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Abstract 

The Army uses cadmium over a broad range of applications, including the production, 
maintenance, and repair of weapons systems and related components. The useful properties of 
this element have made it the number one choice for fasteners and similar components where 
corrosion resistance and lubricity are a concern. However, cadmium is a known carcinogen and 
poses health risks to those coming in contact with it. Executive Order 12856, “Federal 
Compliance With Right-to-Know Laws and Pollution Prevention Requirements,” was enacted 
in 1993 with the intent of reducing the total release of toxic chemicals into the environment by 
50% by 1999. As such, intense research efforts have been underway to develop a coating or 
coating system that provides similar, if not better, properties than cadmium. ARL examined 
three alternatives to cadmium for corrosion protection in AH-64 fastener applications, including 
ion-vapor-deposited (IVD) aluminum, aMlL-T-83483 antiseize compound, and aMLC-16173 
corrosion preventative compound. It was concluded that the antiseize compound and the 
corrosion preventative compound were not adequate replacements for cadmium based upon 
unacceptable fastener and aluminum block corrosion. IVD was deemed comparable to cadmium 
based upon the torque values, fastener corrosion, and block corrosion results. 
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1. Introduction 

Cadmium is widely used by the Army in multitudes of applications because of its many useful 

characteristics. Cadmium provides [ 11: 

(1) Effective marine and industrial atmosphere corrosion control performance when applied 

over low alloy steels. 

(2) Effective natural atmosphere corrosion control performance on complex parts. 

(3) Effective corrosion control performance when applied in a thin layer (i.e., thicknesses 

between 0.2 and 1 .O rnil). 

(4) A sacrificial coating that will minimize hydrogen embrittlement in high-strength steels. 

(5) Galvanic compatibility between aluminum and low-alloy steel components. 

(6) A consistently lubricious surface that does not gall or bind under load. 

(7) A surface film. that can be painted. 

(8) An aesthetically appealing, corrosion-free surface on parts that will be stored for an 

extended period. 

(9) Effective corrosion control performance without the evolution of volurninous corrosion 

products. 

Although the combination of these properties makes it diffkult to choose a candidate 

replacement for cadmium, many coatings have promise. The thrust to find alternatives to cadmium 
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has uncovered many potential candidates. The U.S. Army Aviation and Troop Command 

(ATCOM) requested that the U.S. Army Research Laboratory-Materials Directorate (ARLMD) 

compare the corrosion protection provided by three environmentally compliant coatings as an 

alternative to cadmium for use on Jnconel718 and Hll fasteners. The difference in coating 

lubricity and how this affected the stress of the fasteners was beyond the scope of this program. 

Cadmium plating has been incorporated on 220-ksi fasteners in AH-64 Apache helicopter joints for 

lubricity and corrosion protection. Current fastener drawings for 220-ksi Inconel718 bolts and nuts 

specify cadmium plating per QQ-P-416, Type II, Class 2 for bolts [2], and vacuum cadmium per 

M&C-8837, Type II, Class 3 for barrel nuts [3]. For 220-ksi Hl 1 (alloy steel) fasteners, cadmium 

fluoborate plating per NAS 672 for bolts [4] and cadmium electroplating per QQ-P-416, Type II, 

Class 2 for barrel nuts [5] are specified. The alternative coatings tested in this study at the request 

of ATCOM were (1) ion-vapor-deposited (IVD) aluminum, (2) a corrosion preventative compound, 

and (3) a molydisulfide antiseize thread compound. Stress corrosion cracking test conditions were 

created by torquing the coated fasteners through aluminum blocks and placing the fastened 

assemblies in a salt fog chamber. The fastener/block samples (representative of fastener 

applications in an Apache helicopter) were checked regularly for torque loss to determine if and 

when fracture occurred. The fasteners were also photographed periodically to document the extent 

of corrosion At the conclusion of the salt fog testing, the fasteners as well as the aluminum test 

blocks were examined for corrosion damage. 

2. Base Material and Coating Description 

Inconel718 is a nickel-base superalloy utilized for its high-strength capabilities and resistance 

to corrosion. The corrosion protection provided to the Inconel718 is due to the relative nobility of 

nickel. Nickel alloys are protected from corrosion by a protective, passive, oxide film [6]. 

However, under the “right” conditions, Inconel alloys are susceptible to pitting and crevice 

corrosion. Pitting corrosion may occur in areas of microinhomogeneities in surface chemical 

composition. 

. 

2 



E 

I . 

Hll is a chromium hot work tool steel used for highly stressed structural parts, especially in 

aerospace applications. The material offers moderate toughness and ductility at room temperature 

but is best known for keeping its hardness at elevated temperatures. Hll steel is susceptible to 

hydrogen embrittlement and must be protected with a corrosion-resistant coating even in mild 

atmospheric environments. Similarly, Hl 1 must be protected against oxidation if exposed to air for 

prolonged times at temperatures above 400’ C [7]. 

Electrodeposited cadmium is a soft-white metal with the unique engineering properties 

previously mentioned. Chromating after plating provides additional corrosion resistance. 

However, as mentioned previously, cadmium is toxic and costly and is being replaced wherever 

possible. Alkaline cyanide or noncyanide acid baths are used for the electroplating process. While 

cyanide baths have a greater throwing power and are widely used by industry, the risk of hydrogen 

embrittlement is higher than with acid baths. No matter which bath is used, high-strength 

components (35 HRC or above) are required to be baked within 4 hr of plating at 375” F + 25” F for 

at least 23 hr, to mitigate the risk of hydrogen embrittlement. 

IVD aluminum was originally developed as a corrosion protection coating to replace cadmium. 

IVD aluminum is soft, dense, ductile, uniform, and adherent with properties virtually identical to 

those of pure aluminum [8]. The IVD process is nontoxic and nonpolluting and does not introduce 

hydrogen into the coated part. However, IVD aluminum (as well as the antiseize and corrosion 

preventative compounds) has a different lubricity than cadmium, which must be addressed for 

fastener applications where a certain torque level is required. 

Molybdenum disulfide-petrolatum per MLT-83483 is an antiseize, thread compound, solid 

film lubricant. Molybdenum disulfide is one of the most commonly used lubricating pigments in 

solid film lubricants. It offers a low coefficient of friction, high load carrying capability, and high 

resistance to corrosion. 
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The coating per M&C-16173, Grade 4, is a solvent-dispersed, corrosion preventative 

compound that deposits thin and is easily removed after solvent evaporation. Grade 4 is transparent 

and nontacky and is primarily used for general-purpose indoor and limited outdoor preservation of 

corrodible metals. It is also used to protect components where salt fog contamination is likely to 

occur. 

3. 

3.1 

. 

Materials Preparation 
. 

Fasteners Utilized. Table 1 shows the sample number, fastener coating, and fastener 

material for each of the 32 fasteners used in this study. 

3.1.1 InconeZ718 Fasteners. Eleven new Inconel718 bolts were received from SPS 

Technologies and shipped to Aniston Army Depot for cadmium plating and supplementary 

chromate treatment. Five bolts, which had been removed from an Apache Helicopter, were 

received from ATCOM. The cadmium coating on these five bolts appeared worn. Bolt dimensions 

are listed in Table 2. All sixteen Inconel nuts used in this experiment were received new from SPS 

Technologies and had been coated with a dry film lubricant. The inner diameters of these nuts were 

l/2 in. 

3.1.2 HI1 Fasteners. All sixteen Hll bolts and nuts received from ATCOM had been 

removed from Apache helicopters. These fasteners had been covered with a zinc-chromate coating. 

Dimensions of the bolts are listed in Table 2. Eight of the nuts had an inner diameter of l/2 in, 

while the other eight had an inner diameter of 906 in. 
. 

3.2 Fastener Coatings. 

3.2.1 ZKD Aluminum Coating. Bolts and nuts that were to have an IVD aluminum coating 

were sent to Aniston Army Depot to be stripped of their original coatings. Two of the new 
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Table 1. Sample Number, Fastener Coating, and Fastener Material 

Sample Number Fastener Coating Fastener Material 

1 IW Aluminum (MILC-83488) hone1718 

2 IYD Aluminum (MILX-83488) hone1 718 

3 IVD Aluminum &ULC-83488) hconel718 

II 4 1 IVD Aluminum (M&C-83488) 1 hone1 718 

5 Cadmium (QQ-P-416) Inconel718 

6 Cadmium (QQ-P-416) Jnconel718 

7 Cadmium (QQ-P-416) hone1 718 

8 Cadmium (QQ-P-416) bone1 718 

9 MO& (MILT-83483) Inconel718 

10 MO& (MILT-83483) Inconel718 

11 MO& (MILT-83483) Inconel718 

It 12 MoS; &~-~-83483’, Inconel718 

13 MLC-16173 hone1 718 

14 MUX-16173 bone1 718 

15 MEA-16173 Inconel718 

16 MLC-16173 Jnconel718 

17 lVD Aluminum (MILC-83488) Hll 

18 IVD Aluminum (MLC-83488) Hll 

II 19 1 IVD Aluminum WlLC-834881 I Hll 

II 20 I MI Aluminum (M&C-83488) I Hll 

21 Cadmium (QQ-P-416) ’ Hll 

22 Cadmium (00-P-41 61 Hll 

23 Cadmium (QQ-P-416) Hll 

24 Cadmium (QQ-P-416) Hll 

25 MO& (MILT-83483) Hll 

26 MO& (MILT-83483) Hll 

27 MoS2 (MILT-83483) Hll 

28 MoSz (ML-T-83483) Hll 

II 29 I ME-C-16173 I Hll 

30 M&C-l6173 Hll 

31 ML-C-16173 Hll 

32 MILL-16173 Hll 

I 33 MLP-23377 Test Block 
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Table 2. Bolt Dimensions 

Material Quantity 

Inconel718 11 
Inconel718 5 

Hll 8 
Hll 8 

Diameter 
(in) 

l/2 
l/2 
l/2 

9/16 

Total Length Shank Length Thread Length 

(in) (in) (in) 

2-l/2 1 718 

2-314 l-1/4 718 

3 l-5/8 718 

2-l/2 718 1 

Inconel7 18 bolts were stripped of the cadmium coating along with the two used Inconel7 18 bolts 

and four Hl 1 bolts. The four Inconel718 nuts were stripped of their dry film lubricant coating, 

whereas the Hll nuts were stripped of their coating typically used in service. All of the nuts and 

bolts were coated with aluminum and chromated per M&C-83488, Type II, Class 2. All of the 

nuts were later subjected to a dry film lubricant coating per MILL-46010, Type I. A description of 

the IVD aluminum processing sequence is listed in Table 3. 

Table 3. Processing History of IVD-Coated Fasteners 

Step Process 

1 Degrease - trichloroethylene 
2 Aluminum oxide blast; acid spot test indicated cadmium was still present - discontinued 

after two bolts were processed 
3 Alkaline clean - alkaline corrosion-removing compound 
4 Hot-water rinse 
5 HCl - hydrochloric acid 
6 Rinse 
7 Neutralize acid - alkaline corrosion-removing compound 
8 Hot-water rinse 
9 Hydrogen embrittlement relief 
10 Aluminum oxide blast 
11 Coat - Aluminum 
12 Glass bead peen - 40 psi, maximum 
13 Chromate dip 
14 Rinse 

15 Coat - dry film lubricant (nuts only) 

. 

. 
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M&C-83488, Type II, Class 2 specifies that the aluminum coatings have a minimum thickness 

of 0.0005 in (0.013 mm) and have a supplementary chromate treatment in accordance with 

MlIX-5541, Class 1A. The coating thickness of the bolts was measured by Aniston Army Depot. 

The minimum coating thickness was 0.00053 in, with the maximum measurement being 

0.00127 in. The average coating thickness was 0.00084 in. 

Prior to insertion into the test block, each aluminum-coated block was given an additional 

coating of a MIL-T-83483 antiseize threading compound, which was applied to the threads, shaft, 

and under the bolt head. 

3.2.2 Cadmium Coaling. The four cadmium-coated Inconel718 bolts tested were new. They 

had been plated with cadmium and chromated per QQ-P-416, Type II, Class 2 by SPS 

Technologies. In addition, four Inconel718 nuts, four Hl 1 bolts and four Hl 1 nuts were sent to 

Aniston Army Depot and stripped of their original coatings and recoated with cadmium and 

chromated per QQ-P-416, Type II, Class 2. The Inconel7 18 and Hl 1 nuts were subsequently dry 

film lubricated per MIL&46010, Type I. A complete processing history of the cadmium-plated 

Inconel718 nuts, Hl 1 bolts, and Hl 1 nuts is listed in Table 4. 

Specification QQ-P-416 specifies that the Type II, Class 2 condition should have a minimum 

cadmium coating thickness of 0.0003 in. According to measurements performed at An&ton Army 

Depot, the average coating thickness on each of the parts was 0.00035 in. 

Prior to insertion into the test blocks, all cadmium-coated bolts were given a coating of 

M&T-83483 antiseize threading compound, which was applied to the threads, shaft, and under the 

bolt head. 

l 

3.2.3 ML-T-83483 Antiseize Thread Compound Coating. Another group of four Inconel 

(two new and two used) and four Hll fasteners was sent to Aniston Army Depot to be stripped of 

their respective coatings. The fasteners were then sent back to ARL for testing. The fasteners were 

cleaned with acetone and dried. Prior to insertion into the test blocks, the bolts were coated with an 
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Table 4. Processing History of Cadmium-Plated Fasteners 

Step 

1 
2 
3 
4 

5 
6 

7 

8 

9 

10 

11 

12 
13 
14 
15 
16 
17 
18 

Process 

Degrease - trichloroethylene 
Alkaline clean - alkaline corrosion-removing compound 
Hot-water rinse 
HCl - hydrochloric acid 

Rinse 
Neutralize acid - alkaline corrosion-removing compound 
Hot-water rinse 

Hydrogen embrittlement relief 

Aluminum oxide blast , 

Plate - cadmium 

Rinse, stagnate 

Rinse 
Hot rinse 
Chromate dip 
Rinse 
Hot rinse 
Hydrogen embrittlement relief 
Coat - dry film lubricant (nuts only) 

antiseize molybdenum disulfide thread compound conforming to MIL-T-83483. The coating was 

applied to the bolt head, threads, and shaft of each bolt. Processing steps describing the application 

on the MoS2 coating are given in Table 5. 

3.2.4 MILK-161 73 Corrosion Preventative Compound. Four new Inconel718 nuts, two new 

and two used Inconel718 bolts, along with four used Hl 1 nuts and bolts were sent to Aniston 

Army Depot and stripped of their original coatings. After their coatings were stripped, the nuts and 

bolts were sent back to APL. The fasteners were subsequently cleaned with acetone and coated 

with the MILC- 16173, Grade 4 corrosion preventative compound. The corrosion preventative 

compound was applied by suspending the bolts on a string and dipping them into the compound. 

The bolts were subsequently slowly pulled out of the liquid. The coating was approximately 

0.002 in thick. The complete processing steps are listed in Table 6. 

. 
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Table 5. Processing History of MoS&oated Fasteners 

Step process 

1 Degrease - trichloroethylene 
2 Aluminum oxide blast; acid spot test indicated cadmium was still present - discontinued 

after two bolts were processed 
3 Alkaline clean - alkaline corrosion-removing compound 

4 Hot-water rinse 

5 HCl - hydrochloric acid 
6 Rinse 

7 Neutralize acid - alkaline corrosion-removing compound 
8 Hot-water rinse 
9 Hydrogen embrittlement relief 

10 Aluminum oxide blast 
11 Application of MOST coating 

Table 6. Processing History of the MIL-C-16173~Coated Fasteners 

SteD I Process 

1 Degrease - trichloroethylene 
2 Aluminum oxide blast; acid spot test indicated cadmium was still present - discontinued 

after two bolts were processed 
3 Alkaline clean - alkaline corrosion-removing compound 
4 Hot-water rinse 
5 HCl - hydrochloric acid 
6 Rinse 
7 Neutralize acid - alkaline corrosion-removing compound 
8 Hot-water rinse 
9 Hydrogen embrittlement relief 
10 Aluminum oxide blast 
11 Oil dip - MILC-16173, Grade 3 
12 Cleaned 
13 Dried 
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3.3 Test Block Preparation. A large slab of 7075-T6 aluminum was machined into 33 blocks 

for fastener testing. Each block measured 1.75 in x 1.75 in, with the final dimension (height) 

varying with the length of the bolt inserted into the block. Two holes of l/8 in diameter were 

drilled near the edge on one side of each block to enable consistent orientation of the blocks. After 

the blocks were machined, they were sent to Aniston Army Depot to be treated with a chemical 

conversion coating per MILK-5541, Class 1A. Clearance holes of either l/2 in or 9/16 in diameter 

were subsequently drilled in order to accommodate the Hll bolts. The holes were reamed out to 

allow the bottom of the bolt head to sit flat on the test block. The bolt holes were touched up with a 

ML-P-23377, Class 1, Type II primer. See Table 7 for block dimensions, Table 8 for a complete 

list of processing steps, and Figure 1 for a schematic of a representative test block. 

Table 7. Aluminum Block Dimensions 

Quantity 

8 
11 
6 

7 

Block Height Bolt Hole Diameter 

(in) (in) 

1 l/4 9/16 
1 l/4 l/2 
1 112 l/2 

1 314 l/2 

Table 8. Processing History of the Aluminum Blocks 

Step Process 

1 7075-T6 aluminum slab sectioned into 33 test blocks 
2 Chemical film applied per MILC-5541, Class 1A 

I 3 1 Holes drilled 
4 Holes reamed out 
5 Blocks cleaned with acetone 

6 h4lL-P-23377, Class 1, Type II applied 

10 
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3.4 Salt Fog Testing. Prior to initial placement into the salt fog chamber, the fasteners were 

placed into the test blocks and incrementally torqued to a value that depended on the diameter of 

the bolts. The nuts on the l/Zin-diameter bolts were initially torqued to 975 + 25 in-lb, and then to 

1225 * 25 in-lb. The nuts on the 9/16-in-diameter bolts were initially torqued to 1250 * 25 in-lb, 

and then to 1560 + 25 in-lb. Torque values were recorded for each fastener using a digital 

Snap-On torque wrench at the initial, bolt rotation initiation, and final torques. 

The fastener/test block assemblies were placed in the salt fog chamber as shown in Table 9 and 

subjected to an atmosphere of 95’F and 100% relative humidity. The salt fog chamber utilized a 

5 weight-percent saline solution per ASTM B117. After 10 days in the salt fog chamber, the 

fasteners were inspected every 48 to 72 hr for cracks in the nut. After 15 days in the chamber, the 

fasteners were removed and photographed. 

After 30 days in the salt fog chamber, the fasteners were removed, inspected for cracking, and 

photographed. The nuts on the l/2&-diameter bolts were subsequently torqued up to 

1550 * 25 in-lb. The nuts on the 9/16-in-m bolts were torqued up to 1950 * 25 in-lb. The bolt 

rotation initiation torque and the final torques were recorded, and the fasteners were returned to the 

salt fog chamber. 

Every 7 days, the fasteners were inspected for cracks. After 14 additional days (44 days total), 

the fasteners were taken out of the chamber, photographed, and returned. 

After 62 days total, the fasteners were taken out of the salt fog chamber. The bolts and nuts 

were subsequently photographed and inspected for cracks. Each fastener was subjected to an 

increase in torque, and the torque where bolt rotation initiated was recorded. Each fastener was 

then untorqued, and the breakaway torque was recorded. Each nut and bolt, as well as the test 

block, was visually inspected to determine the extent of corrosion. No fasteners had cracked as a 

result of this testing. 
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Table 9. Layout of Fasteners/Blocks Within the Salt Spray Chamber 
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Note: Each small square represents an ahuninum block. For each block, the sample number and a code for identifying the coating used are given. MO: 
MILT-83483 molybdenum disulfide antiseize threading compound. Al: IVD alumimun. Cd: Cadmium plating. Cp: MIL-C-16173, Grade 4, 
corrosion preventative compound. Pr: MLP-23377, Type II, Class 1, epoxy primer. For testing, the nut of each fastener was oriented to the 
nearest salt fog tower. Block 33 does not have a fastener in it. 
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4. Test Results 

4.1 Torque Values. Table 10 lists the nominal values of torque used during each phase of 

testing. Table 11 lists the recorded torque values at different intervals of testing. The preload and 

final torque values were determined using Table 1 of ATCOM Memorandum 334-87-Methods 

Sum-03, dated 12 June 1987, entitled, “Summary of the Standardized Method for Fastener 

Torque-Up Analysis” [9]. The preload value was determined from the 90-ksi Nominal Axial 

Stress, Tension Nuts, Torque - Lubricated column, for the l/2- and 9/16-in fasteners. For the l/2-in 

fasteners, a preload value of 975 in-lb was used, while a value of 1250 in-lb was used for the 

9/16-in fasteners. These values were multiplied by 1.25 (scatter factor) to obtain the final torque 

before insertion into the salt fog chamber (1220 in-lb for the l/2&, and 1560 in-lb for the 9/l 6% 

fasteners). These values were subsequently multiplied by 1.25 to obtain the final torque values 

(1525 in-lb and 1950 in-lb, respectively) before insertion into the chamber for the final 30 days 

(60 days total). 

Table 10. Nominal Torque Values Used for Testing 

Nominal Preload 
(in-lb) 

Final Nominal Torque Before Final Nominal Torque Before 
Insertion Into Salt Fog Chamber Insertion Into Salt Fog Chamber 

for First 30-Day Interval for Final 30-Day Interval 
(in-lb) (in-lb) 

975 - l/2+ fasteners 
1250 - 9/16-in fasteners 

1220 - l/2-in fasteners 
1560 - 9/16-in fasteners 

1525 - l/2-in fasteners 
1950 - 9/16-in fasteners 

It was understood from the outset that the different coatings had different coefficients of 

friction, affecting lubricity. Employing the same torque threshold for each system resulted in higher 

stresses in bolts with a coefficient of friction lower than that of cadmium, and lower stresses in 

bolts with a coefficient of friction higher than cadmium. As mentioned previously, the effect of 

coating lubricity on the tension within the bolts was beyond the scope of this study. 



Table 11. Torqm Values at Different Intervals (in-lb) 

a Block sizes: A - l-114 in with l/2 in diameter, B - l-112 in with 112 in diameter, C = l-3/4 in with l/2 in diameter, D - l-1/4 in with 9/16 in diameter. 

b Rotation - Torque required to initiate bolt rotation in the tightening direction. 

’ Final = Torque at which assembly was placed into the salt fog chamber. 

d Breakaway = Torque required to initiate bolt rotation in the loosening direction. 

. , 



Table 1%. Torque Values at Different htervals (in-lb) (continued) 

Sample Fastener Fastener 
Material Coating 

21 Hll Cadmium 

Block outset 
Sizea Preload Rotationb 

D 1236 1051 
22 1 Hll 1 Cadmium 1 D t 1274 1 1034 
23 Hll Cadmium D 1274 1015 
24 Hll Cadmium D 1244 1338 

25 Hll MO& C 975 1051 

26 I Hll I MO& I c I 958 I 1034 
27 Hll MO& C 961 1015 
28 Hll MO!% D 1275 1338 

29 I Hll I ML-C-16173 I C I 976 I 1045 
30 I Hll I M&C-16173 I C I 969 I 1007 
31 I Hll I M&C-16173 I C I 967 I 1007 
32 I Hll I M&C-16173 I D I 1239 I 1396 

33 1 Test 1 MILP-23377 1 A 1 N/A 1 N/A 

3lock sizes: A = l-1/4 in with l/2 in diameter, B = l-1/2 in with l/2 in diameter, C - 

b Rotation - Torque required to initiate bolt rotation in the tightening direction. 

’ Final = Torque at which assembly was placed into the salt fog chamber. 

d Breakaway - Torque required to initiate bolt rotation in the loosening direction. 

Fir& 

1556 

30-Day Salt Fog 60-Day Salt Fog 

Rotation Final Rotation Breakawayd 

1433 1971 >2000 1588 
1544 I 1234 I 1930 I >2000 I 1703 
1538 I 1208 I 1975 I 1991 I 1611 

1565 1537 1961 1976 1755 

1213 1263 1568 1787 1540 
1216 1318 1548 1718 1419 
1237 I 1285 1 1553 1 1731 1 1354 
1536 1688 1975 >2000 1642 

1212 1353 1551 1800 1571 
1218 1297 1549 1799 1568 
1221 1249 1563 1846 1450 
1538 1663 1925 1993 1587 

N/A N/A N/A N/A N/A 

.-3/4 in with l/2 in diameter, D = l-1/4 in with 9/16 in diameter. 



In general, the fastener systems that had accumulated the most voluminous corrosion product 

buildup experienced increased torques to initiate bolt rotation from the previous torque level. The 

torque required to initiate bolt rotation after 30 days was notably higher for the Hl 1 fasteners coated 

with MO!& and MLC-16173. These values were also consistently higher for the Inconel718 

fasteners coated with MO& and MILK-16173. After 60 days, the torque required to initiate bolt 

rotation showed an increase for each system, mcluding the fasteners coated with MD aluminum 

and cadmium. 

4.2 Visual Inspection. Figures 2-86 represent the extent of corrosion noted on the fastener 

assemblies (top: bolt and bottom: nut) at the outset and after 15,30,44, and 62 days within the salt 

fog chamber. Table 12 contains notes concerning visual examination of the fastener assemblies at 

each of the aforementioned intervals. A summary of the findings is as follows. 

4.2.1 Salt Fog Duration: 15 Days. Minimal salt and corrosion products were noted under 

both the bolt head and the nut of the Inconel fasteners coated with MO& and M&C-16173. Rust 

was observed within the recesses in the Jnconel bolt heads coated with MIIX-16173. The Hl 1 

bolt heads, bolt ends, and nuts coated with MO!& were covered with a heavy layer of rust. Also 

observed was a heavy buildup of salt. The Hl 1 bolt heads (except no. 31), bolt ends, and nuts were 

covered with a moderate layer of rust and also showed a heavy buildup of salt. Each remaining 

system appeared unaffected by the salt fog exposure. 

4.2.2 Salt Fog Duration: 30 Days. The salt and corrosion products on the lirconel fasteners 

coated with MO& and MILE-16173 grew slightly heavier. Salt buildup was also observed on the 

Hl 1 bolts coated with ND aluminum. Jn addition, bolt head no. 20 (Hll steel coated with IVD 

aluminum) exhibited rust. The salt buildup and rust appeared slightly heavier on the Hl 1 fasteners 

coated with MO& and M&C-16173; however, bolt head no. 31 (Hl 1 steel coated with 

MLC-16173) still did not show any rusting. 
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Table 12. Notes From Visual Examination of the Fasteners and Test Blocks 

lto4 718/MI Al 

5to8 718lCd 

9to 12 718/MoSs 

13 to 16 718/M&C 

17to20 Hll/IVDAl 

21to24 Hl l/Cd 

25to28 Hl 1/MoS2 

29 to 32 Hl l/ME-C 

33 Al Block 

Salt Fog Duration 

15 Days 

N/A 

N/A 

Minimal salt buildup. 
l inuuaL corrosion products. 

*Minimal salt buildup. 
*Minimal corrosion &xducts. 
*Rust in bolt head recesses. 

NIA 

N/A 

*Minimal salt buildup. 
OModerate corrosion 
products. 

*Heavy bolt head rust. 
*Heavy bolt end and nut rust. 

*Moderate salt buildup. 
*Moderate corrosion 

products. 
*Moderate bolt head rust 

(no. 3 1). 
*Moderate bolt end and nut 
NSt. 

N/A 

30 Days 

Minimal salt buildup. 

N/A 

*Light salt buildup. 
*Light corrosion products. 
*Light salt buildup. 
*Light corrosion products. 
*Rust in bolt head recesses. 

Minimal salt buildup. 
*Moderate bolt head no. 20 

NSt. 

44 Days 62 Days 

Minimal salt buildup. l iuimal salt buildup. 

N/A N/A 

*Light salt buildup. *Moderate salt buildup. 
*Light corrosion products. *Light corrosion products. 

*Moderate salt buildup. *Moderate salt buildup. 
*Light corrosion products. *Light corrosion products. 
*Rust in bolt head recesses. *Rust in bolt head recesses. 

*Light salt buildup. *Moderate salt buildup. 
*Heavy bolt head no. 20 rust. *Heavy bolt head no. 20 rust. 

l Heavv bolt head no. 19 rust. *Heavy bolt head no. 19 rust. 

*Heavy corrosion products. 
OHeavy bolt head rust. 

N/A 

*Heavy bolt end and nut rust. 

*Moderate salt buildup. 

*Heavy bolt end no. 19 rust. 

*Heavy corrosion products. 

*Heavy bolt end no. 19 rust. 

l Minimum rust in bolt no. 23 

-Heavy bolt head rust. 

*Moderate rust in bolt no. 23 

*Heavy bolt end and nut rust. 

recess. recess. 
*Heavy salt buildup. *Heavy salt buildup. 

*Heavy corrosion products. 
*Heavy bolt head rust 

(no. 31). 

*Heavy salt buildup. -Heavy salt buildup. 
*Heavy corrosion products. -Heavy corrosion products. 
*Heavy bolt head rust -Heavy bolt head rust 

(no. 31). (no. 3 1). 
*Heavy bolt end and nut rust. *Heavy bolt end and nut rust. 

*Heavy bolt end and nut rust. 

*Heavy salt buildup. 
*Heavy corrosion products. 
*Heavy bolt head rust 

(no. 3 1). 
*Heavy bolt end and nut rust. 

I I 

N/A 
I 

N/A N/A 



4.2.3 Salt Fog Duration: 44 Days. Minimal salt buildup was noted on the Inconel bolt heads, 

bolt ends, and nuts coated with MI aluminum. Bolt heads nos. 19 and 20, as well as bolt end 

no. 19 (Hll steel coated with IVD aluminum), exhibited rust. The salt and rust appeared slightly 

heavier on the Hl 1 fasteners coated with MLC-16173. Bolt head no. 3 1 still did not show 

evidence of rust. 

. 

4.2.4 Salt Fog Duration: 60 Days. Salt buildup was slightly heavier on the Inconel bolt 

heads, bolt ends, and nuts coated with MI aluminum. Slight rust was noted on bolt head no. 3 

(Inconel bolt coated with MI aluminum). Minimal salt was observed on the Itrconel fasteners 

coated with cadmium. Heavy salt and minimal corrosion products were noted on the Inconel 

fasteners coated with MoSz and MILC-16173. The Hll fasteners, which were MI aluminum 

coated, showed a heavier buildup of salt. Bolt heads nos. 19 and 20, as well as bolt end no. 19 

(Hl 1 steel coated with lVD aluminum), exhibited heavy rust. The cadmium-coated Hl 1 fasteners 

exhibited minimal salt buildup. Bolt head no. 23 (Hll steel coated with cadmium) showed slight 

rust. The Hll bolt heads and bolt ends coated with MO& and MILC-16173 (except bolt head 

no. 31) displayed heavy rusting and salt buildup. The threads and shanks of each bolt, which 

exhibited rusting, did not show evidence of corrosion. In general, alurninum block pitting was most 

severe with the Inconel and Hll fasteners coated with MO& and M&C-16173, while the pitting 

was minimal with the Inconel and Hll fasteners coated with IVD aluminum and cadmium. An 

exception to this generality was the top surfaces of the aluminum blocks containing the no. 19 and 

no. 20 fasteners (Hll steel coated with MD aluminum), which exhibited a pitting density of A-4. 

(The following section contains a description of the rating.) 

4.3 Pit Depth Measurement. Each test block was cleaned with distilled water and a nylon 

brush, removing most of the corrosion products. The deepest pit was identified, measured, and 

recorded on the top and bottom faces of each aluminum test block. The face that contacted the bolt 

head was labeled “Top,” while the face that contacted the nut was labeled “Bottom.” Microscopal 

pit depth measurements were performed in accordance with ASTM G46 with an Olympus PME 

metallurgical microscope with a calibrated fine focus adjustment knob marked off in 0.002-mm 

(0.0008 in) increments. For these measurements, the bottom of the deepest pit was brought into 
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focus and then the surface of the test block was brought into focus. The number of increments 

between focusing planes was noted, which readily gave the pit depth. Tables 13a and b contain the 

results of pit depth measurements for each block and list the measurement of the deepest pits 

observed. Table 14 contains the results of pit rating for both the tops and bottoms of each block, 

based on the chart shown in Figure 2 of ASTM G46 (Table 15). Although the specification 

requires this rating system to be used for average pit size, ARL used this system to rate the deepest 

pit on each block face. In addition, with respect to density (category A), ratings were based upon a 

comparison of each block to the other blocks. In other words, the worst pitted blocks were rated an 

A-5, while the blocks with minimal pitting were rated an A-l. Blocks with various amounts of 

pitting between the best and worst cases were rated accordingly. Figure 87 shows an example of pit 

density ratings A-l-A-5. The figure shows the bottoms of blocks no. 4 (A-l), no. 2 (A-2), no. 1 

(A-3), no. 9, (A-4), and no. 31 (A-5). The pit size (category B) was determined by which size pit 

shown in Figure 2 of ASTM G46 (Table 15) could fit within the largest pit on the test blocks. 

5. Discussion 

5.1 MI vs. Cadmium Coefficient of Friction. As shown, IVD aluminum offered 

comparable corrosion protection to cadmium. However, aluminum has a higher coefficient of 

friction than cadmium, which indicates that the fasteners coated with IVD aluminum were 

subjected to a lower stress than those coated with cadmium. This would not be acceptable in 

critically joined systems. Testing previously performed by McDonnell Douglas Corporation 

revealed that for the same bolt stress, up to 36% greater torque was required using IVD aluminum 

vs. cadmium when the torque was applied to the bolts with cadmium-plated, dry film-lubricated, 

self-locking gang channel nuts [lo]. The use of a lubricant, namely cetyl alcohol, on the IVD 

aluminum fasteners acted to eliminate or greatly reduce the differences in torque-tension. Figure 88 

contains the torque-tension results attained by McDonnell Douglas comparing ND/lubricant, IVD 

aluminum, cadmium, and IVD aluminum bolt/cadmium nut systems. As shown, the torque 

required to obtain a particular load was lowest for the IVD/lubricant system. For IVD aluminum to 

be a true replacement for cadmium, it is suggested that a lubricant be used, such that the fastener 

surface friction coefficient approaches that of cadmium. 
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Table 13a. Aluminum Block Fit Depth Measurements (Top) 

Block 1 Face 1 Objective 1 Start 1 Finish I Depth I Depth 

8 TOP 10 13 270 0.514 0.020 

9 TOP 10 88 765 1.354 0.053 

10 TOP 10 50 647 1.194 0.047 

11 TOP 10 65 749 1.368 0.054 
12 TOP 10 10 644 1.268 0.050 

13 TOP 10 65 912 1.694 0.067 

14 TOP 10 9 634 1.250 0.049 
I L I I I 

15 TOP 10 57 914 1.714 1 0.067 

16 TOP 10 1 645 1.288 0.05 1 
17 TOP 10 48 379 0.662 0.026 

18 TOP 10 13 171 0.316 0.012 
19 TOP 10 23 542 1.038 0.041 

20 TOP 10 6 663 1.314 0.052 
21 TOP 10 20 67 0.094 0.004 
22 TOP 10 55 267 0.424 0.017 

A 

23 TOP 10 92 240 0.296 0.012 

24 TOP 10 83 264 0.362 0.014 

25 TOP 10 33 617 1.168 0.046 
26 TOD 10 64 673 1.218 0.048 

27 TOP 10 23 543 1.040 0.041 
28 TOP 10 34 827 1.586 0.062 

29 Top 10 48 600 1.104 0.043 
30 TOP 10 0 562 1.124 0.044 

31 TOP 10 89 594 1.010 0.040 
32 TOP 10 83 735 1.304 0.05 1 
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Block 

Table 13b. Aluminum Block Pit Depth Measurements (Bottom) 

Face Objective Start Finish Depth 

(mm) 

Depth 

(in> 

31 Bottom 10 0 1015 2.030 0.080 

32 Bottom 10 30 663 1.266 0.050 
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Table 14. ASTM 646 Pit Ratings of Top and Bottom of Aluminum Blocks 

System Block TOP Bottom System Block TOP Bottom 

718/lYD 1 A-l, B-l, C-l A-3, B-3, C-2 Hl l/ND 17 A-2, B-2, C-l A-2, B-2, C-l 
2 A-l, B-l, C-l A-2, B-2, C-l 18 A-2, B-l, C-l A-2, B-l, C-l 
3 A-l, B-l, C-l A-l, B-l, C-l 19 A-4, B-4, C-2 A-2, B-2, C-2 
4 A-l, B-l, C-l A-l, B-l, C-l 20 A-4, B-4, C-3 A-2, B-2, C-l 

718/Cd 5 A-l, B-l, C-2 A-2, B-2, C-2 Hl l/Cd 21 A-l, B-l, C-l A-2, B-2, C-l 
6 A- 1, B-2, C-2 A-2, B-2, C-l 22 A-2, B-l, C-l A-2, B-2, C-l 
7 A-l, B-l, C-l A-l, B-l, C-l 23 A-2, B-2, C-l A-2, B-2, C-l 
8 A-l, B-2, C-l A-3, B-3, C-2 24 A-2, B-2, C-l A-2, B-2, C-l 

7 18/MoS* 9 A-4, B-4, C-3 A-4, B-4, C-3 Hl ~/MO& 25 A-S, B-S, C-2 A-5, B-5, C-3 
10 A-4, B-4, C-2 A-4, B-4, C-3 26 A-5, B-5, C-2 A-5, B-5, C-3 
11 A-4, B-4, C-3 A-4, B-4, C-3 27 A-5, B-5, C-2 A-5, B-5, C-3 
12 A-4, B-4, C-3 A-4, B-4, C-3 28 A-5, B-5, C-3 A-5, B-5, C-3 

718/MILC 13 A-4, B-4, C-3 A-4, B-4, C-3 Hl l/M&C 29 A-4, B-5, C-2 A-5, B-5, C-3 
14 A-4, B-4, C-2 A-4, B-4, C-3 30 A-5, B-5, C-2 A-5, B-5, C-3 
15 A-4, B-4, C-3 A-4, B-4, C-3 31 A-4, B-4, C-2 A-5, B-5, C-3 
16 A-5, B-5, C-2 A-4, B-4, C-3 32 A-5, B-5, C-3 A-4, B-5, C-3 
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Table 15. ASTM 646 Fit Rating Chart 

A 

DENSITY 

_B_ 

SIZE 

c 
DEPTH 

. 

2.5x 103/m2 O.Smm 2 0.4mm 

3 

5 x 1041m2 

2.0 mm2 

0 

8.0 mm 2 
1.6mm 

0.8 mm 

12.5mm2 3.2mm 

24.5 mm2 6.4mm 

5.2 Fastener Corrosion. With respect to resistance to fastener corrosion after 62 days within 

the salt spray chamber, the Inconel7 18/IVD aluminum, Inconel7 1 g/cadmium, Inconel7 1 ~/MO&, 

and the Hllkadmium systems outperformed the remaining systems by a considerable amount. 

Each of the four Inconel bolt heads coated with MILC- 16173 had slight corrosion within the 

recesses. Two of the four Hl l/MI aluminum bolt heads and one of the bolt ends exhibited heavy 

. , 
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corrosion. The fact that all of the fasteners within each group did not exhibit similar characteristics, 

perhaps, could be attributed to an improperly applied or damaged coating. Otherwise, bolts within 

each group would most likely have had the same amount of corrosion. The four Hll bolt heads 

coated with MO& also showed heavy corrosion, as did the bolt ends. The corresponding nuts 

showed varying degrees of corrosion. Three of the four Hl 1 bolt heads coated with MILE-16173 

showed heavy corrosion, as did the bolt ends and nuts. Table 16 lists each system rated in order of 

decreasing fastener corrosion resistance. 

Table 16. Systems Exhibiting Increased Fastener Corrosion Resistance 

Svstem I Comments 

Inconel7 18/cadmium 1 No fastener corrosion. 

Inconel7 1 ~/MO& No fastener corrosion. 
Inconel7184VD aluminum Slight bolt head corrosion (no. 3). 

Hl l/cadmium Moderate bolt head recess corrosion (no. 23). 
Inconel7 18/MJL-C- 16173 Bolt head recess corrosion. 

Hl l/MI aluminum Heavy bolt head corrosion (nos. 19 and 20), heavy bolt end 
corrosion (no. 19). 

Hl l/MILK-16173 Heavy bolt head corrosion (nos. 29,30, and 32), heavy bolt end 
corrosion, moderate nut corrosion. 

Hl l/MoS2 Heavy bolt head corrosion, heavy bolt end corrosion, moderate 
nut corrosion. 

5.3 Aluminum Block Corrosion. The pitting of the 7075T6 aluminum blocks was not a 

function of traditional crevice corrosion, since the pitting occurred outside the boundary of the bolt 

heads and nuts (i.e., the fastener/block interface was intact). Similarly, galvanic coupling was ruled 

out as a contributing factor to the pitting corrosion. Pitting was attributed to the localized buildup 

of foreign matter, namely, the salt and corrosion products. With respect to local deposits of foreign 

matter, pitting does resemble crevice attack [ 111. Usually, metals that are prone to pitting will also 

be sensitive to crevice attack, such as with 7075-T6 aluminum. The increased pitting was directly 

proportional to the salt and corrosion product buildup on the aluminum blocks, which initiated 

corrosion that penetrated the weak spots on the surface of the block, causing the subsequent pits. 

The fasteners that were coated with cadmium and MI aluminum produced the least amount of salt 
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and corrosion product buildup and, subsequently, the least amount of aluminum block pitting. In 

contrast, fasteners coated with MOSS and ML-C- 16173 produced the greatest amount of salt and 

corrosion products, along with the greatest amount of block pitting. Table 17 rates each system in 

order of increased aluminum block pitting. 

Table 17. Systems Exhibiting Increased Aluminum Block Corrosion Resistance 

II Svstem I Average ASTM G46 Pit Rating 

Inconel7 18/lVD aluminum 
Inconel7 18/cadmium 

Hl l/cadmium 

Hl l/MD aluminum 
Inconel7 1 ~/MO& 

Inconel718/MlL-C-16173 

A-l, B-l, C-l 
A-l, B-2, C-2 
A-2, B-2, C-l 

A-3, B-2, C-2 
A-4, B-4, C-3 
A-4, B-4, C-3 

II Hl l/MILC-16173 I A-5, B-5, C-3 

II Hl ~/MO!& I A-5. B-5. C-3 

5.4 Torque Measurement. The purpose of applying a torque to the fasteners was to determine 

the onset of crack initiation. This could be achieved by the observance of a significant drop in the 

torque required to rotate the bolt from its previously loaded torque value. Although a slight drop 

was noted in some fasteners, none of the fasteners cracked as a result of this testing. A drop in 

torque value over a short-term timeframe (assuming the fasteners were not cracked) would be 

explained by the “embedment” of the hard fastener into the soft aluminum block [ 121. Embedment 

is a common cause of short-ten-n relaxation in a fastened joint and has been shown to result in a 

lO-15% dropoff in torque (the maximum dropoff torque values in Table 11 are 21%). Since the 

surfaces of the fasteners and the blocks that come in contact are not perfectly flat and are 

characterized by peaks and valleys on a microscale, first contact takes place only with the high spots 

on the respective parts. Since the initial contact areas are relatively small, the metal at the contact 

points cannot stand the pressures [ 131. Plastic deformation subsequently occurs at these contact 

points, accounting for this relaxation. Since embedment is worse on new parts than on reused ones 

(because the high contact points are smoothed down during subsequent loadings), this may have 
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attributed to the fact that only a couple of bolts exhibited a dropoff after the bolts were retorqued 

after 60 days of salt fog exposure. 

In attempting to explain the increase in torque noted to initiate bolt rotation from the previous 

torque value, attention was focused on the interface of the bolt head and nut with the aluminum 

block as well as the amount of salt and corrosion product buildup for each system. The data listed 

in Table 10 show that the MD-coated fastener/aluminum test block and the cadmium-coated 

fastener/aluminum test block systems exhibited the greatest dropoffs with respect to 30-day bolt 

rotation torques from the prior torqued value (see graphs in Figures 89 and 90). Conversely, the 

molybdenum disulfide coating/aluminum block and MILL16173 coatingMuninum block 

systems showed significant increases in bolt rotation torque, most likely due to the buildup of salt 

and corrosion products (see Figures 91 and 92). The stages from 1 to 2 and 3 to 4 on each graph 

represent the torque required to initiate bolt rotation at the 30- and 60-day intervals from the prior 

final torque value. 

In systems with the heaviest salt and corrosion buildup (molybdenum disulfide coating/H1 1 

fasteners and MILE-16173 coating/H1 1 fasteners), the torque required to initiate bolt rotation after 

30 days showed an increase in torque, again, due to the increased frictional forces caused by the 

buildup. This has been documented in open literature, notably, Brickford [13], which states, 

“...systems with severely corroded nut/bolt interfaces will typically exhibit increased breaking 

torque values” [ 141. Figure 93 graphically shows the increases in bolt rotation initiation torque 

(Stages l-2 and 3-4) on the systems with the heaviest salt and corrosion buildup. After 60 days of 

salt fog exposure, almost every rotational value was higher than the prior torque value, most likely 

due to the presence of some degree of salt and corrosion product buildup that would have increased 

the frictional forces upon fastener rotation. 

Therefore, in systems that showed a dropoff in torque, it can be assumed that the lack of salt 

and corrosion products meant that a lower frictional force was inherent at the interface of the 

fasteners and the aluminum block. This indicates that a lower torque would be needed to initiate 
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bolt rotation, than in those systems where the salt and corrosion products were present. Without the 

increased frictional forces, the measurement of the short-term relaxation was not hindered. 

6. Conclusions 

. 

l Each coating prevented stress corrosion cracking failures of the fasteners subjected to 

prolonged salt fog exposure combined with induced stress. 

l In general, the Inconel718 and 1/2-m-diameter Hl 1 fasteners held the respective torque 

when subjected to torque increases after prolonged salt fog exposure. 

l In general, the molybdenum disulfide and MLC- 16173-coated fasteners showed the most 

significant increases in the amount of torque required to initiate bolt rotation from the 

previous applied torque value after 30 days of salt fog exposure. This was due to the amount 

of salt and corrosion product buildup present, compared to the ND aluminum and 

cadmium-coated fasteners. The systems that exhibited the heaviest salt and corrosion 

product buildup (i.e., molybdenum disulfide coating/H1 1 fasteners and M&C-16173 

coating/H1 1 fasteners) showed the greatest amount of torque required to initiate bolt rotation 

from the previous applied torque value after 30 days of salt fog exposure. 

l With respect to fastener corrosion, the Inconel718/cadmium and Inconel7 18/MoS~ systems 

outperformed each of the remaining systems after 62 days of a salt fog atmosphere. The 

Hl l/ML-C-16173 and Hl ~/MO!& systems produced the greatest amount of fastener 

corrosion. 

l The aluminum blocks exhibited minimal pitting in conjunction with the Inconel718/IVD 

aluminum and Inconel718/cadmium systems. The Hll/MILC-16173 and Hll/MoS2 

systems produced the most salt and corrosion products and, subsequently, the most 

aluminum block pitting. 

27 



l It was concluded that MoS2 and ME-X-16173 are not adequate replacements for cadmium 

based upon unacceptable fastener and aluminum block corrosion. 

l Based upon the torque, fastener corrosion, and block corrosion results, IVD aluminum 

compared most favorably to cadmium. However, a supplementary lubricant should be 

utilized with IVD aluminum in order that the induced stress of the fasteners during torquing 

approximate that for cadmium. 

7. Pertinent Standards and Specifications 

ASTM B117 

MILK-5541 

MIL-C-16173 

MIL-P-23377 

MILL46010 

MIL-T-83483 

MILC-83488 

MlL-C-8837 

QQ-P-416 

Standard Test Method of Salt Spray (Fog) Testing 

Chemical Conversion Coatings on Aluminum and Aluminum Alloys 

Corrosion Preventative Compound, Solvent Cutback, Cold-Application 

Primer Coatings: Epoxy, Chemical, and Solvent Resistant 

Lubricant, Solid Film, Heat-Cured, Corrosion Inhibiting 

Thread Compound, Antiseize, Molybdenum Disulfide-Petrolatum 

Coating, Aluminum, Ion Vapor Deposited 

Coating, Cadmium (Vacuum Deposited) 

Plating, Cadmium, Electrodeposited 
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l/8” holes 

1 314” 

0 

f .J- 1 314” 

0 
0.5” or 9/16” 

1 diameter hole 

Test block height either 
1 l/4”, 1 l/2”, or 1 3/4” 

Figure I. Schematic of a Representative Test Block Showing Dimensions. 

Figure 2. Incone1 ‘718 Nickel-Based Superalloy Bolt Heads With IVD Al Coating Before Salt 
Spray Exposure. Reduced 25% o 





Figure 3. bone1 718 Nickel-Based Superalloy Nuts With IVD Al Coating Before Salt Spray 
Exposure. Reduced 25%. 

Figure 4. Inconel 718 Nickel-Based Superalloy Bolt Heads With Cadmium Electroplate 
Before Salt Spray Exposure. Reduced 25 % . 
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Figure 5. Inconel718 Nickel-Based Superalloy Nuts With Cadmium Electroplate Before Salt 
Spray Exposure. Reduced 25%. 

Figure 6. Inconel 718 Nickel-Based Superalloy Bolt Heads With Antiseize Solid Film 
Lubricant (MO&) Before Salt Spray Exposure. Reduced 25 % . 
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Figure 7. Inconel 718 Nickel-Based Superalloy Nuts With Antiseize Solid Film Lubricant 
(MO&) Before Salt Spray Exposure. Reduced 25 % n 

Figure 8. Inconel 718 Nickel-Based Superalloy Bolt Heads With M&C-16173 Grade 4 
Corrosion Preventative Compound Before Salt Spray Exposure. Reduced 25 % o 
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Figure 9. Inconel718 Nickel-Based Superailoy Nuts With ML-C-16173 Grade 4 Corrosion 
Preventative Compound Before Sait Spray Exposure. Reduced 25% e 

Figure 10. HP1 Chromium Mot Work Tooi Steel Boit Heads With IVD Ai Coating Before 
Salt Spray Exposure. Reduced 25% o 
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Figure 11. Hll Chromium Hot Work Tool Steel Nuts With IVD Al Coating Before 
Spray Exposure. Reduced 25 % . 

Salt 

. 

Figure 12. Hll Chromium Hot Work Tool Steel Bolt Heads With Cadmium Electroplate 
Before Salt Spray Exposure. Reduced 25%. 
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Figure 13. HIP Chromium Hot Work Tool Steel Nuts With Cadmium Electroplate Before 
Salt Stwa$ ExDosnre. Reduced 25 % a 

Figure 14. HIP Chromium Hot Work Tool Steel Bolt Heads With Antiseize Solid Film 
Lubricant (MO&) Before Salt Spray Exposure. Reduced 25% e 



Fig1 u-e 15. Hll Chromium Hot Work Tool Steel Nuts With Antiseize Solid Film Lubrical 
(MO&) Before Salt Spray Exposure. Reduced 25 % . 

nt 

we 16. Hll Chromium Hot Work Tool Steel Bolt Heads With MIL-C-16173 Grade 
Corrosion Preventative Compound Before Salt Spray Exposure. Reduced 25%. 
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.gure 67. Hll Chromium Hot Work Tool Steel Nuts With MI&C-16173 Grade 
Corrosion Preventative Compound Before Salt Spray Exposure. Reduced 25%. 

Figure 18. Al Control Block Before Salt Spray Exposure. Reduced 25 % . 
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Figure 19. Incone% 718 Nickel-Based Superalloy Bolt Heads With MI Al Coating After 
15 Days of Salt Spray. Reduced 25%. 

FiB 1x-e 20. Inconel718 Nickel-Based Superalloy Nuts With IVD Al Coating After 15 Days 
Salt Spray. Reduced 25%. 

of 
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Figure 21. Pnconel 718 Nickel-Based Superalloy Bolt Heads With Cadmium Electroplate 
After 15 Days of Salt Spray. Reduced 25% o 

Figure 22. Inconel 718 Nickel-Based Superalloy Nuts With Cadmium Electroplate After 
15 Days of Salt Spray. Reduced 25% e 
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Figure 23. Incone% 718 Nickel-Based Superalloy Bolt Heads With Antiseize Solid Film 
Lubricant (MoSz) After 15 Days of Salt Spray. Reduced 25 % . 

Figure 24. Inconel 718 Nickel-Based Superalloy Nuts With Antiseize Solid Film Lubricant 
(MO&) After 15 Days of Salt Spray. Reduced 25 % D 



Fig lure25 bone1 718 Nickel-Based Superalloy Bolt Heads With MIL-C-16173 Grade 
Corrosion Preventative Compound After 15 Days of Salt Spray. Reduced 25% o 

4 

Fig ;ure 26. Inconel718 Nickel-Based Superalloy Nuts With MIL-C-16173 Grade 4 Corrosio 
Preventative Compound After 15 Days of Salt Spray. Reduced 25%. 
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Figure 27. HlIL Chromium Hot Work Tool Steel Bolt Heads With IVD Al Coating After 
15 Days of Salt Spray. Reduced 25% o 

Figure 28. Hll Chromium Hot Work Tool Steel Nuts With IVD Al Coating After 15 Days of 
Salt Spray. Reduced 25%, 
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Figure 29. Hll Chromium Hot Work Tool Steel Bolt Heads With Cadmium Electroplate 
After 15 Days of Salt Spray. Reduced 25%. 

Figure 30. Hll Chromium Hot Work Tool Steel Nuts With Cadmium Electroplate After 
15 Days of Salt Spray. Reduced 25%. 
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Figure 31. Hll Chromium Hot Work Tool Steel Nuts With Antiseize Solid Film Lubricant 
(MO&) After 15 Days of Salt Spray, Reduced 25 % o 

Figure 32. Hll Chromium Hot Work Tool SteeP Nuts With Antiseize Solid Film Lubricant 
(MO&) After 15 Days of Salt Spray. Reduced 25%. 
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;ure 33. Hll Chromium Hot Work Tool Steel Bolt Heads With MD_,-C-16173 Grad .e 4 

Corrosion Preventative Compound After 15 Days of Salt Spray. Reduced 25% 0 

Figure34. HI1 Chromium Hot Work Tool Steel Nuts With ML-C-16173 Grade 4 
Corrosion Preventative Compound After 15 Days of Salt Spray. Reduced 25%. 
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Figure 35. Aluminum Controll Block After 15 Days of Salt Spray. Reduced 25%. 

Figure36. Inconel 718 Nickel-Based Superalloy Bolt Heads With IVD Al Coating After 
30 Days of Salt Spray. Reduced 25% o1 
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Figure 37. Inconel718 Nickel-Based Superalloy Nuts With IVD Al Coating After 30 Days of 
Salt Spray. Reduced 25%. 

lure 38. Inconel 718 Nickel-Based Superalloy Bolt Heads With Cadmium Electra 
After 30 Days of Salt Spray. Reduced 25%. 

Iplate 

47 



Figure 39. Inconel 718 Nickel-Based Superalloy Nuts With Cadmium Electroplate After 
30 Days of Salt Spray. Reduced 25%. 

‘igure 40. Inconel 718 Nickel-Based Superalloy Bolt Heads With Antiseize Solid 
Lubricant (MO&) After 30 Days of Salt Spray. Reduced 25%. 

Film 
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Figure 41. Inconel 718 Nickel-Based Superaiioy Nuts With Antiseize Solid Film ILubricant 
After 30 Days of Salt Spray. Reduced 25 % D 

Figure 42. Inconel 718 Nickel-Based Superalloy Bolt Heads With MLC-16173 Grade 
Corrosion Preventative Compound After 30 Days of Salt Spray. Reduced 25%. 
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E figure 43. Inconel718 Nickel-Based Superalloy Nuts With MIIL-C-16173 Grade 4 Corrosion 
Preventative Comnound After 30 Davs of Salt Stwav. Reduced 25%. 

F ‘igure 44. Hll Chromium Hot Work Tool Steel Bolt Heads With IVD Al Coating After 
30 Days of Salt Spray. Reduced 25 % e 
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Figure 45. Hll Chromium Hot Work Tool Steel Nuts With IVD Al Coating After 30 Days of 
Salt Spray. Reduced 25%. 

Ire 46. HI1 Chromium Hot Work Too% Steel Bolt Heads With Cadmium Electrop 
After 30 Days of Salt Spray. Reduced 25% e 

Ilate 



Figure 47. Hll Chromium Hot Work Tool Steel Nuts With Cadmium Electroplate After 
30 Davs of Salt Snrav. Reduced 25%. 

F’igure48. Hll Chromium Hot Work Tool Steel Bolt Heads With Antiseize Solid 
Lubricant (MoS2) After 30 Days of Salt Spray. Reduced 25%. 

Film 
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Figure 49. Hll Chromium Hot Work Tool Steel Nuts With Antiseize Solid Film Lubricant 
(MoS2) After 30 Days of Salt Spray, Reduced 25%. 

Figure 50. Hll Chromium Hot Work Tool Steel Bolt Heads With ME-C-16173 Grade 4 
Corrosion Preventative Compound After 30 Days of Salt Spray. Reduced 25 % o 
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Eigure 51. Hll Chromium Hot Work Tool Steel Nuts With M&C-16173 Grade 4 
Corrosion Preventative Compound After 30 Days of Salt Spray. Reduced 25% o 

Figure 52. Aluminum Control Block After 30 Days of Salt Spray. Reduced 25%. 
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Figure 53. Inconel 718 Nickel-Based Superalloy Bolt Heads With IVD Al Coating After 
44 Days of Salt Spray. Reduced 25 % o 

JTigure 54. bone1 718 Nickel-Based Superalloy Nuts With IVD Al Coating After 44 Days of 
Salt Spray. Reduced 25% o 



Figure 55. Inconel 718 Nickel-Based Superalloy Bolt Heads With Cadmium Electroplate 
After 44 Days of Salt Spray. Reduced 25 % . 

Figure 56. Inconel 718 Nickel-Based Superalloy Nuts With Cadmium Electroplate After 
44 Days of Salt Spray, Reduced 25%. 
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Figure 57. Inconel 718 Nickel-Based Superalloy Bolt Heads With Antiseize Solid Fihn 
Lubricant (MoS2) After 44 Days of Sait Spray. Reduced 25%. 

Figure 58. Inconei 718 Nickel-Based Superaiioy Nuts With Antiseize Solid Film Lubricant 
(MO&) After 44 Days of Salt Spray. Reduced 25 % o 
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Figure59. Inconel 718 Nickel-Based Superalloy Bolt Heads With MIL-C-16173 Grade 4 
Corrosion Preventative Compound After 44 Days of Salt Spray. Reduced 25 % . 

Figure 60. Inconel718 Nickel-Based Superalloy Nuts With M&C-16173 Grade 4 Corrosion 
Preventative Compound After 44 Days of Salt Spray. Reduced 25%. 
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Figure 61. HI1 Chromium Hot Work Tool Steel Bolt Heads With Ml Al Coating After 
44 Days of Salt Spray. Reduced 25% o 

lure 62. HIP Chromium Hot Work Tool Steel Nuts With IVD Al Coating After 44 Days 
Salt Spray, Reduced 25% p 
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F’igure 63. Hll Chromium Hot Work Tool Steel Bolt Heads With Cadmium Electroplate 
After 44 Days of Salt Spray. Reduced 25%. 

Figure 64. Hll Chromium Hot Work Tool Steel Nuts With Cadmium Electroplate After 
44 Days of Salt Spray. Reduced 25 %. 
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. 

,ure 65. Hll Chromium Hot Work Tool Steel Nuts With Antiseize Solid Film Lubric 
After 44 Davs of Salt Smav. Reduced 25 % o 

:ant 

Figure 66. HI1 Chromium Hot Work Tool Steel Nuts With Antiseize Solid Film Lubricant 
(MoS2) After 44 Days of Salt Spray. Reduced 25%. 
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Figure 67. Hll Chromium Hot Work Tool Steel Bolt Heads With MIL-C-16173 Grade 4 
Corrosion Preventative Compound After 44 Days of Salt Spray. Reduced 25% y 

Figure 68. Hlf Chromium Hot Work Tool Steel Nuts With M&C-16173 Grade 4 
Corrosion Preventative Compound After 44 Days of Salt Spray. Reduced 25%. 
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Figure 69. Aluminum Control Block After 44 Days of Salt Spray. Reduced 25%. 

Figure 70. bone1 718 Nickel-Based Superalloy 
62 Days of Salt Spray. Reduced 25 % . 
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Figure 71. bone1 718 Nickel-Based Superalloy Nuts With IVD Al Coating After 62 Days of 
Salt Spray. Reduced 25%. 

figure 72, Inconel 718 Nickel-Based Superalloy Bolt Heads With Cadmium Electroplate 
After 62 Days of Salt Spray, Reduced 25% o 
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Figure 73. Inconel 718 Nickel-Based Superalloy Nuts With Cadmium Electroplate After 
62 Davs of Salt Smav. Reduced 25 % ., 

Figure 74. Inconel 718 Nickel-Based Superalloy Bolt IIeads With Antiseize Solid J?ilm 
Lubricant (MoS$ After 62 Days of Salt Spray. Reduced 25% o 
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Figure 75. Inconel 718 Nickel-Based Superalloy Nuts With Antiseize Solid Film Lubricant 
(MoS2) After 62 Days of Salt Spray. Reduced 25%. 

Figure76. Inconel 718 Nickel-Based Superalloy Bolt Heads With ME-C-16173 Grade 
Corrosion Preventative Compound After 62 Days of Salt Spray. Reduced 25%. 
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Figure 77. Inconel718 Nickel-Based Superalloy Nuts With MIL-C-16173 Grade 4 Corrosion 
Preventative Compound After 62 Days of Salt Spray. Reduced 25%. 

Figure 78. HIP Chromium Hot Work Tool Steel Bolt Heads With MI Al Coating After 
62 Days of Salt Spray. Reduced 25% o 
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Figure 79. Hll Chromium Hot Work Tool Steel Nuts With MI Al Coating After 62 Days of 
Salt Spray. Reduced 25% n 

Figure $0. HP1 Chromium Hot Work Tool Steel Bolt Heads With Cadmium Electroplate 
After 62 Days of Salt Spray, Reduced 25%. 
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Figure $1. Hll Chromium Hot Work Tool Steel Nuts With Cadmium Electroplate After 
62 Days of SaPt Spray. Reduced 2§%, 

Figure 82. Hll Chromium Hot Work TooI Steel Nuts With Antiseize Solid Film Lubricant 
(MO&) 62 Days of Salt Spray. Reduced 25%. 
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Figure 83. Hll Chromium Hot Work Tool Steel Nuts With Antiseize Solid Film Lubricant 
(MO&) After 62 Days of Salt Spray. Reduced 25% D 

Figure 84. Hll Chromium Hot Work Tool Steel Bolt Heads With MILK-16173 Grade 4 
Corrosion Preventative Compound After 62 Days of Salt Spray. Reduced 25 % e 
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Figure $5. Ml1 Chromium Hot Work Tool Steel Nuts With ML@-16173 Grade 
Corrosion Preventative Compound After 62 Days of Salt Spray. Reduced 25 % o 

4 

Figure 86. Aluminum Control Block After 62 Days of Salt Spray. Reduced 25% o 
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Figure $7. Macrograph Showing Pitting of the Aluminum Test Blocks Representing Bit 
Classification A-l (Block No. 4), A-2 (Block No. 2), A-3 (Block No. I), A-4 (Block 
No. 9), and A-5 (Block No. 3l), Respectively. Reduced 50 % G 
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Torque-Tension Results Reproduced From a McDonnell Douglas 
Showing the Lowest Torque Values for the m/Lubricant System. 
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Figure 89. Graph Showing the Torque Value at Four Different Stages for the IVD 
Aluminum-Coated Fasteners. Stage 1 Is the Final Torque Before the Specimens 
Were Placed Into the Salt Fog Chamber, Stage 2 Is the Torque Required to 
Initiate Bolt Rotation After 30 Days, Stage 3 Is the Final Torque Before the 
Specimens Were Placed Into the Chamber Again, and Stage 4 Is the Torque 
Required to Initiate Bolt Rotation After 60 Days. No Trends Were Noted, Since 
the (l-2) and the (3-4) Torques Increased as Well as Decreased. 

Cadmium 

Torque Stages 

Figure 90. Graph Showing the Torque Value at Four Different Stages for the Cadmium 
Coated Fasteners. No Trends Were Noted, Since the (l-2) and the (3-4) Torques 
Increased as Well as Decreased. 
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Figure 91. Graph Showing the Torque Value at Four Different Stages for the Molybdenum 
Disulfide-Coated Fasteners. Note That the Torque Values Consistently 
Increased From the (l-2) Stage and From the (3-4) Stage. 
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Figure 92. Graph Showing the Torque Value at Four Different Stages for the 
MIL-C-16173Coated Fasteners. Note That the Torque Values Consistently 
Increased From the (l-2) Stage and From the (3-4) Stage. 
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Figure 93. Graph Showing the Torque Value at Four Different Stages for the Systems 
Which Exhibited the Heaviest Salt and Corrosion Product Buildup 
(Molybdenum Disulfide Coating/I-Ill Fasteners and MIL-C-16173 Coating/H11 
Fasteners). Note That the Torque Values Consistently Increased From the (l-2) 
Stage and From the (3-4) Stage. 
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