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Abstract

Introduction and Objectives: Corrosion protection of metallic components using hexavalent
chromium coatings has been widely used for military and commercial application for decades.
Hexavalent chromium is a known carcinogen and alternative corrosion inhibitors that do not have
negative environmental and health impacts are needed. This project focused on development and
evaluation of environmentally friendly trivalent chromium passivation on electroplated zinc nickel
to replace hexavalent chromium passivation for electrical connectors.

Technical Approach: Development of deposition processes was done to control the chemistry
and morphology of trivalent chromium passivation to optimize corrosion protection of
electroplated zinc nickel coatings on steel and aluminum substrates. Data from neutral salt spray
exposure, electrical contact measurements, electrochemical testing, and materials characterization
analysis of samples was used to adjust deposition conditions for optimal corrosion performance.
This data was also used to better understand fundamental corrosion mechanisms and propose a
protection scheme for how trivalent chromium passivation mitigates corrosion on electroplated
zinc nickel coatings. Once the optimized processing conditions were identified, fully functional
electrical connectors were coated, passivated, and tested per electronic industry association
specifications and standards.

Results: Novel trivalent chromium passivated zinc nickel coatings on steel and aluminum metallic
substrates exposed to hundreds of hours of neutral salt spray exposure had minimal corrosion
product and low electrical contact resistance values comparable to hexavalent chromium
passivation reference samples. The passivated layers were measured to be less than 100
nanometers in thickness but able to provide active corrosion protection. Chemical composition
analysis of the trivalent chromium passivation was found to dependent on the deposition conditions
and post-deposition processing. In particular, trace amounts of hexavalent chromium in the
passivation could be correlated to the acid level in the deposition bath and heat treatment time and
temperature after deposition. The appearance and uniformity, adhesion, torque lubricity, neutral
salt spray performance, and shell conductivity of electrical connectors with trivalent chromium
passivation on electroplated zinc nickel where comparable in value to hexavalent chromium
passivation on zinc nickel and hexavalent chromium passivation on electroplated cadmium
connector assemblies. A corrosion protection mechanism based on the oxidation-reduction
reaction between trivalent chromium and hexavalent chromium and transport of species to active
corrosion sites was proposed.

Benefits: The technology developed during this project demonstrated for the first time that
trivalent chromium passivation on electroplated zinc nickel coatings was capable of
simultaneously providing corrosion protection and low electrical contact resistance on aluminum
electrical connector assemblies. With further investigation and optimization, it is possible to
replace the existing connection coating systems that utilize electroplated cadmium and hexavalent
chromium passivation with a more environmentally friendly electroplated zinc nickel coating and
trivalent chromium passivation.



Executive Summary

Introduction

Electroplated cadmium has been widely used in aerospace applications including electrical
connectors due to desirable properties such as galvanic compatibility with commonly used
materials, a non-reflective appearance, excellent corrosion protection, and low electrical
resistance. Unfortunately, cadmium and cadmium plating operations have many undesirable
attributes, especially those related to effluents, toxicity, and carcinogenic nature of the materials
that lead to stringent restrictions and regulations. Replacement of cadmium plated coatings with
electroplated low hydrogen embrittlement zinc-nickel coatings has been shown to be effective
when the zinc-nickel layer is passivated with a conversion coating. Chromate conversion coatings
applied to electroplated zinc-nickel improve corrosion resistance. However, chromate conversion
coatings also result in the use of, and exposure to, toxic and carcinogenic hexavalent chromium
compounds. A variety of corrosion inhibitors have been developed as environmentally friendly
alternatives to chromates for a range of applications. Environmentally friendly coatings have the
potential to enhance military readiness and reduce costs by providing the necessary corrosion
protection and electrical performance without the environmental and health risks associated with
chromates.

To address this problem, Missouri University of Science and Technology (Missouri S&T)
collaborated with Dipsol of America (Dipsol) and Boeing Research & Technology (BR&T) in St.
Louis to develop and evaluate low contact resistance, corrosion resistant passivation layers for
Department of Defense (DoD) electrical system components. The team investigated a trivalent
chromium passivation (TCP) and a modified cobalt free (Co-Free) version of TCP developed by
Dipsal to provide corrosion protection of electroplated low hydrogen embrittlement (LHE) ZnNi.
Electrical, electrochemical, corrosion, and materials performance of the passivation layers on test
substrates were used to characterize and develop the best performing coatings. BR&T evaluated
TCP, Co-Free TCP, and hexavalent chromium passivation on fully assembled, military grade
electrical connectors per MIL-DTL-38999 and compared test results to cadmium plated,
hexavalent chromium coated connectors.

Objectives

The main objective of the project was to develop trivalent chromium passivation coatings
deposited on electroplated ZnNi with comparable corrosion and electrical performance to
hexavalent chromium passivation on electroplated cadmium military grade connectors.
Understanding and controlling the TCP deposition parameters to optimize performance was done
throughout the project. Characterization and analysis of samples to understand how the TCP
provides corrosion protection was done to propose a corrosion protection mechanism.
Investigations into alternative methods to MIL-DTL-81706B for measuring contact resistance
were done.



Technical Approach

Dipsol’s 1Z-C17+ LHE ZnNi plating process, which has been approved by the U.S. Air Force and
Boeing for aerospace and military applications, was used as the LHE ZnNi coating. Missouri S&T
and Dipsol worked together to evaluate and optimize the TCP and Co-free TCP passivations on
LHE ZnNi test substrates that were previously developed during WP SEED-2527. Initially low
carbon steel substrates were used to quickly prepare low-cost samples, and then flat sheet
aluminum 6061-T6 with an electroless nickel layer between the aluminum and ZnNi were used to
better represent the materials used in electrical connectors. Electrical contact resistance
measurements were made per MIL-DTL-81706B using a testing apparatus built specifically for
the project. Electrochemical testing including open circuit potential and potentiodynamic
polarization to evaluate the response of coatings in a controlled experimental configuration.
Neutral salt spray exposure per ASTM B-117 was used as a test of corrosion performance using
visual observation and quantitative measurement of the amount of white corrosion product on the
surface of samples as a function of exposure time. Scanning electron microscopy, transmission
electron microscopy, and x-ray photoelectron spectroscopy analysis were used to gain insight into
the appearance, chemical composition, and thickness of the films and coatings. Missouri S&T and
Dipsol worked with external vendors to coat and assemble DoD approved connectors that were
tested and evaluated by Boeing per military MIL-DTL-38999 specifications which includes
appearance and uniformity inspection, environmental exposure, lubricity and adhesion testing, and
electrical shell to shell conductivity.

Results and Discussion

Throughout the project ASTM B-117 neutral salt spray testing was used to compare the response
of the coating systems to a corrosive environment out to 1000 hours of exposure time. Shown in
Figure 1 are optical images of coated substrates after one week (168 hours), two weeks (336 hours),
500 hours, and 1000 hours of ASTM B-117 testing. Bare ZnNi without any passivation had
excessive white corrosion product across the surface of samples after one week and did not change
through 1000 hours. The ZnNi samples with TCP and hexavalent chromium (HexCr) passivations
had little to no visible corrosion after all exposure times. The hexavalent chromium was used as a
reference or control specimen throughout the project. Samples that used a cobalt free (Co-Free)
TCP passivation had a thin, discontinuous layer of corrosion after one week that increased with
time and was very noticeable after 500 hours of exposure.
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Figure 1 Progression of corrosion with increasing salt spray exposure time for all passivation
conditions.

Characterization of samples using transmission electron microscopy (TEM) was done to determine
the thickness, morphology, and chemical composition. As depicted in Figure 2 for TCP and Co-
Free TCP specimens before (0 hours) and after (1000 hours) of salt spray exposure (SSE) the as-
deposited passivations were less than 100 nm thick. It was determined that the light or bright areas
within the TCP and Co-Free TCP passivations were pores in the films that formed during the
deposition process. After SSE the TCP panels that had no measurable corrosion product and fewer
visible pores while the Co-Free TCP had over 5 microns (5000 nm) of corrosion product, consistent
with the optical images in Figure 1.
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Figure 2 TEM images from TCP and Co-Free TCP lift outs showing the nature of the passivation
layers before and after SSE as well as the measured thicknesses at each condition.

Measurement of contact resistance as a function of salt spray exposure time was done using MIL-
DTL-81706B methodology. Ten measurements were taken from each sample, corresponding to
the ten dark boxes shown on the 168 hour images in the optical images above. Shown in the data
plot in Figure 3 are results from contact resistance measurements for bare ZnNi, Co-Free TCP,
TCP, and hexavalent chromium samples out to 500 hours of SSE. Included Figure 3 are horizontal
red lines that represent the maximum acceptable contact resistance value for as-deposited samples
(0 hours SSE) which is 5 mQ and after 168 hours of SSE, which is 10 mQ per MIL-DTL-81706B.
The results demonstrate that the bare ZnNi had a very high contact resistance after 168 hours of
SSE while the Co-Free TCP, TCP, and hexavalent chromium values were below the threshold
values. Beyond 336 hours of SSE the Co-Free TCP contact resistance values increased
significantly but the HexCr and TCP were well below the maximum permissible value out to 500
hours of ASTM B-117 exposure.
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Contact Resistance Variability by Passivation and Exposure Time
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Figure 3 Electrical contact resistance of samples before and after SSE with total measured range
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The work done to optimize the corrosion resistance and minimize the contract resistance values
after ASTM B-117 neutral spray exposure of ZnNi with TCP and Co-Free TCP samples
demonstrated that the coatings were capable of passing laboratory test methods on flat panel
substrates. Based on those promising results, bare commercial connector and receptacle assemblies
were purchased and coated with ZnNi and TCP or Co-Free TCP and subjected to MIL-DTL-38999
test conditions. Connectors and receptacles that had ZnNi with HexCr passivation and MIL-DTL-
5015 cadmium and HexCr coatings were also subjected to MIL-DTL-38999 testing as control
groups. Shown in Figure 4 are images of the connector assemblies after 452 hours of salt spray
exposure. The assemblies with electroplated ZnNi and TCP, Co-Free TCP, or HexCr passivation
had a similar matte appearance with uniform discoloration on all surfaces but minimal corrosion
product and no visible breakdown of the passivation in specific locations. The MIL-DTL-5015
assemblies did not have any visible corrosion and maintained a shiny surface appearance
throughout salt spray exposure. Wired and mated connectors were tested for shell conductivity per
EIA 364-83 standard. A total of six assemblies of each coating type were evaluated as three
separate groups. As presented in the table on the next page, the ZnNi with TCP and Co-Free TCP
had lower millivoltage (lower contact resistance) readings than the ZnNi with HexCr assembly,
with the MIL-DTL-5015 samples having the lowest recorded values
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Figure 4 Connector assemblies after 452 hrs of Salt Spray Exposure.

i
ZnNi with TCP at 452 hrs

=1

ZnNi with Co-Free TCP at 452 hrs

Test Sequence #7 Shell Conductivity

ZnNi with TCP Measurement #1 (mV) Measurement #2 (mV) Measurement #3 (mV)

1 6.99 6.97 6.94 Group 1
2 34.25 34.31 34.39
3 10.15 10.13 10.11 Group 2
4 59.36 58.99 59.11
5 70.28 70.20 70.32 Group 3
6 22.17 22.14 22.18

ZnNi with Co-Free | Measurement #1 (mV) Measurement #2 (mV) Measurement #3 (mV)

TCP

1 7.01 7.00 7.02 Group 1
2 6.19 6.18 6.18
3 6.95 6.94 6.96 Group?
4 6.42 6.41 6.45
5 93.71 93.76 93.74 Group 3
6 36.28 36.30 36.33

ZnNi with HexCr Measurement #1 (mV) Measurement #2 (mV) Measurement #3 (mV)
1 36.42 36.41 36.44 Group 1
2 20.74 20.71 20.73
3 78.11 78.07 78.21 Group2
4 25.89 25.81 25.86
5 36.42 36.50 36.46 Group 3
6 57.40 57.36 57.48

MIL-DTL-5015 Measurement #1 (mV) Measurement #2 (mV) Measurement #3 (mV)

Electroless Nickel
1 2.12 2.13 2.13 Group 1
2 2.77 2.77 2.77
3 2.12 2.12 2.12 Group?
4 3.71 3.71 3.71
5 4.96 4.96 4.96 Group 3
6 5.21 5.22 2.21
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Throughout the project, test and evaluation of the TCP and Co-Free TCP coatings indicated that
corrosion and electrical performance were dependent on the coating deposition conditions and post
deposition processing. One of the main differences in coating performance was found to be
correlated to whether a post deposition heat treatment was done on samples. In some instances, a
post deposition heat treatment at 80°C or 191°C was found to improvement corrosion resistance
while in other cases it degraded corrosion performance. Chemical characterization of samples
using a 1,5 diphenylcarbazide (DPC) method determined that trace amounts of hexavalent
chromium, Cr(V1), were present in TCP and Co-Free TCP samples. As shown in Figure 5, the
amount of Cr(VI) in TCP samples was higher than in Co-Free TCP samples before salt spray
exposure but the amount of Cr(V1) decreased in TCP specimens with heat treatment. The amount
of Cr(VI) decreased with SSE time for both TCP and Co-Free TCP samples. The results indicate
that a very low level (micrograms per milliliter) of Cr(VI) was present in the samples, the
concentration was dependent on heat treatment, and that the concentration decreased with salt
spray exposure time. These results are consistent with the results above as samples with higher
concentrations of Cr(V1) had less corrosion, and better electrical performance, than specimens with
lower concentrations of Cr(VI).

040 3 TCP No Heat

—&- TCP 80C Heat Treatment

: =@ TCP 191C Heat Treatment
0.30 1 -e—Co-Free No Heat

] —e-Co-Free 80C Heat Treatment
--@- Co-Free 191C Heat Treatment

035

0.25 1

0.20 ]

Cr(V1) [pg/mL]

0.15 ]
0.10

0.05

0.00

0 100 200 300 400 500 600 700
Salt Spray Exposure Time [Hrs]

Figure 5 Cr(VI) concentrations after DPC boil test for specimens with and without heat
treatment.

Analysis of the data and results of the project was used to propose a corrosion protection
mechanism for TCP coatings on electroplated ZnNi exposed to salt spray environments. Depicted
in Figure 6 is a schematic representation of the mechanism. When a crack in the TCP coating,
containing Cré* and Cr3*, exposes the underlying substrate (1) and is exposed to a salt spray the
Cr®* solubilizes and precipitates as Cr* corrosion product (2). As corrosion product builds up (3)
the availability of Cr®* in the localized area is reduced and a mixture of Cr®* and Cr®* oxides and
hydroxides are formed. Once the exposed surface is covered (4), the TCP has a lower amount of
Cr®" with residual amounts on the surface related to the precipitated corrosion product.
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Figure 6 Proposed model of corrosion protection mechanisms.

Implications for Future Research and Benefits

The project demonstrated that trivalent chromium passivation and cobalt free trivalent chromium
passivation of electroplated ZnNi were capable of providing corrosion protection and low contact
resistance of electrical connector assemblies. During the course of the study, it was determined
that trace amounts of hexavalent chromium were present in the trivalent chromium passivation.
The amount of the hexavalent chromium present was found to be dependent on the deposition
conditions and post deposition heat treatment, both of which can be used to control the amount of
hexavalent chromium in the passivation. In addition, standard TCP that contained divalent cobalt
performed better that Co-Free TCP for the majority of experimental conditions investigated. Future
research to better understand the thermodynamic and kinetic relationship between Cr(VI) and
Cr(111) and the presence or absence of Co as a function of processing parameters would provide
the basis for controlling and optimizing TCP performance for specific applications. Being able to
control the performance of passivation performance using processing conditions would provide
the opportunity to customize a TCP coating to a particular end use.
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Final Report

Objective

Missouri University of Science and Technology (Missouri S&T) collaborated with Dipsol of
America (Dipsol) and Boeing Research & Technology (BR&T) to develop and evaluate low
contact resistance passivation layers for Department of Defense (DoD) electrical system
components. The team investigated the two most promising non-chromate passivation layers,
trivalent chromium passivation (TCP) and a modified cobalt free (Co-Free) version of TCP,
developed by Dipsol as part of WP SEED-2527. Electrical, electrochemical, corrosion, and
materials performance of the passivation layers on test substrates and fully functional electrical
connectors were studied to identify conversion coatings that meet military specifications for
electrical resistance. The major outcomes of this project were the identification of environmentally
benign passivation layer(s) that can be used on LHE ZnNi plated electrical connectors for military
electrical system components along with knowledge of the mechanisms of corrosion protection,
degradation and failure.

Background
Substrates and Anti-Corrosion Plating

SAE 1008 Steel.

Steel is produced in different alloyed forms to maximize or minimize a variety of material
properties. Historically, the American Iron and Steel Institute (AISI) and Society of Automotive
Engineers (now SAE International) developed standards for differentiating between different steel
alloys. In 1995, AISI allowed SAE to take over future maintenance of the standards used to
produce different steel grades leading to the specifications used today that classify different alloys
using a designation of SAE XXXX where the X’s are numbers that give information about the
alloy [1]. The first number is the primary alloying element, the second denotes a sub-classification
of the first number, and the last two represent carbon content in hundredths of a percent [2].

SAE 1008 steel is a low-carbon steel alloy commonly used in extruded, cold upset, and cold
pressed parts. It has a chemical composition given in Table 1 Alloy chemical composition to meet
standards for SAE 1008 and AIl6061that only restricts the amount of carbon, manganese,
phosphorus, and sulfur in the steel.

Table 1 Alloy chemical composition to meet standards for SAE 1008 and Al6061

Composition wt%
Alloy C Mn P S Fe Si Cu Mg Cr Zn  Other
SAE1008 0.1 0.3-05 0.04 0.05 rem

Al6061 - 0.15 - - 0.7 0.4-08 0.15-04 08-1.2 0.04-035 0.25 <0.15
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This alloy has seen widespread use in the automotive industry to produce structural components
for decades. Automotive applications expose metals to natural corrosive environments and so
SAE 1008 steel is commonly galvanized with sacrificial zinc or zinc-alloy plating to protect
against corrosion.

Aluminum 6061-T6.

Aluminum alloys are classified according to a system set up by the H35 committee of the American
National Standards Institute (ANSI) and follows a 4 or 5-digit classification similar to the SAE
steel grading system in the case of wrought alloys. For wrought aluminum, the first digit represents
the major alloying elements, the second represents variation on a particular alloy, and the last two
digits identify the alloy within the series [3]. The alloy designations are typically followed with a
temper designation that takes the form of a hyphen followed by a letter indicating the type of
tempering, followed by numbers classifying processing within that temper category. The alloys
are also limited to have no more elements than 15 wt% with the rest of the weight being aluminum.

6061 is one of the most common of magnesium and silicon alloys of aluminum that serves a
general purpose role and has a chemical composition shown in Table 1 Alloy chemical
composition to meet standards for SAE 1008 and AI6061. The alloy is easily machined, welded,
and precipitation hardened which contributes to its widespread use. The degree of precipitation
hardening is affected by the temper and the designation of -T6 represents a piece that was solution
heat treated and artificially aged in order to achieve the greatest precipitation hardening. The alloy
can have metal coatings applied to protect it from corrosion with several different types available
such as cadmium, nickel, and zinc.

Electroless Nickel Plating.

First invented in 1946 by Brenner and Riddell, electroless plating allows deposition of many metals
such as Ni, Co, Pd, Au, or Ag without an external electrical source [4]. The deposition is an
autocatalytic process wherein a substrate is dipped in a chemical bath with salts of the metal to be
plated and a reductant that results in nucleation and growth of the plating on the substrate. This
growth is then continued as the deposited metal catalyzes further deposition of the metal which
results in a linear growth rate with time after a continuous film has covered the entire surface. This
allows for precise control of the film thickness [5].

Nickel was the metal that led to the discovery and invention of electroless plating and was first
plated as a Ni-P alloy on steel in a bath that contained hypophosphites. Since that time, many
advancements have been made and now electroless deposition of nickel can occur on a variety of
substrates including insulators, polymers, and metals with excellent control of a variety of
properties such as hardness, density, conductivity, or corrosion resistance [6]. While many
applications utilize control of the plating hardness or wear resistance, it can be used on aluminum
6061-T6 alloy to provide a strongly adhered surface that allows for electro-depositing of ZnNi
coatings.

Cadmium and y-ZnNi Coatings.

Electroplated cadmium has many properties that lead to its widespread historical use such as its
corrosion resistance (1000 hours until rust in ASTM B117), high electrical conductivity (1.46 x
107 S/m), lubricity (~0.5), hardness (~240, Knoop), and ability to be applied as a thin (< 25 pm)
layer [7] [8] [9] [10]. In the United States, cadmium was considered an anticipated human
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carcinogen since the 1980s and in 2000 the National Institutes of Health (NIH) declared cadmium
a known human carcinogen while some studies associate cadmium with kidney damage and
diabetes [11] [12] [13] [14]. The toxic and carcinogenic nature of cadmium and its cyanide
containing plating process has lead the United States and the European Union to pass regulations
limiting the exposure of workers and wildlife to cadmium with a call for alternatives [15] [16]
[17].

Several commercially available alternatives to cadmium exist and include gold, tin, ZnCo, ZnFe,
Snzn, and ZnNi. Gold plating has excellent corrosion resistance and conductivity, but suffers
from a brittle phase that forms when plated on aluminum, high cost, and it is typically deposited
with a cyanide containing electroplating bath [18]. Tin plating offers some corrosion resistance
(24 hours to rust in 5% salt spray), excellent solderability, and is very cost-effective; however,
issues have arisen with tin “whiskers” and the corrosion resistance is not as high as the zinc alloys
[19] [20] [21]. ZnCo and ZnFe alloys with 10-20 wt% Co or ~0.75wt% Fe show good corrosion
performance, lubricity, and low cost, but inconsistent corrosion performance at temperatures above
250 °F remains an issue [22] [23] [24] [25] [26] [27]. SnZn coatings with 20-30 wt% Zn have
shown comparable corrosion resistance (400 hours to red rust in salt spray) and lubricity to
cadmium coatings but have difficulty controlling Zn in plating baths to ensure consistent anti-
corrosion performance [28] [29] [30].

Electroplated ZnNi coatings have similar anti-corrosion and tribological properties to cadmium,
exceeding cadmium performance in some cases [30]. The primary phase of interest is y-ZnNi
which lies between 14 and 23 wt% Ni on the binary phase diagram shown in Figure 7 [31]. In
electrodeposited ZnNi the phases follow a non-equilibrium progression where the y-phase starts
to form at Ni contents as low as 13 wt% and the &-phase is never observed [32]. Many ZnNi
coatings studied were in the range of 5-15 wt% Ni, which explains some variability in corrosion
performance including 4 and 96 hours to 6 and 640 hours for white and red rust, respectively [30]
[33] [34] [35] [36]. The corrosion resistance maximum at around 13-15 wt% nickel was correlated
with cracks in the ZnNi coating with coatings exhibiting small closely spaced cracks offering
greater corrosion resistance than wider cracks [37]. ZnNi coatings are typically passivated with a
conversion coating after electroplating. The most commonly used passivation is a hexavalent
chromium (chromate) layer that significantly improves corrosion protection [38] [39] [40].
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Figure 7 Binary phase diagram of the Nickel-Zinc system from H. Okamoto.31 Red patterned
area represents typical commercial ZnNi coating composition (12-20%wt Ni).

Hexavalent Chromate Passivations

Chromate conversion coatings (CCC) have been long used to passivate anti-corrosion coatings of
many metallic materials, including cadmium and ZnNi [7] [8] [40] [41] [42]. Formation of a CCC
on a given metallic (M) substrate is governed by five chemical reactions shown in equations 1 to
5:

M — M?* 4+ 2e” (1)

2H" +2¢e~ - H, (2)

Cré*t +3e~ - Cr3t (3)

M?* + 20H~ - M(0H), (4)

2Cr(0H)s + Cr0,%~ + 2H* > Cr(0H)5- CrOH - Cr0, + 2H,0 (5)

Equations 1 and 2 happen simultaneously with a local increase in pH leading to reduction of Cr(VI)
and precipitation of metal hydroxides as shown in equations 3 and 4. Lastly, the Cr(l11) and Cr(V1)
species precipitate out into a chromate film that consolidates with remaining metal oxide and
precipitated metal hydroxide on the substrate surface [42].

20



CCCs have shown superior corrosion performance on several different substrates and actively
protect against damage as from a scratch or scribe [43] [44] [45] [46]. The active protection of
non-passivated surfaces is related to reduction of Cr(VI1) to Cr(l1l) at the exposed surfaces [47].
Unfortunately, CCCs are associated with negative health consequences and are being phased out
by legal regulations in Europe and the United States [17] [48] [49].

Many non-toxic alternatives to CCCs have been identified including molybdate, zirconium-based,
and trivalent chromium compounds although all systems fail to match the anti-corrosion properties
of CCCs [42]. Molybdate and zirconium conversion coatings can provide corrosion protection in
place of CCCs but are found to be inferior [50] [51] [52] [53]. Trivalent chromium passivation
(TCP) systems offer the most promise as a viable alternative as their corrosion performance can
match or exceed CCCs on undamaged samples with some degree of active protection [54].

Trivalent Chromate Passivations

Trivalent chromium passivations date back to the 1950s but were not widely adopted until more
recent restrictions on CCCs were passed [17] [55]. Deposition of TCP is achieved by skipping
reduction of Cr®* to deposit a Cr(OH)s layer and instead deposit the layer directly [56] [57] [58]
[59] [60]. TCPs show some evidence of self-healing capability, but only slightly which is a
disadvantage of TCPs compared with CCCs. TCPs do have the advantage that they can retain
corrosion protective properties after heating whereas CCCs can lose up to 90% of their corrosion
protection after exposure to temperatures >100°C [58].

The variability of TCP coatings can be explained by differences related to bath chemistry,
substrate, and bath parameters. For bath chemistry, TCPs are deposited in an acidic solution with
a pH < 5 with a precursor Cr®" salt, an oxidizer, and usually a transition metal ion such as Co, Ni,
or Fe, although these may be a post-treatment [61] [62] [63] [64]. Bath chemistries can also vary
with the choice of chromate precursor and acid, or with complexing agents that are sometimes
used such as oxalic acid or ammonium bifluoride [60] [65]. These changes result in differences in
corrosion performance through changes in the microstructure of the TCP layer, likely via altered
bath kinetics [60] [66].

The substrate and bath parameters also affect corrosion resistance by altering the deposition
process through oxidation of the metal substrate, evolution of hydrogen at the substrate surface,
and co-deposition of Cr/metal oxides and hydroxides [62] [66] [67] [68]. Key bath parameters to
control this process include bath pH, temperature, sample immersion time, concentration of Cr3*
precursor, concentration of substrate metal ions already present, and presence of a complexing
agent [67] [68] [69] [70] [71] [72] [73] [74] [75]. Despite the literature variabilities, some general
trends that are observed place TCPs into two general categories: first generation and second
generation [59].

First generation passivations are defined by their thickness which is typically <100 nm and tend
to have a dense single-layered structure that may or may not be porous [76]. Second generation
passivations tend to be in the range of 300-500 nm, potentially up to 1000 nm, and almost always
contain a two or three layered structure with a dense uniform surface layer 20-50 nm thick, a bulk
porous layer, and an optional dense layer near the substrate interface [59] [66] [77]. These
passivations also tend to have better corrosion performance, attributed to the increased thickness.
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Heat Treatments.

A few studies have investigated trivalent chromium passivations that have undergone heat
treatment post-deposition, and even fewer that have investigated the effects of heat treatments on
the passivations themselves. The treatment temperatures tend to range from 90-150°C with times
ranging from 30 minutes to several hours but do not significantly degrade the corrosion resistance
they provide in contrast to the effect of heat treatment on CCCs [56] [58] [75] [78]. A study by Li
and Swain found that aging and heating TCPs provides chemical and physical changes of
dehydration and increased hydrophobicity that can benefit corrosion performance to a point, after
which further aging and heating is detrimental [78]. A different investigation tied visual changes
caused by heat treatments to water filled porosity and dissolved oxygen as performing the heat
treatment in a nitrogen atmosphere does not produce the same changes [79]. The ability for TCPs
to retain most of their anti-corrosion properties after exposure to elevated temperatures is one
advantage TCPs hold over CCCs.

Mechanisms of Corrosion

Corrosion is an electrochemical process wherein a metal substrate will undergo rusting or
degradation due to the oxidation or reduction of chemical species at active sites on the surface.
Four processes are necessary for corrosion to occur:

1. An anodic reaction (usually oxidation of the metal surface)

2. A cathodic reaction (reduction of dissolved ions)

3. A metallic pathway connecting anodic and cathodic surface sites (for electron conduction
from anodic to cathodic sites)

4. An electrolyte (to provide and collect dissolved ions)

Inhibition of corrosion can be achieved by inhibiting any one of these processes. A passivation
layer such as TCP works by attempting to inhibit the fourth process by acting as a direct physical
barrier between the electrolyte and the surface of the alloy [80].

Corrosion can be uniform or localized wherein the localized corrosion can be one of three
categories: pitting, crevice, or stress corrosion cracking. Uniform corrosion represents distributed
loss of material from anodic and cathodic sites spontaneously moving across the surface. Pitting
and crevice corrosion results from the active sites becoming localized on the surface and focusing
material loss only to a fixed area. Stress corrosion cracking is a result of an applied stress speeding
up a corrosive reaction. Uniform corrosion is preferred to localized as it is more readily controlled
and occurs at a predictable rate [81].

Another type of corrosion related to this project is galvanic corrosion. Galvanic corrosion takes
place spontaneously when two different metals with different electromotive potentials are placed
into contact in an electrolyte where one metal acts as an anode and the other a cathode. The metal
with the more negative potential on the emf series acts as the anode and has a driving force for
corrosion measured via Equations 6 and 7.

o o

E cell ™ E cathode — E anode (6)

AGocell - _nFEocell (7)
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The emf series is defined with a metal in an aqueous environment containing its own dissolved
ions at unit activity. Hence, the emf series cannot be used to predict the anode or cathode in non-
aqueous environments or in aqueous solutions with different dissolved ions. The galvanic series
was empirically determined to overcome this limitation. Figure 8 shows the galvanic series as

determined for a seawater environment [82].
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Figure 8 The galvanic series in seawater from LaQue [83]

Galvanic corrosion does allow for cathodic and anodic protection to be used beneficially. Cathodic
protection happens by placing a metal into contact with a more anodic metal so that the anodic
metal sacrificially corrodes and protects the more cathodic metal [82]. Anodic protection occurs
when the metal to be protected acts as the anode in a galvanic couple due to an external power
supply that controls the cell potential and keeps the metal in a passive thermodynamic region [84].

Typically, y-ZnNi coatings contain many crevices that penetrate through the coating to the
underlying substrate. These coatings protect the underlying metal by cathodic protection. The
CCCs and TCPs passivate a y-ZnNi coating by preventing electrolyte contact with the surface and
underlying substrate. The self-healing mechanisms of CCCs and TCPs protect the underlying
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substrate by precipitating Cr®* species onto the cathodic sites where pH is locally lower, slowing
the cathodic reaction.

Characterization of Passive Films

Physical Characterization.

Electron microscopy is one of the most prevalent techniques used to physically characterize TCPs.
In the case of thick coatings, scanning electron microscopy (SEM) is used to measure the thickness
and examine morphology within the layer. For thin coatings, SEM is often used to look for the
presence of cracks or pores on the surface as well as to visually compare the roughness of the
surface pre- and post-deposition. When paired with energy dispersion spectroscopy (EDS), it has
been used to simultaneously examine chemical composition of the passive layer but only on thick
coatings [44] [71] [77] [85] [86]. Transmission electron microscopy (TEM) is used more rarely
but allows for accurate measurement of thin TCP thickness and verification of the amorphous or
crystalline nature of the deposited layer [54] [87] [88] [89]. Even more rarely, atomic force
microscopy (AFM) is used to investigate surface roughness and ellipsometry is used to determine
layer thickness [90] [91].

Chemical Characterization

Due to the thin nature of the TCP layers, most chemical characterization relies on X-ray
photoelectron spectroscopy (XPS) to determine layer composition. Other techniques used include
glow discharge optical emission spectroscopy, auger electron spectroscopy, Raman spectroscopy,
and inductively coupled plasma optical emission spectroscopy [61] Due to the nature of multiplet
splitting in Cr XPS spectra and the fact that TCPs are made up of mixtures of Cr oxides, hydroxides
and Zn, multiple chemical characterization methods need to be used to accurately describe the
valence state of the Cr present. Unfortunately, only a few studies have confirmed their XPS
findings with multiple analytical methods [54] [88] [92]. When investigating specifically the
content of Cr(V1), another analytical method based upon 1,5 diphenylcarbazide (DPC) can be used.

Using UV/Vis spectrophotometry a reaction between DPC and Cr(VI) in solution can be
quantitatively determined. DPC is oxidized by Cr(V1) to form 1,5 diphenylcarbazone and Cr(ll)
which then forms a complex with Cr(l11) to create a pink color in acidic solutions. This pink color
has a peak absorbance at ~540 nm that can be quantitatively measured given a set of known
standards has also been measured. The method does suffer from interferences with Fe, Mo, and
V, but the absorbance directly from these species is orders of magnitude less sensitive than Cr and
thus amounts in the 10-100 pg/mL region can be tolerated without concern. Fe(ll) ions create a
bigger problem as they can reduce the Cr(VI) thus generating a false negative requiring the use of
a buffer such as NaF to ensure accurate measurement [93] [94].

Electrochemical Characterization

Several electrochemical techniques can be used to characterize coated specimens and their
corrosion resistance including open circuit potential (OCP), cyclic potentiodynamic polarization
(CPDP), and electrochemical impedance spectroscopy (EIS). OCPs are determined by placing the
specimen as the anode in a three electrode setup and measuring the potential while waiting for the
specimen to equilibrate with an example give in Figure 9. The measured potential represents the
point at which no current is flowing in the sample and is the maximum potential difference the cell
would see without an applied voltage or current [95]. Comparisons between OCPs in the same
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electrolyte allows for determination of which specimens would function as the anode in a galvanic
couple or which specimen has a greater driving force for corrosion. In the case of coatings and
passivations, it can indicate a reduction in driving force for corrosion or confirm that a coating is/is
not acting sacrificially.
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Figure 9 Open circuit potentials of steel samples in 0.6 M NaCl + 0.6 M NH4(504)2

CPDRP is done after measuring OCP and begins at a voltage below the OCP. A potential is applied
to the cell and sweeps at a slow rate, usually around 0.1667 mV/s, and continues above the OCP
to a point where the scan is then repeated in reverse [96]. This serves as a technique to get
information from both an anodic and cathodic polarization simultaneously with the understanding
that cathodic reactions can affect the subsequent anodic polarization. The CPDP can also show if
a region of passivity exists above the OCP and can identify the presence of pitting corrosion.

Figure 10 shows a theoretical curve for a sample demonstrating many possible features visible
from a CPDP. A Tafel approximation can be performed at the corrosion potential to estimate the
corrosion current, icorr, and the polarization resistance, Rp, which can be compared between
specimens to determine if a coating or passivating treatment is reducing the rate of corrosion.
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Figure 10 Theoretical CPDP curve showing notable features related to pitting, passivation, and
surface breakdown. Image from Ezmailzadeh et al. [97]

Electrochemical impedance spectroscopy is a technique often used in corrosion studies because of
the amount of information that can be indirectly obtained. Information can be gathered by visual
inspection of changes in the Nyquist and Bode plots to get semi-quantitative comparisons between
different specimens. Quantitative information can be obtained through equivalent circuit modeling
of the active mechanisms present and then attributed to physical processes via experimentation.
Using this quantitative and semi-quantitative data, aspects of the corrosion process and coating
morphology can be inferred. EIS data can also detect changes in the surface such as growth of
new phases and can be used to compare susceptibility to corrosion of different treatments.

For equivalent circuit modeling to be valid the data must satisfy the Kramers-Kronig relationships
for complex quantities which allow real data to be constructed from imaginary data and vice versa.
The requirements placed on data are linearity, causality, and stability. Stability is ensured when
the perturbation or amplitude of the applied signal does not change as the experiment is run.
Linearity is satisfied if the data have a linear response to the applied perturbations. Lastly,
causality is satisfied if a response to the perturbation does not occur prior to the perturbation [98].

An equivalent circuit model will always satisfy the Kramers-Kronig relationships as the circuits
are mathematical models that are always linear, stable, and causal. For real data, stability and
causality can be considered satisfied and it is the requirement of linearity that fails due to non-
stationary effects. Non-stationarity is the result of gas evolution, a chemical reaction, or
instrumental artifacts that cause time-dependent noise greatest in the low frequency region where
sampling times are long. Satisfaction of the Kramers-Kronig relationships is usually verified
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analytically by separating impedance data into real and imaginary parts, transforming them, and
then recombining to see if the original data is recreated [98]. For corrosion studies, if the original
data cannot be recreated, then the data is not valid and either the experiment must be redesigned
to slow down corrosion of the studied material, or the lower frequencies studied during EIS must
be dropped until stationarity is ensured in the remaining data.

The last consideration when using equivalent circuit modeling of EIS data to investigate a surface
is the model fit itself. There are an infinite number of electrical circuits that will provide a valid
fit to experimentally gathered EIS data which necessitates knowledge of the 