2-8 shows how a global measurement is affected by the surface roughness.65 

 

Figure 2-8: A) two rough surfaces in contact with a coating separating the bulk material, 
B) local contacts contributing to the resistance, C) electrical circuit model for 

the contact resistance.65  
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The contact resistance becomes a summation of the local resistances, at the peaks 

of the surface, in parallel with one another over the area being measured.65 The actual value 

for contact resistance cannot be directly determined without knowing the area in contact. 

Control of the surface degradation and surface roughness are important for the control of 

the electrical contact resistance and are needed to be considered when an application needs 

a specific contact resistance.        

2.4.1 Present Testing Method.  Military specifications for electrical connectors 

list maximum contact resistance values and describe testing methods. The standard test 

method for connectors with surface passivations uses an applied pressure of 200 psi with 

the requirement that electrical resistance should not be greater than 5 mΩ/in2 for as-

deposited coatings and not be greater than 10 mΩ/in2 after corrosion in ASTM B117 salt 

spray testing.66 One study found standard deviations ranging from 19% to 47% of the 

average value for this method.67 Contact resistance values can be affected by surface 

roughness as the electrode will only make contact at the peaks of the surface.65 The 

inaccuracies from these issues and others have made it desirable to produce an alternative 

method to the current method.     

2.4.2 Alternative Testing Method. Alternative methods to test contactresistance  

may offer better reproducibility. One alternative method is based on a probe with four 

conductor lines with width and spacing that depend on the thickness of the coating being 

measured (Figure 2-9).68 Conductor lines are connected to a multimeter in a four-probe 

terminal resistance mode.  The current probes are  attached  to  the  outside  lines  and  the 

voltage probes are attached to the inside probes.68 By measuring the voltage drop as the 

current travels from the positive current probe to the negative current probe, resistance can 
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be calculated.69 The spacing of the probe lines affects the depth that current travels into the 

substrate. If line spacing is larger than the coating thickness, the current should travel 

through the coating, into the substrate, and then back out through the coating. This current 

path could be advantageous or a undesirable, depending on the measurement. When the 

line spacing is smaller than the coating thickness, current is confined to the coating, 

measuring just the resistance of the coating (Figure 2-10)69 This method is a non-

destructive method because it requires less applied pressure and a smaller area needed 

compared to the conventional contact resistance measurement used for military conversion 

coatings. This method reduces the effect of surface roughness on the measurement because 

the resistance value is being taken at a much smaller scale.  Another application for this 

method is resistance mapping of surfaces, which could be used to probe quality and 

uniformity of surface passivations.68  

Figure 2-9: Example of a 4 line micro-probe.68 
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Figure 2-10: Example of current flow through the material.69 
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ABSTRACT 

 

Corrosion behavior, electrochemical response, and contact resistance were 

examined for cerium-based conversion coatings and trivalent chromium passivations on 

electroplated γ-ZnNi on steel substrates. These passivations were compared to hexavalent 

chromate conversion coating. The electrochemical response was investigated using 

electrochemical impedance spectroscopy and cyclic potentiodynamic scans. The corrosion 

response of the passivations was studied using ASTM B117. The electrochemical testing 

was able to model the corrosion response by the use of equivalent circuit models.  Cyclic 

potentiodynamic scan tests revealed a self-healing behavior between the γ-ZnNi and 

passivations. Trivalent chromium passivations and chromate coating had the lowest 

corrosion current between 46 and 57 μA/cm2. Electrochemical impedance spectroscopy 

measurements demonstrated different response behavior between the type of passivation. 

The contact resistance of trivalent chromium passivations had the lowest values at 1 

mΩ/cm2. 
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Introduction 

Currently, the combination of an electroplated cadmium coating and a hexavalent 

chromium-based conversion coating (CrCC) provides corrosion protection used in 

Department of Defense (DoD) electrical system components.1  This system meets the a 

DoD contact resistance specification with an as-deposited value that is <0.8 mΩ/cm2 (5 

mΩ/in2) and a value <1.6 mΩ/cm2 (10 mΩ/in2) after exposure to a saline corrosive 

environment.2  

Cadmium and chromates are toxic to both humans and the environment. Cadmium 

can lead to lung cancer and kidney degradation if inhaled.3 Hexavalent chromium is very 

mobile in humans and other animals; it also is reactive with the biochemical oxidation 

mediators making it carcinogenic.4 The toxicity and other  adverse environmental effects 

have led to the regulations and have motivated the search for replacements.  For example, 

OSHA 1910.1026, which limits the air concentration to 0.5 μg/m3 of hexavalent chromium, 

led to the search for CrCC replacements.5   

Low hydrogen embrittlement (LHE) alkaline γ-ZnNi (γ-ZnNi) is a potential 

replacement for cadmium. Because of several beneficial properties, γ-ZnNi has been 

approved for other aerospace applications. The alloy is sacrificial to steel in a corrosive 

environment, has a relatively low corrosion rate, and is compatible with low hydrogen 

embrittlement treatments.6-8 Unlike cadmium, which is toxic, γ-ZnNi is environmentally 

benign. To maintain a low contact resistance, γ-ZnNi requires a passivation coating to 

mitigate the formation of corrosion products.9 Currently, CrCCs are the only approved 

passivation for use with γ-ZnNi, and no other commercial non-CrCC passivations are 

currently approved for γ-ZnNi because they cannot consistently provide contact resistance 
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values that meet DoD specifications.2 The goal of this research is to study the alternative 

passivations as potential replacements for CrCCs on γ-ZnNi coatings. 

The CrCCs provide a trivalent chromium oxide-based barrier on metal surfaces and 

also contain hexavalent chromium species that can be released and transported to damaged 

sites on the surface.4, 10 The hexavalent chromium species can be reduced to form trivalent 

chromium hydroxides and other complexes that inhibit corrosion.11 The ability of CrCCs 

to self-heal results in a better corrosion response compared to other coating systems.  

Unfortunately, due to its health and environmental risks, alternatives to chromate 

passivations are needed. 

Cerium-based passivations consisting of cerium oxides and/or phosphates have 

been used as a corrosion barrier due to their low solubility over a wide pH range.11 Cerium 

compounds have also been accepted as an environmentally benign alternative, having only 

low to moderate toxicity when tested in animals.12 The low solubility and the 

environmentally friendly nature of cerium-based passivations makes them potential 

alternatives to CrCCs. Cerium-based conversion coatings (CeCCs) have been deposited on 

several different metal substrates including aluminum alloys, magnesium alloys, and 

stainless steel.13-17 These passivations can be deposited by spontaneous or electrolytic 

means from solutions of chloride or nitrate cerium salts in either an aqueous or organic 

solvent solutions.13-17 These passivations consist of an insoluble coating of Ce4+ and Ce3+ 

complexes such as CePO4•H2O.13-17 Hosseini et al. observed that CeCCs derived from 

Ce(NO)3 treatments inhibited the transport of O2 to the metal substrate thereby stopping 

the cathodic half-reaction.18, 19 It was also noted in this study that δ-ZnNi with CeCCs were 

found to have comparable corrosion protection properties to that of CrCCs.19 Joshi et al. 
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hypothesized that at low pH levels around 2 and below the CeCCs could have self-healing 

abilities, like CrCCs, but at pH levels above 2 the self-healing effects would be negligible, 

due to the low solubility of the cerium species.11, 20 Most applications for the passivation 

are in neutral to basic environments, such as seawater, which has a pH of around 8. 21 The 

higher pH prevents the CeCCs from self-healing, but that are still able to provide an 

effective barrier to corrosion. The CeCCs are a candidates as a replacements for CrCCs 

because they are environmental friendly, have low solubility over a wide pH range, and are 

able to passivate many different metals. 

Trivalent chromium-based passivations (TCP) have also been studied as potential 

CrCC alternatives. Studies have found that trivalent chromium-based passivations on zinc 

have good corrosion resistant properties.22-24 However, due to a lack of self-healing ability, 

TCP coatings cannot provide a good of corrosion performance as CrCCs.25 The TCP 

coatings contain predominantly trivalent chromium oxides and hydroxide hydrates, the 

structure and properties of which can be altered with different anions in the deposition 

solution.26 These compounds are stable and have low solubility in corrosive environments, 

thus providing a barrier to corrosion.27 The barrier effect of TCPs inhibits corrosion by 

reducing the diffusion of oxygen to the metal substrate. This, in turn, can hinder the 

cathodic half-reaction during corrosion.23, 28, 29 TCP coatings have low toxicity since they 

contain Cr(III) species.  

The purpose of this research was to evaluate environmentally friendly passivations 

for ZnNi coatings that are able to provide adequate corrosion protection, while maintaining 

low contact resistance.   
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Procedure 

Six different passivations were evaluated.  All passivations were deposited on 

electroplated with LHE γ-ZnNi (IZ-C17+, Dipsol of America, Livonia, MI) that had been 

deposited on steel substrates. The γ-ZnNi coatings contained about 14 wt% nickel and were 

just over 10 μm thick. A commercially available TCP (IZ-264, Dipsol of America, Livonia, 

MI), an experimental cobalt-free TCP (Co-Free, from Dipsol) and an experimental 

modified cobalt-free TCP (Co-Free Mod, from Dipsol); and a commercially available 

CrCC passivation (IZ-258, Dipsol), were provided by the manufacturer already deposited 

on substrates with an LHE γ-ZnNi coating. Steel substrates electroplated with LHE γ-ZnNi 

were also provided by Dipsol for the deposition of CeCCs. Two types of CeCCs were 

produced, one from chloride-based salts (CeCC-Cl) and the other from nitrate-based salts 

(CeCC-N).  

Cerium-based passivation deposition   

The γ-ZnNi substrates were first wiped clean with ethanol on a laboratory wiper.  

Then the substrates were immersed in an alkaline cleaning solution (Turco 4215 NC-LT, 

Henkel) at 55˚C for 5 minutes to degrease the surface and then rinsed with deionized (DI) 

water. Next, the panels were immersed in an aqueous solution containing 0.037 mol/L HCl 

for surface activation.  Immersion time was 30 seconds at room temperature and then 

panels were rinsed with DI water. The substrates went through either one of two deposition 

baths, one based on cerium chloride or a second based on cerium nitrate. The cerium 

chloride bath consisted of 4.2 wt% cerium chloride hexahydrate (Alfa Aesar, 99.9%, Ward 

Hill, MA), 4.2 wt% (Fisher Scientific, 34-37% technical grade, Fair Lawn, MA) hydrogen 

peroxide solution and 0.3 wt% (Rousselot DSF, Dubuque, IA) gelatin in an aqueous 
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solution that was adjusted to pH = 2 with HCl. The cerium nitrate bath consisted of 4.8 

wt% cerium nitrate heptahydrate (Acros Organics, 99.5%, Geel, Belgium), 4.1 wt% (Fisher 

Scientific, 34-37% technical grade, Fair Lawn, MA) hydrogen peroxide and 0.3 wt% 

(Rousselot DSF, Dubuque, IA) gelatin in an aqueous solution that was adjusted to pH = 2 

using HNO3. The substrates were immersed in either bath for 2 minutes at room 

temperature. Post-treatment of the cerium passivations was done in a 2.5 wt% sodium 

phosphate monobasic dihydrate (Fisher Scientific, 99.8%, Fair Lawn, NJ) solution at 85˚C 

of 5 minutes and then rinsed with DI water. The panels were allowed to air dry for at least 

24 hours before testing.  

Corrosive environment exposure 

Corrosion behavior was evaluated in salt spray testing (Q-fog, Q-Panel Lab 

products) performed according to ASTM B117. A 5 wt% sodium chloride solution was 

used, as specified in the standard. The testing was performed on each of the passivations 

for 1000 hours. The passivations were visually evaluated at 100 hour intervals.   

Contact resistance 

A device was built to test contact resistance by the method specified in MIL-DTL-

81706. The device used two solid copper electrodes one of which was a 6.45 cm2 area that 

made contact with the passivation covered side of the sample. The second electrode was 

slightly bigger and made contact with the exposed metal side of the sample. A pressure of 

~1.4 MPa was applied to the electrode. A multimeter measured the contact resistance in 

four-terminal resistance mode. Five measurements were taken from different areas on each 

panel to determine the reported values.  
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Electrochemical analysis  

A flat cell (model K0235, Princeton Applied Research), with a saturated calomel 

electrode (SCE) electrode, was used for all the electrochemical analysis. The electrolyte 

was an aqueous solution containing 0.6 M ammonium sulfate and 0.6 M sodium chloride. 

Experiments were conducted using a potentiostat (EG&G Princeton Applied Research, 

Model 273A) and a frequency response analyzer (Solartron Instruments, SI 1255). The 

software used was for data collection and analysis was from Scribner Associates, Inc. Zplot 

and Zview software packages were used for EIS data collection and analysis, respectively. 

Corrware and CorrView software packages were used for CPDS data collection and 

analysis, respectively. Reported results from electrochemical analyses were the average of 

four different measurements performed at different locations on each specimen.Prior to 

analysis, the passivations were allowed to reach their open circuit potential (OCP) over a 

time period of 2000 seconds before starting electrochemical impedance spectroscopy 

(EIS). EIS was performed over a frequency range of 10-2 to 105 Hz with AC amplitude of 

10 mV. After EIS, cyclic potentiodynamic scans (CPDS) were conducted at a 1.5 mV/s 

scan rate and ran from -0.4 V from OCP to OCP for the cathodic sweep and from OCP to 

-0.6 V from the OCP for the anodic sweep. The maximum overpotential reached during 

the scan was at 0.7 V from OCP.  

Results and discussion 

As-deposited passivations 

Passivation coatings on -ZnNi generally all had a yellow or gray coloring to them 

(Figure 1). Some regions had different coloring, which could indicate different passivation 

thicknesses across the surface of the panel. For CeCC-Cl, the passivation had a slightly 



 

 

31

darker gold color on the left of the panel but was more pale yellow on the right. This could 

also indicate that the passivation is slightly thicker on the left. Other passivations that 

possibly had varying thicknesses were CeCC-N and CrCC, which could indicate that these 

regions also had different properties. For example, contact resistance is directly dependent 

on the thickness of the passivation. The thickness of the passivations can also impact the 

corrosion performance.  If the passivation is too thin, the passivation may not be able to 

provide a barrier to corrosion or may not cover the entire surface of the substrate. If the 

passivation is too thick, the passivation could crack and expose the more reactive 

substrate.30 Passivation thickness cannot be directly determined by color; however, color 

variations across the surfaces of passivations can provide a qualitative explanation for the 

variance in measurements. The electrical contact resistance of Co-Free and Co-Free Mod 

passivations help to support this, as visually the passivations have a very even gray color 

across the panel surface and these passivations have the lowest deviation in the contact 

resistance measurements (Table 1). In contrast, the passivations noticeable color change 

across the surface, such as CeCC-Cl, CeCC-N, and CrCC, had variances in the electrical 

contact resistance of 20% to 42%.  Variations in color across the surface of passivations 

are probably due to the variations in processing parameters. For example, CeCC 

passivations rely on an increase in the local pH level in order for the passivation to deposit. 

If variations in surface preparation result in differences in surface chemistry, then areas of 

different pH would develop across the surface during deposition, which would impact the 

thickness of the deposit in those areas. This issue could arise because of the panel 

orientation.  For example, if the panel were suspended vertically in the deposition solution, 

bubbles that form near the top of the panel during deposition could change the local 
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chemistry in that area and thereby affect the passivation thickness. Possible ways to fix this 

issue would be to either agitate the solution during deposition to insure the chemistry across 

the panel is consistent or to electrodeposit the passivations. These changes to the processing 

could help with variance issues and should be considered in future work.        

 

Figure 1: Optical images of as-deposited passivation coatings on -ZnNi 
substrates. 

The Co-Free and Co-Free Mod passivations had the lowest contact resistances and 

had least variation between the measurements (Table 1). This could be attributed to coating 

uniformity as discussed above. The other passivations had variations ranging from about 

20% to 40% in the measured contact resistances. The Co-Free Mod coating had the lowest 

resistance at 0.1 mΩ/cm2 with no variance based on the level of precision of the 

measurement. The TCP coating had a higher resistance at 0.8 mΩ/cm2, but was still 
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acceptable based on the requirement of contact resistance of 0.8 m/cm2 or lower in the 

DoD standard [2]. All of the passivation coatings, except CeCC-Cl, fell between those of 

Co-Free Mod and TCP.  

Factors that could have affected the contact resistance other than composition of 

the passivation material are passivation thickness and surface roughness. The surface 

roughness is the same for all panels since the starting -ZnNi coatings were all nominally 

identical.  Hence, the effect of surface roughness of the initial ZnNi surface on contact 

resistance of the passivations were assumed to be negligible. Thickness, on the other hand, 

varies among passivations. The thickness of the passivations was on the order of 100 nm, 

which can drastically effect the measured resistances. The thickness of the passivations are 

process dependent, as such a variety of parameters can affect the thickness. Specifically 

for cerium-based conversion coatings, parameters such as peroxide content, immersion 

time, and pH of deposition solution can all have an effect on the final passivation thickness.  

The contact resistance and the variation of the contact resistance across the panel are 

dependent on the control of these parameters.  

 

Table 1: Contact Resistances of As-deposited Passivations 
 

mΩ/cm2 

CeCC-Cl 1.2 ± 0.5 
CeCC-N 0.6 ± 0.2 
Co-Free 0.2 ± <0.1 

Co-Free Mod 0.1 ± 0.0 

TCP 0.8 ± 0.1 

CrCC 0.5 ± 0.1 
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CPDS results (Figure 2) showed that the shapes of the curves were similar for each 

of the different passivations. The corrosion potential of all the passivations fell between -

650 mV to -860 mV. A secondary corrosion potential occurred at about -450 mV for all of 

the passivations. The passivations breakdown when a rapid increase in the observed 

potential occurs, exposing the underlying γ-ZnNi.  Then, as the potential dropped, the γ-

ZnNi oxidized to a ZnO complex, producing the secondary corrosion potential. The 

potential is more positive than the initial corrosion potential meaning that the new coating 

of a oxidized zinc compound is more electrochemically noble than the initial passivation, 

making the coating systems self-healing whereby failure of the surface passivation exposed 

the underlying -ZnNi, which then reacted to form a Zn-based protective layer.  

The values for the corrosion potential (Eo), corrosion current (Io), and polarization 

resistance (Rp) are displayed in Table 2. The lowest Io values belonged to CrCC, CeCC-N 

TCP coatings, which indicated that these three coatings had lower corrosion rates compared 

to the other passivations. These passivations also had the highest polarization resistance 

(Rp) values, which indicated that they were more resistant to corrosion.  In contrast to CrCC 

and TCP, the Co-Free and Co-Free Mod passivations were the most active with the lowest 

Eo values at -820 mV and -860mV, respectively. CrCC, CeCC-Cl, and CeCC-N had high 

Eo values around -650 mV and -670 mV making these passivations more noble. From these 

results, the CeCC-N, CrCC, and TCP passivations had higher resistances to corrosion with 

lower corrosion rates and higher resistances to polarization. The CrCC passivation had the 

lowest corrosion rate and highest Rp value, which made it the least susceptible to corrosion. 
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Table 2: CPDS Polarization Values of As-deposited Passivations 

Coatings Io (mA/cm2) Eo (V) RP (Ω•cm2) 

CeCC-Cl 0.170 ± 0.10 -0.67 ± 0.01 166 ± 37 
CeCC-N 0.056 ± 0.04 -0.67 ± 0.00 313 ± 42 
Co-Free 0.064 ± 0.05 -0.86 ± 0.04 229 ± 80 
Co-Free 

Mod 
0.194 ± 0.07 -0.82 ± 0.01 148 ± 35 

CrCC 0.046 ± 0.01 -0.65 ± 0.00 585 ± 126 
TCP 0.057 ± 0.01 -0.72 ± 0.02 471 ± 98 

 

The Bode plots for the cerium-based passivations (Figure 3, A) showed that they 

were a simple barrier to corrosion. Each coating had a single peak, which was at 2 Hz for 

CeCC-Cl and 6 Hz for CeCC-N.  The single peaks indicated a single time dependence for 

the coating systems.   The EIS data for the chromium-based passivations showed a more 

complex response on the Bode plot (Figure 3, B). For example, TCP had two peaks at about 

1 Hz and 20 Hz. Likewise, CrCC had either 2 or 3 peaks at 1 Hz, 20 Hz and what also 

appears be a peak at 104 Hz. Co-Free had a peak at 1 Hz and a complex response at lower 

frequencies below 1 Hz. The Co-Free Mod passivation had a similar response as the Co-

Free passivation, except for a peak at 40 Hz, with a complex response occurring at 

frequencies below 40 Hz. These multiple peaks and complex responses indicate multiple 

time dependencies contributing to the phase angle response, which implies that the 

passivations were more than just simple barriers to corrosion. The passivations, in this case, 

were providing either active or passive corrosion protection with what could be multiple 

layers, porous layers, or a combination of these contributing to the response. Bode plots 

were able to show distinct differences between CeCCs and chromium-based passivations 

on γ-ZnNi, with CeCCs being a passive barrier and chromium-based passivations 

providing active corrosion protection.   
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Figure 2: CPDS curves comparing; A) Cerium-based passivation coatings (CeCC-Cl, 

CeCC-N), B) Cobalt-Free trivalent chromium passivation coatings, and C) 
Trivalent chromium passivation to the hexavalent chromium conversion   

coating control. 

C 

B 
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Figure 3: Bode plots: A) single time dependencies for the cerium-based passivations. B) 

Multiple time dependencies in the CrCC, TCP, Co-Free and Co-Free Mod 
passivations. 

Nyquist plots for the passivated samples (Figure 4) show both of the CeCCs, TCP, 

and CrCC produced a semicircular response and these passivations had the largest 

impedance values, which were 200 /cm2 for CeCC-Cl, 300 Ω/cm2 for CeCC-N, 350 

Ω/cm2 for TCP, and 500 Ω/cm2 for CrCC. These responses are indicative of passivations 

with uniform surfaces. The most active passivations, Co-Free and Co-Free Mod, had the 

A
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smallest impedance values and had different responses compared to the rest of the 

passivations. These passivations had the smallest impedance magnitudes and the responses  

 
 

 
Figure 4: A) Nyquist plot for the as-deposited cerium-based passivations. B) Nyquist plot 

of the as-deposited chromium-based passivations. 

 

A 
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had a linear section at low frequencies. This linear section is indicative of Warburg 

diffusion occurring through the passivation. The magnitudes of the impedances were at 75 

Ω/cm2 for the Co-Free Mod and 100 Ω/cm2 for the Co-Free passivation. The results from 

the Nyquist and Bode plots provide insight into the possible structure and properties of the 

passivations. For the CeCCs, the passivations were simple passive barriers. The CrCC and 

TCP passivations were more chemically activity, seen in the Bode plot, but also appeared 

to be strong passive barriers to corrosion, which is seen on the Nyquist plot. Co-Free and 

Co-Free Mod passivations were more chemically active, but did not provide a chemically 

noble barrier to corrosion.      

Equivalent circuit (EC) models were used to analyze the EIS responses and 

determine the passivation structures and corrosion resistances. The EC models are depicted 

in Figure 5 and the componet values are tablulated in Table 3. The models all had an 

inductance term (L) of around 1.9 μH, thought to be due to the wiring of the cell 

configuration.  The responses also all had Re
 values that were consistantly around 7.2 Ω, 

which represents the resistance of the electrolye. The ECs (models A, B, and C) of the 

CeCCs, TCP, and CrCC were the simplest and were made up of a series of Randles circuits. 

Both CeCCs had only a single Randles circuit, TCP has two Randles circuits in series, 

CrCC has two or three Randles circuits in series. A Randles circuit represents an 

electrochemical reaction, which in the case of CeCCs is between the CeCC and the 

electrolyte. In the case of CrCC, the passivation is electrochemically active, having the 

ability to release hexavalent chromium to self-heal. This activity is seen with the two or 

three Randles circuits needed to model the response of the passivation. The added Randles 

circuits model the electrochemical reactions occuring with the bulk of the passivation. 
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(A) 

 

(B) 

 

(C) 

 

(D) 

 

(E) 

 

(F) 

 

(G) 

Figure 5: Equivalent Circuits; A) model for CeCCs, B) model for TCP coatings, B and C) 
models for CrCC, D-F) models for Co-Free coating, F and G) models for Co-

Free Mod passivations. 

The other peak likely represents the releasable hexavalent chromium, which was seen at 

high frequency, around 104 Hz. The Co-Free and Co-Free Mod coatings had similar ECs 

(Models D-G). The ECs all contained a Warburg diffusion componet that was needed to 

fit the circuits to the EIS data. Warburg diffusion is usually indicated by a linear section in 

the low frequency regime of the Nyquist plot.The linear section is at a 45˚ angle in the case 

of ideal behavior, but can vary in non-ideal cases.31 Both of these passivations had these 

features on the Nyquist plot (Figure 4). All the ECs required a Warburg term in order to fit 

the experimental measurements; however, during testing the passivations had responses 

that required that different models to be used. Co-Free required three models to be used 
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and Co-Free Mod required two models. From the models, the passivations can be 

considered non-homogenous over the surface of the sample. This behavior will be 

discussed below with relation to salt spray testing. 
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After corrosion 

Figure 6 shows the passivated panels after 1000 hours of salt spray testing.  The 

TCP panel changed color, but did not show any other visible signs of corrosion. Co-Free 

Mod developed a small amount of corrosion product on the surface. CrCC and Co-Free 

passivations had moderate amounts of corrosion product form. The CeCCs had the most 

corrosion product development. The CrCC, Co-Free and Co-Free Mod had non-uniform 

development of corrosion product, with Co-Free having a large area on the panel having 

more corrosion than the other.  

 

Figure 6: Passivation coatings on -ZnNi panels after 1000 hrs. exposure to salt spray 
testing. 

 

  

  

  

CeCC-Cl 

CeCC-N 

Co-Free 

Co-Free Mod 

TCP 

CrCC 
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The CrCC and Co-Free Mod passivations developed more corrosion product in 

what looked like bands across the panel surface with some areas corroded and others not 

corroded. This is thought to occur because of the passivation having multiple EIS responses 

in different locations across the surface. The uniform corrosion development on the CeCCs 

and the TCP passivations was predicted by the EC models. The results showed a strong 

correlation between the EIS tests before corrosion occurred and the salt spray testing, 

where the panels with a uniform complex response had good performance in salt spray. 

The panels that stood out from the testing were the TCP and Co-Free Mod panels, which 

showed limited corrosion. 

After corrosion, EIS data (Figure 7) showed all of the passivations broke down to 

simple barriers after salt spray testing. This was concluded from the shape of the curves on 

the Bode plots, where all the passivations had a single time dependence, which resulted in 

a single peak for each passivation. Compared to the as-deposited panels, the impedance 

magnitude was higher for all passivations after corrosion, except for CrCC, which 

decreased from 500 Ω/cm2 to 250 Ω/cm2. The Co-Free and Co-Free Mod passivations no 

longer show a Warburg diffusion dependence. TCP and Co-Free Mod changed the least 

during exposure, both had a slight increase in their impedance values from about 75 Ω/cm2 

to about 160 Ω/cm2. This slight change is also seen visually, with the samples having no 

or slight corrosion product development on the samples (Figure 6). 

The Co-Free Mod passivation had a contact resistance of 1 m/cm2 after 1000 

hours in salt spray.  This was the only passivation that was able to maintain a contact 

resistance below the military requirement of 1.6 mΩ/cm2 after corrosion. The next lowest 
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contact resistance was demonstrated by TCP at 3 mΩ/cm2, which was just above the 

requirement.  

 

 
Figure 7: A) Bode plot for corroded passivations after 1000 hrs. of salt spray testing. B) 

Nyquist plot of passivations after 1000 hrs. of salt spray testing. 

 

A 
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The rest of the passivations had contact resistance values ranging from ~4700 mΩ/cm2 to 

108 mΩ/cm2. From the previous observations, the Co-Free Mod and TCP passivations 

showed the least amount of corrosion product on the surfaces, which was consistent with 

them having the lowest contact resistances. The increase in contact resistance on the other 

passivations was due to accumulation of electrically insulate corrosion product on the panel 

surfaces.  

Table 4: Contact Resistances After 1000 hrs. of SST 

 After SST 

mΩ/cm2 

CeCC-Cl 1 x 108 ± 5 x 107 

CeCC-N 9 x 107 ± 3 x 107 

Co-Free 3 x 104 ± 3 x 104 

Co-Free Mod 1 ± 0.6 

TCP 3 ± 1 

CrCC 5 x 103 ± 2 x 103 

Conclusions 

The corrosion behavior and contact resistances were characterized for six different 

passivations on electroplated ZnNi. These passivations were compared before and after 

SST using electrochemical analysis and electrical contact resistance measurements. The 

electrochemical analysis revealed that the more electrochemically active chromium-based 

passivations performed better in SST. Results from EIS indicated that the coatings broke 

down into simple corrosion barriers after SST. The electrical contact resistance of the 

coating systems after SST also followed the same pattern with the lowest measured 

resistances coming from the more active chromium-based passivations. Both the Co-Free 

Mod and TCP coating systems were able to inhibit corrosion and maintain low contact 

resistances through 1000 hours of SST. 
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ABSTRACT 

 

The microstructure and chemical composition of passivation coatings deposited on 

low hydrogen embrittlement electroplated γ-ZnNi were investigated. Trivalent chromium-

based passivations and cerium-based passivations were compared to hexavalent 

chromium-based passivation before and after ASTM B117 salt spray exposure. The results 

indicated that changes in appearance and performance occurred as the exposure time in salt 

spray increased and that the passivations influenced the microstructure of the corrosion 

product. Cerium-based passivations formed a rounded corrosion product structure, while 

the morphology of the corrosion product on trivalent chromium-based passivations was 

plate-like.  The chemical compositions and amounts of the corrosion product varied 

between passivations. Trivalent chromium-based passivations provided the best resistance 

to corrosion based on the lower levels of zinc hydroxycarbonate produced during salt spray 

exposure. 
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Introduction 

Coatings based on gamma phase zinc nickel (-ZnNi) are environmentally-friendly 

replacements for cadmium coatings.1-5 For example, -ZnNi coatings are replacing 

cadmium coatings on electrical connectors for U.S. Department of Defense (DoD) systems 

because of desirable properties such as corrosion resistance, hardness, wear resistance, 

electrical resistance, and coefficient of thermal expansion (CTE) compatibility that are 

similar to cadmium.6, 7 Coatings based on -ZnNi are sacrificial to steel in a corrosive 

environment and have relatively low corrosion rates.1, 3, 4 Unlike cadmium, which is toxic, 

-ZnNi is environmentally benign.8 Similar to cadmium coatings, -ZnNi coatings can also 

undergo post-deposition heat treatments to mitigate potential issues with hydrogen 

embrittlement.9 

To maintain the desired contact resistance for electrical connectors, -ZnNi 

coatings require a passivation coating to minimize the formation of electrically insulating 

corrosion products.10 Currently, chromate conversion coatings (CrCCs) are the only 

approved passivation for use with -ZnNi in DoD systems.6 No non-CrCC passivations 

have consistently demonstrated the ability to maintain contact resistance values that meet 

DoD specifications before and after salt spray exposure.6  Corrosion protection of CrCCs 

involves the release hexavalent chromium (Cr6+ or chromate ions); however, chromates are 

carcinogenic and the subject of strict workplace limitations (OSHA 1910.1026).11 Hence, 

environmentally-friendly passivation are needed for -ZnNi coatings. 

Cerium-based conversion coatings (CeCCs) are an environmentally-friendly 

alternative to CrCCs that are being studied for corrosion protection of several different 

alloys. 12-17  Due to their low solubility over a wide range of pH, CeCCs have been used 
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for corrosion protection for several different applications.18 Cerium compounds are 

environmentally benign, having only a low to moderate toxicity when tested in animals.19 

The low solubility and the environmentally friendly nature of cerium compounds makes 

them promising candidates to replace CrCCs.  

Cerium-based conversion coatings can be deposited by spontaneous or electrolytic 

means from chloride or nitrate cerium salts in either aqueous or organic solvents.12-15, 20 

Several different corrosion protection mechanisms have been proposed for CeCCs 

including acting as insoluble barrier, redox involving Ce4+ and Ce3+ complexes,12-15, 20 

inhibiting transport of O2, and inhibiting the cathodic half-reaction.21, 22 One previous study 

also noted the corrosion protection of CeCCs on δ-ZnNi was comparable to that of CrCCs 

on the same substrate.22  

Trivalent chromium-based passivations (TCPs) have also been studied as potential 

replacements for CrCCs.23-26 Although TCP coatings contain chromium, trivalent Cr3+ ions 

are considered to be much less toxic than hexavalent Cr6+ ions.27 Studies have found that 

TCP-based passivations on zinc are corrosion resistant, but due to a lack of self-healing 

ability, the corrosion performance of TCP-based coatings is inferior to CrCCs.28 The 

structure and properties of TCP coatings can be altered with different anions in the 

deposition solution.29 For example, sulfate anions produced coatings with large grains, 

whereas nitrate and chloride anions produced coatings with fine grain sizes.29 In general, 

TCP coatings are stable and have low solubility in corrosive environments, thus providing 

a barrier to corrosion.24  

The purpose of this study was to characterize environmentally friendly passivations 

that are potential replacements for CrCCs currently used on -ZnNi coatings on electrical 

connectors.  
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Procedure 

Six different passivations for -ZnNi coatings were evaluated. The -ZnNi coatings 

contained approximately 14 wt% nickel, were about 10 μm thick, and were deposited on 

steel substrates. The passivations that were compared were:  1) a commercially available 

TCP coating (IZ-264, Dipsol of America, Livonia, MI); 2) a cobalt-free TCP (Co-Free) 

that is under development by Dipsol; 3) a modified cobalt-free TCP (Co-Free Mod) also 

under development by Dipsol; 4) a commercially available CrCC coating (IZ-258, Dipsol 

of America, Livonia, MI); 5) a CeCC deposited from a chloride-based solution (CeCC-Cl); 

and 6) a CeCC deposited from a nitrate-based solution (CeCC-N).  Passivations 1-4 were 

provided already deposited on electroplated γ-ZnNi steel substrates. Additional steel 

substrates electroplated with -ZnNi were also provided by Dipsol for the deposition of 

CeCCs.  

Deposition of cerium-based passivations  

The γ-ZnNi substrates were first wiped clean with ethanol.  The substrates were 

then immersed in a 5 wt% aqueous solution of an alkaline cleaner (Turco 4215 NC-LT, 

Henkel) at 55˚C for 5 minutes to degrease the surface.  After degreasing, panels were rinsed 

with deionized (DI) water. A 0.037 mol/L HCl solution in DI water was used for surface 

activation.  Panels were immersed for 30 seconds at room temperature and then rinsed with 

DI water. Next, cerium-based passivations were deposited from either one of two 

deposition baths, one based on cerium chloride or a second based on cerium nitrate. The 

cerium chloride bath consisted of 4.2 wt% cerium chloride hexahydrate (Alfa Aesar, 

99.9%, Ward Hill, MA), 4.2 wt% (Fisher Scientific, 34-37% technical grade, Fair Lawn, 

MA) hydrogen peroxide solution and 0.3 wt% (Rousselot DSF, Dubuque, IA) gelatin in DI 
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water. The cerium nitrate bath consisted of 4.8 wt% cerium nitrate heptahydrate (Acros 

Organics, 99.5%, Geel, Belgium), 4.1 wt% (Fisher Scientific, 34-37% technical grade, Fair 

Lawn, MA) hydrogen peroxide and 0.3 wt% (Rousselot DSF, Dubuque, IA) gelatin in an 

aqueous solution. The substrates were immersed in either bath at a pH of 2 for 2 minutes 

at room temperature. Post-treatment of the cerium passivations was done in a 2.5 wt% 

sodium phosphate monobasic dihydrate (Fisher Scientific, 99.8%, Fair Lawn, NJ) solution 

at 85˚C of 5 minutes and then rinsed with DI water. The panels were allowed to air dry for 

at least 24 hours before testing. 

Characterization and corrosion testing 

Corrosion resistance was evaluated in salt spray testing (SST; Q-fog, Q-Panel Lab 

products, Westlake, OH) performed according to ASTM B117. A 5 wt% sodium chloride 

aqueous solution was used in the chamber, as specified in the standard. Testing was 

performed on each of the coatings for up to 1000 hours. Coatings were visually evaluated 

at 100-hour intervals.Scanning electron microscopy (SEM; S-4700, Hitachi, Japan) was 

performed to look at the microstructure of the passivations before and after SST. Images 

were taken using an accelerating voltage of 15 keV. Energy-dispersive X-ray spectroscopy 

(EDS) (Apollo X, EDAX, Mahwah, NJ) was performed in the SEM to analyze chemical 

composition. A dual beam system (Helios Nanolab 600, FEI, Hillsboro, OR) with SEM 

and focused ion beam (FIB) milling capabilities was used to produce and examine cross 

sections of the coatings. Images were taken using an accelerating voltage of 5KeV. A 

digital optical microscope (KH-8700, Hirox, Hackensack, NJ) was used to determine the 

surface roughness of the electroplated ZnNi using automated image analysis. Glancing 

angle X-ray diffraction (X-pert Diffactometer, Phillips, Westborough, MA) was performed 

to determine the phases and composition of the coating system before and after SST. 
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Electrochemical impedance spectroscopy (EIS) was performed to study the 

electrochemical response of the electroplated ZnNi before passivation.  A flat cell (model 

K0235, Princeton Applied Research, Oak Ridge, TN) and saturated calomel electrode were 

used. The electrolyte used was an aqueous solution containing 0.6 M ammonium sulfate 

and 0.6 M sodium chloride. Experiments were conducted using a potentiostat (EG&G 

Princeton Applied Research, Model 273A, Oak Ridge, TN) and a frequency response 

analyzer (Solartron Instruments, SI 1255, Oak Ridge, TN). The software used was for data 

collection and analysis using software packages (Zplot and Zview, Scribner Associates, 

Inc., Southern Pines, NC). Prior to analysis, the coatings were allowed to reach their open 

circuit potential over a time period of 2000 seconds before starting EIS, which was run 

over a frequency range of 10-2 to 105 Hz with AC amplitude of 10 mV.     

Results and discussion 

Starting γ-ZnNi surface  

The surface of the γ-ZnNi was not smooth as seen with the line profile in Figure 1. 

The line profile indicated that the deviation from the average height in the Z direction is 

1.4 ± 0.4 μm. The surface morphology of the as-deposited γ-ZnNi on steel is depicted in 

Figure 2. The γ-ZnNi had a hemispherical-like appearance with submicron grains making 

up the hemispheres. Figure 3 shows a focused ion beam cross section of γ-ZnNi, the image 

revealed a vertically aligned grain texture, which has been reported by other studies.30 The 

γ-ZnNi microstructure is dependent on the electrodeposition procedure used, and the 

hemispherical globular-like structure was also reported by others.31 The images also 

showed that the coatings had pits at some of the hemisphere boundaries. These pits were 

likely caused by gas evolution during the deposition process.32 Gas bubbles can adhere to 

the substrate, possibly blocking areas from contact with the deposition solution, causing 
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the γ-ZnNi to deposit around the bubble, which would produce a pit. The rough surface 

along with the pits could impact the many of the desired properties of the γ-ZnNi coatings, 

such as the electrochemical response. The γ-ZnNi coatings exhibit Warburg diffusion 

behavior in EIS as seen in Figure 4, which is consistent with the pits observed in the SEM 

images.30 Warburg diffusion is seen as a linear section at a 45˚ phase angle at low 

frequencies on the Nyquist plot. 

 

 

 

Figure 1: Surface roughness of as-deposited electroplated γ-ZnNi on steel. The 
red line represents the average height. 
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Figure 2: Surface morphology of as-deposited electroplated γ-ZnNi on steel at 
different magnifications. 
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Figure 3: High contrast ion beam cross section image of γ-ZnNi. 

This behavior correlates to the penetration of the electrolyte into the coating. The 

electrochemical species have to diffuse through the pit in order to reach equilibrium in the 

bulk electrolyte solution.33 Whereas in a uniform pristine coating the species produced at 

the surface can immediately go into the bulk solution and would eliminate the Warburg 

diffusion behavior. This interpretation of Warburg diffusion is an example of how surface 

morphology can control the electrochemical response of the coating. 

 The phase and crystal structure for the electrodeposited γ-ZnNi coating were 

confirmed with XRD, Figure 5. The pattern established that the phase was stoichiometric 

Ni2Zn11, which is consistent with the composition of -ZnNi. The pattern showed that the 

diffraction peak corresponding to the (303) plane was more intense than expected for a 

randomly oriented polycrystalline material.  The higher intensity of this peak was 

consistent with texturing of the coating along that crystallographic direction, which can be 

explained by the anisotropic grains seen in the ion beam cross section, Figure 2.34     

γ-ZnNi 

Pt 
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Figure 4: Electrochemical impedance spectroscopy Nyquist plot for as-deposited 
electroplated γ-ZnNi on steel. 

 

Figure 5: XRD pattern for electroplated γ-ZnNi coating. 
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As-deposited passivations  

All passivations uniformly covered the panels with only very slight coloring 

differences seen in Figure 6. Co-Free and Co-Free Mod passivations were grayish yellow 

while the CeCC-Cl and CrCC passivations were golden yellow with areas of varying color. 

CeCC-N and TCP had a golden color, but with areas of dark blue. The different areas of 

color could be attributed to coating thickness variance and compositional differences, 

which was discussed in detail in a previous study.35  

 

Figure 6: Optical micrographs showing the surface morphology of -ZnNi panels 
with different as-deposited passivations 
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Figure 7: SEM cross section of A) TCP coated γ-ZnNi and B) CeCC-Cl coated γ-ZnNi.  
Note that the images are different magnifications. 

Figure 7 shows cross section TCP (A) and CeCC-Cl (B) passivations on -ZnNi 

coatings. Both of the passivations had an average thickness of about 100 nm, which is 

assumed to be similar for the other passivations based on measured electrical resistances 

reported in a previous study.35 The passivations are approximately two orders of magnitude 

thinner than the γ-ZnNi coatings and form a uniform conformal layer over γ-ZnNi. Grazing 

Pt 

CeCC-Cl 

γ-ZnNi 
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incidence XRD was used in an attempt to characterize the crystalline phases in the 

passivations, but only the underlying γ-ZnNi coatings were detected due to the roughness 

of the γ-ZnNi, the nanocrystalline nature of the passivations, and thin passivation layers. 

 

Figure 8: XRD of as-Deposited passivations. 

After salt spray testing  

Images of the passivated panels after salt spray testing (SST) are shown in Figure 

9. The coatings did not corrode uniformly during SST. For example, Co-Free had areas 

significant build-up of corrosion product, whereas a large area of the panel was covered 

with only a thin whitish coating of corrosion product. The same non-uniformity was seen 

to a lesser degree on both Co-Free Mod and CrCC. Co-Free Mod has a few small areas 

with more corrosion product compared to the rest of the panel. As for CrCC, the corrosion 

developed what looked like stripes of high concentrations of corrosion product alternating 

with regions of lower amounts of corrosion product. Compared to the development of 

corrosion products on the CeCCs and TCP, these passivations had very non-uniform 
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corrosion product layers. The CeCCs developed what looks to be a thicker corrosion 

product layer that covered more of the surface of the panel compared to the other 

passivations. TCP was the only passivation that seemed to produce very little, if any, 

corrosion product, but did become noticeably lighter in color after SST.  All the coatings 

had visually macroscopic differences, when they were compared after SST, demonstrating 

that the passivations type and even processing differences in the same type of passivations 

affected the amount and appearance of the corrosion products. 

 
Figure 9: Optical micrographs showing the surface morphology of -ZnNi panels 

with different passivations after 1000 hrs. of SST. 
 



 

 

62

The difference appearances of the passivations after SST can be seen also at the 

microscopic level. Figures 10 and 11, show examples of microstructures of passivations 

after SST with corrosion products on the surfaces. The microstructures varied widely 

among the different types of passivations. The CeCCs developed a rounded structure with 

crystals of corrosion product.  In contrast, Co-Free had plate-like crystals of the corrosion 

product while Co-Free Mod developed pits and had what looked to be the start of the plate-  

 

Figure 10: Surface morphology at 500x of -ZnNi panels with different 
passivations after 1000 hrs. in SST. 
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Figure 11: Surface morphology at 2000x of -ZnNi panels with different 
passivations after 1000 hrs. in SST. 

 
like crystals. An extremely fine corrosion product was present on CrCC passivations, with 

a crystallite size of less than 500 nm. Some areas of TCP panels had corrosion product 

present, but the crystals were segregated to the grain boundaries of the -ZnNi coating. 

These crystals may grow near the grain boundaries due to higher surface energy in these 

areas, which could provide a more favorable area for growth. These results show how the 

passivation material can have a significant effect on the morphology of the corrosion 

product that forms during SST. 
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The chemical composition of corrosion products was examined by EDS, which 

revealed four major constituents, zinc, oxygen, chlorine, and nickel. Zinc and nickel were 

present in the electroplated ZnNi substrate, while chlorine was present in SST, which uses 

an aqueous NaCl solution. Oxygen must also be provided during SST, as the passivations 

could not possibly provide the levels of oxygen observed in the corrosion product. An 

apparent decrease in nickel content was observed for four of the six coating systems, with 

drops from 18 at% to 1 at% in the CeCCs, Co-Free, and CrCC coating systems. The Co-

Free Mod and TCP coating systems had 6.8 and 11.3 at% nickel observed by EDS.  The 

nickel content of the initial -ZnNi coating was around 18 at%. The apparent decrease in 

nickel content was likely due a combination of causes.  The first was the thickness of the 

Zn-rich corrosion product layer, which would prevent the probe beam from reaching the 

underlying -ZnNi coating. Hence, passivations with higher apparent nickel contents had 

thinner corrosion product layers, which allowed signal from the probe beam to be detected. 

This assertion was made because both Co-Free Mod and TCP coating systems produced 

what visually looked to be the least amount of corrosion product in Figure 11 and, as shown 

in Table 1, both of these coating systems had significantly higher apparent nickel contents.  

The other potential mechanism for increasing the apparent Ni content is the mechanism by 

which the corrosion product was formed.  During corrosion, zinc leaches out of the ZnNi 

coating and through the surface passivation, either through continuous microcracks or other 

imperfections in the passivations, or by the failure of the passivation. Once the zinc species 

are out of the coating system they can react to form zinc oxide corrosion complexes on the 

surface.  Since none of the detected Ni contents are above the initial Ni content of the -
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ZnNi coating, this latter mechanism seems unlikely to have affected the amount of Ni 

detected to a significant degree. 

 

Table 1: Compositional analysis of the surface of -ZnNi after 1000 hrs. in SST. 

(at%) CeCC-Cl CeCC-N Co-Free Co-Free Mod TCP CrCC 
Zn 59.7 43.5 38.7 22.7 62.7 52.4 
Ni 1.0 1.4 1.2 6.8 11.3 1.3 
O 33.7 52.0 45.7 65.4 22 44.0 
Fe 0.2 0.3 0.3  0.4 0.5 
Cl 5.5 2.8 6.3  1.4 0.9 
Cr    2.6 2.0 0.2 
Co     0.3  
S   7.8 2.5  0.6 
Al      0.2 

 

The corroded panels were also examined using XRD, which showed the presence 

of zinc hydroxycarbonate, which is the expected corrosion product for zinc in a humid, 

oxidizing environment such as salt spray testing. Based on the microstructural analysis 

discussed above, the passivations affected the morphology of the product that developed 

on the surface of the panels during corrosion. Also, XRD allowed for comparison of the 

relative amounts of corrosion products. Based on lack of signal for Zn-rich species, 

formation of corrosion products was minimal on Co-Free Mod and TCP.  

From another paper focusing on the electrochemical response of these coating 

systems, a relation between the microstructure and the EIS can be seen.35 The TCP and Co-

Free Mod passivations had distinctive differences compared to the other coating systems 

in their EIS responses and morphologies. Both the TCP and Co-Free Mod passivations had 

had a higher frequency response peak on the Bode phase angle plot at about 10 Hz 

compared to about 1 Hz for the rest of the passivations.35 This difference means that the  
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Figure 12: XRD of passivations on -ZnNi after 1000 hrs. in SST. 

 

Table 2: Phase analysis of various passivations on -ZnNi after 1000 hrs. of SST. 
(Amount %) 

 CeCC-Cl CeCC-N Co-Free Co-Free Mod TCP CrCC 
ZnNi 66.6 66.5 46.2 85.3 99.2 76.7 

Corrosion 
Product 

33.4 33.6 53.8 14.7 0.8 23.3 

 

surfaces of the TCP and Co-Free Mod systems are electrochemically different compared 

to the rest of the systems. This electrochemical difference could be attributed to differences 

in the morphology of the surfaces. The most prominent difference being the lack of 

corrosion product seen on the surfaces of TCP and Co-Free Mod, seen in Figure 11. The 

corrosion product and passivations would have different electrochemical responses in EIS 

due to different chemical compositions. Also, noted from the other study is the electrical 

contact resistances observed.35 Both TCP and Co-Free Mod coating systems had the lowest 

resistance values, which could also be attributed to the lack of corrosion product on the 
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surfaces of the passivations.35 Due to the lack of corrosion product detected by materials 

characterization techniques XRD and SEM, and the electrochemical and electrical contact 

resistance results seen from another study using the same coating systems, the TCP and 

Co-Free Mod passivations, provided the best overall corrosion protection. 

Conclusions 

The composition and morphology were characterized for six different passivations 

on electroplated γ-ZnNi. The passivations had a significant impact on not only the amount 

of corrosion product that formed, but also the morphology of the corrosion products that 

developed during salt spray testing. The corrosion product was identified as zinc 

hydroxycarbonate by XRD. The Co-Free Mod and TCP passivations provided the most 

significant corrosion protection because these passivations were able to prevent the 

significant development of corrosion product, even when compared to the current industry 

standard of CrCC passivation on γ-ZnNi.  
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SECTION 

3.  CONCLUSIONS 

Six different passivations, two CeCC based, three TCP based, and a CrCC, were 

deposited on electroplated, low hydrogen embrittlement γ-phase zinc nickel alloy on steel. 

The CrCC coating was used a reference to compare the CeCC-Cl, CeCC-N, Co-Free, Co-

Free Mod, and TCP coating systems. Analysis of the data generated leads to the following 

conclusions:  

 All coating systems can produce an as-deposited electrical contact value 

below the required value of 0.8 mΩ/cm2. 

 The electrochemically active coatings with more negative open circuit 

potential, being the chromium-based passivations, provided the best 

corrosion response in SST. 

 Coatings with a higher frequency peak value after SST on the Bode phase 

angle plot had better corrosion resistance. 

 The chemical composition of the corrosion product on all coating systems 

was found to best match zinc hydroxycarbonate crystal structures. 

 The morphology of the corrosion product was dependent on the 

passivation layer.  

 After 1000 hrs. of SST, both TCP and Co-Free Mod had an electrical 

contact resistance able to achieve the 1.6 mΩ/cm2 specification value for 

DoD connectors.  
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 This research found that the TCP based coating systems had better 

corrosion performance on γ-ZnNi than the CeCC based coating systems 

investigated.  
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4. FUTURE WORK 

Future plans should include further testing of TCP and Co-Free Mod coating 

systems as well as reproducing the results seen in the SST experiment. Transmission 

Electron Microscopy (TEM) analysis or profilometry experiments should be considered to 

get more accurate thicknesses of the passivations as well as examining the changes in 

passivations during SST. The experiments could be reproduced on varying surface finishes 

this would help determine proper deposition conditions and to develop a more accurate 

electrical resistance measurement. Cerium-based passivations could also be deposited by 

electrodeposition or spray deposition to see if that has an effect on the end results. 

Evaluation of electrical connectors is needed, with the passivation systems and following 

the rigorous testing outlined in MIL-DTL-38999, to determine if the passivation is 

acceptable for commercial use in this application. Other environmentally friendly 

passivation alternatives should be explored. The development of a better electrical contact 

resistance test method could improve the accuracy and reproducibility of the 

measurements.  
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