
Electrochemical Technologies for Replacement
of Hexavalent Chromium and Cadmium

NEED: Develop an environmentally benign coating for functional military and
commercial applications with > or equivalent properties
THREE APPROACHES:
• Change the process (plating) to eliminate hexavalent (Cr+6)

– Such as Ni or Co plating
• Change the plated coating to eliminate hexavalent (Cr+6)

– Such as HVOF WC-Co-Cr or DLC
• Change the plating bath from hexavalent (Cr+6) to trivalent (Cr+3 )

– Cr+3 used for decorative chrome coatings/not restricted
– Maintain same chrome documentation

“Conventional Wisdom”: Thick functional chromium coatings cannot be plated from
Cr+3 due to hydroxide formation at the cathode (alkaline interface)

Functional Cr Plating from a Trivalent Chemistry

Optimization Testing
• Thickness (AMS 2460, 3.4.1)
• Hardness (AMS 2460, 3.4.3)

– Microhardness via cross-section
• As-plated and post 375°F (190°C)

bake for 24 hr
• Corrosion Resistance (ASTM B117)
• Microstructure
• Porosity (AMS 2460, 3.4.4)
• Bend to Break (AMS 2460, 3.4.2)
• Roughness
• Plating Performance:

– Current Density, Current Efficiency,
Plating Rate

Hex/Tri Comparison: Porosity / Hardness /
Microstructure/ Salt Spray / Adhesion

6 hr; Post Embrittlement Bake

B

ASTM
B117

Passed 96 hr Regardless of Post Treat

B

Hexavalent Chrome Baseline Trivalent Chrome Coating

(140 µm)
982 HV

(183 µm)
907 HV

(140 µm)
982 HV

(183 µm)
907 HV

All Samples Have a Ni Sulfamate Underlayer
B indicates that the sample underwent a a Hydrogen Embrittlement Bake at 375°F (190°C) for 24 ± 4 hr

Hex/Tri Comparison: Tabor Abrasion (ASTM-D-4060)
Hexavalent Chrome Baseline Trivalent Chrome Coating

ASTM D 4060 with a 1,000-gram load, with the following exception: the CS-17 wheels were resurfaced
every 1,000 cycles whereas ASTM D 4060 requires wheel resurfacing every 500 cycles.

Hex/Tri Comparison: Fatigue Test (ISO 1143:2010)

15 CDV 6 (Moore type) Samples

Frequency : 50 Hz

Stress vs. Number of cycles until 1E+07
cycles without complete failure

Hexavalent Cr Trivalent Cr
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LOOPING: Too Thin Layers

LOOPING: Sufficiently Thick Layers

Leisner, P. and Belov, I., Trans of Inst. of Metal Finishing, 87, 90 (2009)
Dennis, J.K., Trans. Inst. Metal Finishing, 43, 84 (1965)
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Stress on DC Hex Chrome Coating
Last Plated Layer on stress
Total Intrinsic Stress

Application to Tri-Chrome Cracking
• Apply 1st plating condition to generate sufficient tensile stress to exceed yield stress in situ

during plating
– Cause crack formation in first layer
• Apply 2nd plating condition to cover cracks in first layer and generate sufficient tensile stress

to exceed yield stress in situ during plating
– Cause crack formation in second layer
• Loop or sequence between 1st and 2nd plating conditions
– Generate coating with discontinuous micro-cracks

Boric-Acid Free Looping Study [As Plated]

WF1: 95 mins, 22 µm; WF2: 13 mins, 4.5 µm; Loop 3 times

Thickness: 1.7 mil (42 µm)
Rate: 0.7 mil/hr [17 µm/hr]
Current Efficiency: 8%
Coefficient of Variance: 13%

WF1: 24 mins, 5.5 µm; WF2: 13 mins, 4.5 µm; Loop 5 times

WF1: 48 mins, 11 µm; WF2: 13 mins, 4.5 µm; Loop 3 times
Thickness: 1.6 mil (40 µm)
Rate: 0.6 mil/hr [16 µm/hr]
Current Efficiency: 7%
Coefficient of Variance: 12%

Thickness: 3.2 mil (82 µm)
Rate: 0.6 mil/hr [16 µm/hr]
Current Efficiency: 8%
Coefficient of Variance: 14%

Evidence of Discontinuous Cracking [As Plated]
in Boric-Acid Free Chemistry

Looping studies showing some
discontinuous microcracks, in
addition to through cracks

More discontinuous cracking obtained using
looping with Faraday’s Boric Acid based Chemistry

# Through-cracks
Baseline w/o looping 280
With looping 50

Through cracks not minimized with thicker layers using initial protocols

REACH Compliant Chemistry Preliminary
Coatings Overview Property Comparison
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Chrome
Plate

Apply FARADAIC® Stripping
Waveform to remove chrome

FARADAIC® Electrowinning
Process / Cell

Is [Cr+6]
< OSHA PEL?

Adjust FARADAIC® Stripping
parameters to favor Cr+3

Continue FARADAIC® Stripping

CHROME
RECOVERY / RECYCLE

NO

YES

NO

YES
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Electrochemical Machining, Polishing,
Stripping, Through-Mask Etching Electrodeposition/Plating

Application of Pulse/Pulse Reverse Electrochemistry
to Stripping and Coating Processes

• 2008 Blum Award for Pulse Reverse Finishing
• 2016 R&D 100 Finalist for Nb Electropolishing

• 2011 R&D 100 for Co-Mn Alloy Plating
• 2013 Presidential Green Chemistry Challenge

award for Cr+3 Plating

Provides fundamental guidance NOT predictive theoretical model

Environmentally Friendly Chrome Stripping Process
• DC stripping (MIL-STD-871) of Cr plate:
– NaOH (68-82 g/L) or NaOH (45-60 g/L) + Na2CO3 (60-75 g/L)
– Requires conversion of Cr6+ to Cr3+

– Insoluble Cr oxide/hydroxide requires disposal
• Objective is to develop a chrome stripping method that
– Minimizes or eliminates the formation of hexavalent chromium (Cr+6) to levels below OSHA PELs,
– Maintains or improves functional material properties

• Low Hydrogen Embrittlement
• Fatigue resistance

– Economically viable compared to the conventional process
– Enables immobilization or recovery/recycle of the chrome

FARADAYIC® Stripping

FARADAYIC® Stripping of Cr Coated Panels

• Flat cell for initial testing
of Cr stripping in small
electrolyte volumes

• Larger cell for testing of masked panels
with Cr and bare steel exposed

Stripping in Mil-Spec Solution – DC vs. PC/PRC
DC Stripping PC / PRC Stripping

Run time = 180 minutes
Hatch test kit: 2600 ppm Cr+6

Run time = 840 minutes
Stripping rate slow, 0.2 mil hr-1
Hatch test kit: 100 ppm Cr+6

95% less Cr+6 compared with DC

Electrolyte Screening Summary
Solution pH Electric Field Conditions Cr+6 Formation Cr+3 Formation

DC YES NO
PRC YES YES
DC YES N/A

PRC YES N/A
DC YES N/A

PRC YES YES
DC YES NO

PRC NO YES
1-2.5 DC/PC/PRC NO YES
4-6.6 PRC YES YES NO NO* YES
13.7 DC YES NO

DC YES NO
PRC YES YES YES NO

Organic Acids

Organic salt solutions 7, 8, 13 YES

Mil-spec solutions alkaline

FARDAYIC Cr+3

plating solution
2.9

1-6Mineral salt solutions

Mineral acids
acidic YES

YES
YES
YES
NO*

YES

Steel Damage
NO
NO
YES
YES

* No steel damage was qualified per (MIL)-STD-871 as a surface that was “smooth and free from pits,
nodules and other indications of harmful defects”

PRC waveform more likely to give higher concentrations of Cr3+ and lower concentrations of Cr6+ compared to DC

Cr Stripping in Oxalic Acid

• FARADAYIC® PRC WaveformSteel
• Cr-coated and bare steel exposed at beginning of test
• Spectrophotometry indicated absence of Cr+6 in solution
• Steel finish appeared “smooth and free from pits, nodules

and other indications of harmful defects”
• Stripping rate = 0.8 mil hr-1

Steel area exposed before and during Stripping

Region where Chrome
was stripped from steel

Unstripped Chrome

Sodium
Hydroxide Oxalic Acid

Cost Element DC DC PC PRC

Chemical ($)
1400 gal $874 $2,454

3500 gal $2,186 $6,134
Power ($/mil) 0.0004 0.00004 0.00005 0.0001
Strip Rate (mil/hr) 1.0 1.4 0.90 0.56
Annual Energy Cost ($/yr) 127.55 15.18 18.97 36.14

Economic Impact

Plating of Zn-Ni on Aluminum and Steel
• Many DoD systems require Cadmium (Cd) plating for:
– Corrosion Resistance, conductivity, EMI Shielding/electrical bonding (2.5 mΩ), Thermal,

mechanical, or electrical shock resistance, etc.
• However, Cd plating processes are known carcinogen for plating personnel and are

highly regulated
• Alkaline Zn-Ni plating is an environmental benign process for Cd replacement
– Low Hydrogen Embrittlement
– Excellent throwing power and adhesion
– Economically preferred considering the less cost for the waste treatment and worker safety
– Zinc-Nickel connector finish is electrically conductive

Objective
• Develop a LHE alkaline zinc nickel plating line for steel and aluminum electrical

connectors, back-shells, and components on aircraft/ propeller systems
• Determine whether pulse/pulse reverse plating improves coating properties such as:
– Reduced effects of Hydrogen
– Composition (Graded)

• Hardness, Corrosion Resistance, Conductivity
– Deposit stress

• Better adhesion
– Microstructure (Graded)

• Finer crystallinity, Lubricity, Ductility
– Better Uniformity
• Comply with EO13423, reducing total lifecycle costs

Experimental Setup
55 Gallon Tank1a.1

ASTM F519 Holder
3:1"x4"

Coupon Holder• Aluminum and steel samples:
– 1” x 4” Flats
– 1a1 or 2a1 Hydrogen Embrittlement Bars
• Retrofitted plating line for Dipsol

1Z-C17+ Alkaline ZnNi

Next Steps
• Characterization Tests:
– Composition and thickness with XRF (ASTM B568/ AMS 2460)
– Adhesion by Bend to Break (ASTM B571)
– Visual examination (AMS 2460)
– Hydrogen Embrittlement (ASTM F519)
– Corrosion resistance (ASTM B117)
• Transition Planning:
– Economic analysis that compares FARADAYIC® Electrodeposition

with conventional plating
– Preliminary transition plan to outline implementation of this

process at ALCs, depots, and partners.
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Anodic Pulse “Tuned” to:
• Control current distribution
• Enhance mass transfer
• Strip coatings
• Control speciation
• Eliminate need for viscous,

low water electrolytes

Cathodic Pulse “Tuned” to:
• Reduce oxide/depassivate

surface
– Eliminate need for HF

• Control speciation

Off-Time “Tuned” to:
• Heat dissipation
• Replenish reacting species
• Remove reaction products

toff

Anodic Pulse “Tuned” to:
• Remove H2 effects
• Acidify interface
• Remove dog-boning

Cathodic Pulse “Tuned” to:
• Control current distribution
• Enhance mass transfer
• Simplify chemistry
• Control grain size, internal

stress and deposit
composition

Off-Time “Tuned” to:
• Heat dissipation
• Replenish reacting species
• Remove reaction products
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