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ABSTRACT: TFE-resin ™Teflon" coating systems were prepared on steel and
aluminum specimens from proprietary TFE-resin primer and enamel coating
material, The resultant 68 systems were evaluated using visual and
microscopic examination, film thickness, surface roughness, adhesion,
accelerated corrosion (salt spray and high humidity), and wettability
tests. The results show the four primers to provide good adhesion and
equal corrosion protection, the corrosion Protection to be dependent

on the total film thickness, the black and white enamels to provide
superior corrosion protection, and the gray enamel to provide inferior
protection. The rate of heating to TFE-resin sintering temperatures of
two aluminum alloys with increasing cross sectional thickness in the
uncoated condition, and with one, two, and three coats of TFE-resin was
investigated to determine the time required to sinter TFE-resin coatings
on various size pieces. Also, the effect of the TFE-resin sintering
process on the mechanical properties of two representative aluminum alloys
of various hardnesses was determined. The properties of the hardened
alloys were effectively reduced to those of the annealed state,

ENGINEERING DEPARTMENT
U. S. NAVAL WEAPONS PLANT
WASHINGTON 25, D, C,




U. S. NAVAL WEAPONS PLANT
WASHINGTON 28, D. C.
(FORMERLY U.S. NAVAL GUN FACTORY)

1 August 1961

NAVWEPS REPORT 6969

EVALUATION OF AQUEOUS DISPERSIONS OF TFE-FLUOROCARBON RESINS (TEFLON)
APPLIED AS THIN FILMS TO METAL SUBSTRATES.

1. TFE~fluorocarbon resin coatings were applied to steel and aluminum
panels, The results of tests on these coated panels are reported.
Tests also were performed for rate of heatings and for mechanical
property effects of some aluminum alloys in their use as substrate
material, This work was authorized by Bureau of Naval Weapons Task
Assignment No. 090-708-80001-80047, Serial Nos. 416, 420, 424 of

1 September 1959,

D. LAMBERT
Captain, U.S. Navy
Superintendent

]
.0, CLARK
mmander, U.S, Wavy
Engineering Officer (Acting)
By direction




]

NAVWEPS REPORT 6969

CONTENTS

age’
PART 1 - EVALUATION OF TFE-RESIN COATING SYSTEMS

INTRODUCTION 0.‘.QOI..000.!.0..O.l‘.000......0...0.00..0..0.000'
EmeImNTAL PRmEDURE .0..0.00'...‘..l.....lll.....l..........l.

AQUEOUS DISPERSIONS OF TFE-RESINS $000cr 0000000000000 00000 0

APPLICATION OF TFE-RESIN TO METAL SUBSTRATES....eeensnssn.
COATING SYSTEMS tuvuuuesnnsvsocennnsocasasonnnsesassnnnnes 5
TEST PROCEDURES 4\4ussurusronenencnnsooonnoonnsonnnesnnnss 12
VISUAL AND MICROSCOPIC EXAMINATION ,.......eevvnvnnn.. 12
FIIM THICKNESS ..uesvuivenneerennnnnconnnnsonnnnennnn, 12
SURFACE ROUGHNESS .............;...................... 12
ADHESION 44usionuuenenrennnceennnassonncosonnnrsannes 12
ACCELERATED CORROSION - SALT SPRAY
AND HUMIDITY .ivuuuvvnenvnennnnennnnsnnvnsnnnnnnnn, 13
WETTABILITY 41ruuvnunrnioerenennssensnncannsonsannss 13
RESULTS AND DISCUSSION 4evuusesunenenrennsnesonsconesnnsennnen, 15
VISUAL AND MICROSCOPIC EXAMINATION .....eeevvvvvennnnnen.. 15
FIIH THICKNESS ...eeviuunniieeeernennnnnconnsonnnnennnnn., 18
SURFACE ROUGHNESS ., ..0.uuuveeennrnnennnennennsnnsnnnann,, 21
ADHESION . \uuineiineeniinnnrunoinennennnesncnnsnnnennnnn,, 23
ACCELERATED CORROSION - SALT SPRAY ...........c0evvrnrnn.. 25
ACCELERATED CORROSION - HIGH HUMIDITY ,................... 36
WETTABILITY ©oturvniriurieniinnniininnnnnrenensenennnenses 37

CONchIONS ...l.....'......C..0.....0.........l‘......'.l...... 50

11




NAVWEPS REPORT 6969

PART 2 - APPLICATION OF TFE-RESIN

INTRODUCTION
SECTION A - RATE OF HEATING OF ALUMINUM ALILOYS
EXPERIMENTAL PROCEDURES
RESULTS AND DISCUSSION
CONCLUSIONS

....O.Q............0....‘...........

SECTION B - EFFECTS OF HFAT TREATING ON MECHANICAL

EXPERIMENTAL PROCEDURES

RESULTS AND DISCUSSION

CONCLUSIONS
RECOMMENDAT IONS
ACKNOWLEDGEMENTS
REFERENCES

iv

PROPERTIES OF SPECIFIC ALUMINUM ALLOYS

.....l.......
.'l..l'..................O..".....
...............I...C....l............
0.....0..................O'..0....".........0..
0........l...........Q.l..........l.‘....l.......‘
.C.....l..‘...........0....'.0..‘......0.0......0

.0.....0.00'......’............l..l.....l..‘-.........'

TABLES

Aqueous Dispersion of TFE-Resing R

TFE-Resin Coating System (Steel Primer A;
Topcoat - One Coat Of the EnamelS)ocoooocooolooocoooooo

TFE-Resin Coating System (Aluminum Primer B
Topcoat - One Coat of the Enamels)...uoeevennnnnennn...,

TFE-Resin Coating System (Steel Primer C;
Topcoat - One Ooat of the Enamels)

TFE-Resin Coating System (Primer - One Coat
Enamel; Topcoat - One Coat of the En&m818).........o-..

Page

52
53

53
54
59

60
60
61
63
63
64
65




NAVWEPS REPORT 6969

Table Page

6 - TFE-Resin Coating System (Steel Primer A;
Topcoat - Two, Three, and Four Coats
Of the EnMGIS) ..........I..............‘............ 10

7 - TFE-Resin Coating System (Steel Primer A;
‘Topcoat - One Coat of Enamel and One Coat
of the Clear FiniSh) ....!l".......t...O.Q....QO!.O. 11

8 - Total Film Thickness of TFE-Resin Coating
systems (in miIS) ................0.................. 19

9 - Thickness of Individual Coatings (in mils) ............. 20
10 - Surface Roughness Of TFE‘ReSin Films 000000000000 0000000 22

11 - Relative Adhesion of the Various TFE-Resin
Primers and Enamels ..0.00..0.0........O..........l'. u

12 - Salt-Spray Test Results (Coatings Al to A1111 and Al8
A2 to A2222 and A28) ,......... 27

13 - Salt-Spray Test Results (Coatings A3 to A3333 and 1
A38 AL to ALLLL and ALB)...,.. 28

14 - Salt-Spray Test Results (Coatings A5 to A5555 and A58
A6 to A6666 and A68)........... 29

15 - Salt-Spray Test Results (Coatings A7 to A7777 ang
A78-A8 to A8888) AN NN N F YRR 30

16 - Salt-Spray Test Results (Coatings Bl to B8) verieeenrees. 31
17 - Salt-Spray Test Results (Coatings C1 to C8) veverevsees. 31

18 - Salt-Spray Test Results (Coatings D1 to D8 -
Dart DD) .‘.................... 32

19 Rating of Enamels with Same Primer A )

20 - Rating of Coating Systems Containing Same Enamel ceeeses 4

21 - Rating Of Enamels .......'.‘................lh.......ﬁ... 35

22 - Humidity Test Results (Coatings Al to All11 and Al8 ;
A2 to A2222 and A28) .,.......... 38

v




NAVWERS REPCRT 6969
Table Page
23 Humidity Test Results (Coatings A3 to A3333 and A38 -
‘ AL to ALLLL and ALB)esesesereeess39
2/ Humidity Test Results (Coatings A5 to A5555 and A58 -
' A6 to A6666 and A68) eeeeeeseesodD
25 - Hunidity Test Results (Coatings A7 to A7777 and A78
' A8 t0 ABBBB) s4eivereecescnrensessdl
26 Humidity Test Results (Coatings Bl t0 B8) ...cevesveeeesd?
27 Humidity Test Results (Coatings Cl t0 C8) veeevevooeoos.43
28 Humidity Tes¢ Results (Coatings D1 to D8 - Dand DD).....44
29 Rating of Enamels with Same Primer v...veeeeecccocseecss 4d
30 Rating of Coating Systems Containing Same Enamels.......46
3 Rating of ENamels vevueeevecccerecerssosccsoosooonsnnsss i
32 Hettability Measurements on TFE-Resin Coated Panels.....48
33 Time Required for Aluminum Specimens to Attain |
Furnace Temperature after Furnace has Reached
Desired Temperature (in minutes)......................55
34 Time Required for Furnace to Attain Indicated
~ Temperature (in MinULes) veveeeessoseeoeveroonnnnnss.56
35 Mechanical Properties of Aluminum Al10YS veeeeeessssssss62
ILLUSTRATIONS
Eiegure Page
1 Profile of Sessile Drops Viewed on Protractor Screen....l4
2 Change in Surface Temperature with Time - Alloy 5086.,,,57
3 Chanpe in Surface Temperature with Time - Alloy 3003....58

vi

=




NAVWEPS REPORT 6969
1
EVALUATION OF TFE-RESIN COATING SYSTEMS
INTRODUCTION

Previous reports such as NAVWEPS OD 10362}, NAVWEPS Report €9482 and
NAVWEPS Report 69493, as well as the report of this investigation, deal with
thin films of "Teflon" applied to metal substrates. "Teflon" is the
registered trade-mark for a family of DuPont fluorocarbon resin products,
They are either tetrafluoroethylene resins (TFE-fluorocarbon resins) or
fluorinated ethylene propylene resins (FEP-fluorocarbon resins). The "Teflon"
used in this and the above reports was the TFE-fluorocarbon resins (TFE-
resins) in form of stabilized aqueous dispersions. These aqueous dispersions
of small particles of TFE-resins and inorganiz additives are proprietary
primers and enamels, (clear and colored) formulated by the Finishes Division
of E. I. DuPont de Nemours and Company (Inc.).

As a film, one of the outstanding applications of TFE-resin is as a dry
film lubricaht; that is, if the filmis thin enough to permit the substrate
to contribute to the load carrying capacity of the film. For use primarily
as a dry film lubricant, the thin TFE-resin film should not exceed 1.0 mil
(0.001 inch) in thickness.4 Considering the above condition, most of the
coating systems of this investigation are less than 1,0 mil in thickness.
Films thicker than 1,0 mil were also evaluated because of their applicability
to conditions other than lubrication. Corrosive environments, antisticking
conditions, and extreme temperature conditions are additional situations in
which TFE-resin films have excellent utility.

For application of the aqueous dispersions of TFE-resins, the procedures
were essentially those used in references 1, 2, and 3, This dispersions
were applied to aluminum and steel panels and blocks as thin films, Both
the film and substrate material were evaluated from results of quality tests;
however, no extensive tests were performed to determine the set of con-
ditions which gave the best films for use in this investigation, A1l
dispersions were sprayed similarly and sintered for periods of time depending
on the number of coats of TFE-resins. Because of the variety of dispersions
of TFE-resins available, many combinations of TFE-resin films as coating
systems were evaluated in this investigation,

This report includes experimental data on uncoated aluminum alloys
subjected to heating cycles encountered in the sintering of TFE-resins,
see Part 2,

The purpose of this investigation was to obtain data from quality tests

N
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of TFE-resin films on metal substrates so that the following documents could
be prepared:

1. A specification for thin films of TFE-resins applied to metal
substrates,

2, An ordnance data document for applying thin films of TFE-resins to
aluminum alloys,

3. A revision of NAVWEPS OD 10362, Application of Thin Films of TFE-
resins to Ferrous Materials.
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EXPERIMENTAL PROCEDURE

Aqueous Dispersions of TFE-Resins. Available aqueous dispersions of
TFE-resins were obtained from E. I, DuPont de Nemours and Co. (Inc.). The
TFE-resins are listed and are designated in the following table:

Table 1 - Aqueous Dispersion of TFE-Resins

Designation for

Primers Thig Investigg&ion
850-201 Primer for Steel A
850-202 Primer for Aluminum B
850-204 Primer (Green) for Steel c

851-204 One-Coat Enamel ' . D

Enamels
851-201 Gray Enamel 1
851-202 White Enamel 2
851-203 Red Enamel 3
851-205 Black Enamel 4
851-206 Blue Enamel 5
851-207 Yellow Enamel 6
851-21/ Green Enamel 7

852-201 Clear Finish 8

Application of TFE-Resins tb Metal Substrates, The metals used as the
subtrates were aluminum and steel in panel form. The aluminum panels were
5.50 inches by 4.25 inches and 5.50 inches by 1.25 inches prepared from
0.064 inch sheet stock, mill finish of aluminum alloy 5056-0, The steel
panels, 6,00 inches by 4.00 inches 6 inch by 1.25 inches, were prepared

from 16 gauge (0,06-inch thick) cold rolled, satin finish, meeting Federal
Specification QQ-S-692, Class A.
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The steel panels were sandblasted with No, 145 silica sand at a pressure
of 100 psi after having been degreased first in varsol, then in acetone.
The aluminum panels were degreased in the same manner, but they were not

Before applying the TFE-resin as thin films, all panels were oxidized
at 700°F for 10 to 30 minutes, then air cooled to room temperature. This
operation was to remove 8hy gaseous or organic material that might later be
trapped between the TFE-resin film and the substrate. The steel panels
were oxidized the same day they were sandblasted, or they were stored in a
dessicator unti) oxidizing,

The oxidized panels were sprayed on one side and on the edges with the
various TFE-resin primers, aluminum primer on the panels of the aluminum
alloy and the other primers on the steel panels. The spray gun was a
DeVilbiss TGA type, fitted with a No, E90 nozzle, Adequate o011, dirt,
and moisture traps and separators were used, The operation pressure wag
30 to 40 psi. The Spray gun was held 3 to 8 inches from the panels being
sprayed. A film thickness of 0.2 to 0.3 mils was anticipated.

The coated Panels were air dried at room temperature for varying lengths
of time, usually overnight, To insure complete evaporation of the water
from the film (fusing a wet film may cause pinholes or blisters), the panels
were placed in a room temperature furnace which was then raised to 1800F,
The temperature was maintained for 10 minutes, then increased to 7000F and
held for 10 minutes, then increased to 700°F and held for 10 minutes. The

furnace was then opened and the fused films were quenched with a water
spray.

The enamels were applied, dried, and fugeq in the same manner as the
primers except for each additional coating, 5 minutes was added to the
fusing time., Thig was done because the TFE-resin has loy thermal con-
ductivity and absorbg heat as it undergoes the phage change. Panels with
thicker films require a longer time to attain the fusing temperature, The
films were buffed after each coating with clean canvas cloth to remove the
dull finish (dust) of the fused film,

The furnace used in this investigation for the oxidation, drying, and

fusing was a large, walk-in, recirculating hot-aiy type with good exhaust, ,
The accuracy of temperature control was within 50F,
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Coating System, The systems with ome coat of primer plus a single coat of
enamel were prepared so that each primer with each enamel as a topcoat was
evaluated, The systems of steel primer (A) plus multiple coats of each enamel
were prepared in order to evaluate the enamels as the thickness of the coating
system increased. It was unnecessary to use more than one primer for this
purpose. The systems of one coat of steel primer (A) plus one coat of each
enamel plus one coat of clear finish, were evaluated because these are systems
which would logically be used where thick films are required. The system
of two coats of one-coat enamel, was evaluated because it had been used often
in the past. The one-coat enamel was also evajuated as a primer because it
is used so extensively, and the question of possibility of its use as a
primer had been raised. A total of 68 coating systems were evaluated.

Tables 2 through 7 list the various combinations of the TFE-resins that
were prepared for evaluation in this investigation, show how they were

designated, and shoy the number group of the panels to which they were
applied.
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TABLE 2 - TFE - RESIN COATING SYSTEM
(STEEL PRIMER A: TOPCOAT - ONE COAT OF THE ENAMELS)

Coating System Designation# L-Panels*  S-Panels**

850201 Primer for Steel Al 1-12 685-687
851-201 Gray Enamel

850-201 Primer for Steel A2 13-2, 688-690
851-202 White Enamel

850-201 Primer for Steel A3 25-36 691-693
851-203 Red Enamel

850-201 Primer for Steel Ad 37-48 694-696
851-205 Black Enamel

850-201 Primer for Steel A5 49-60 697-699
851-206 Blue Enamel

850-201 Primer for Steel A6 61-72 700-702
851-207 Yellow Enamel

850-201 Primer for Steel A7 : 73-8; 703-705
851-214 Green Enamel

850-201 Primer for Steel A8 85-96 706-708
852-201 Clear Finish

850-201 Primer for Steel A 838-841

#The alphabet of the coating system designation represents the
primer used,

The numberal represents the enamel used, Repetition of either
alphabet or numberal indicates an additional coating to
correspond to the repetition; e.g,, Alll is a coating system
of one coat of primer (A) and three coats of gray enamel,

*L-Panels: 5,50-inch by 4.25-inch aluminum panels and 6,00-inch
by 4.00-inch steel panels used for visual and microscopic
examination, corrosion, surface roughness or general testing,

**3-Panels: 5,50-inch by 1,25-inch aluminum panels and 6.00-inch
by 1.25-inch steel panels used for adhesion testing,
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TABLE 3 - TFE - RESIN COATING SYSTEM
'(ALUMINUM PRIMER B; TOPCOAT - ONE COAT OF THE ENAMELS)

Coating System Deaignation L-Panels S-Panels

850-202 Primer for Aluminum Bl 846-857 942944
851-201 Gray Enamel

850-202 Primer for Aluminum B2 858-869  945-947
851-202 White Enamel '

.850=-202 Primer for Aluminum B3 870-881 948-950
851-203 Red Enamel

850-202 Primer for Aluminum B, 88289 951
851-205 Black Enamel 3 51-953

850-202. Primer for Aluminum B5 894~ 954-956
851=206 Blue Enamel 94905 54=95

850-202 Primer for Aluminum Bé 906~917 957-959 J
851-207 Yellow Enamel

850-202 Primer for Aluminum B7 918-929 960-962
851-21, Green Enamel

850-202 Primer for Aluminum B8 930-941 963-965
852-201 Clear Finish

850-202 Primer for Aluminum B 966~969
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TABLE /, - TFE-RESIN COATING SYSTEM

(STEEL PRIMER C; TOPCOAT - ONE COAT OF THE ENAMELS)

—___Panel Numbers

Coating System Designation = L-Panels S-Panels
850-204 Primer (Green) for Steel Cl 97-108 709-711
851-201 Gray Enamel
850-204 Primer (Green) for Steel c2 109-120 712-71/,
851-202 White Enamel
850-20, Primer (Green) for Steel C3 121-132 715-717
-851-203 Red Enamel
850-20, Primer (Green) for Steel [ 133-144 718-720
851-205 Black FEnamel
850-20, Primer (Green) for Steel c5 145-156 T21-723
851-206 Blue Enamel
850-204 Primer (Green) for Steel cé 157-168 T24-726
851-207 Yellow Enamel
850-204 Primer (Green) for Steel c7 169-180 727-729
851-21/ Green Enamel
850-204 Primer (Green) for Steel c8 181-192 730-732
852-201 Clear Finish-
850-204 Primer (Green) for Steel ¢ 842-845
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TABLE 5 - TFE-RESIN COATING SYSTEM
(PRIMER - ONE COAT ENAMEL; TOPCOAT - ONE COAT OF ENAMEL)

Panel Numbers

Coating System . Designation L-Panels S-Panels
851-20/, One-Coat Enamel | D1 193-204, 733-735.
851-201 Gray Enamel
851-20, One—Coat Enamel D2 205-216 736-738

851-202 White Enamel

851-204 One-Coat Enamel D3 217-228 739-741
851-203 Red Fnamel

851-20/ One-Coat Enamel D4 229-2/0 T42-744
851-205 Black Enamel

851-20/ One-Coat Enamel D5 2,1-252 TL5-T,7
851-206 Blue Enamel

851-20, One-Coat Enamel S 253-264 748-750
851-207 Yellow Fnamel

851-20/ One-Coat Enamel D7 265-276 751-753
851-21/ Green Enamel

851-20, One-Coat Enamel D8 277-288 754756
852-201 Clear Finish

851-20, One-Coat Enamel DD 289-300 757-759
851-20, One-Coat Enanmel

851-20/ One-Coat Enamel D 301-312 760-762
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Table & - TFE-Resin Coating System (Steel Primer A: Topcoat -
Two, Three, and Four Coate of the Enmmsls)

E1f on | ple Top Coate Faneln
Three Four | Pive ]
Coating Fystem Coats Panel No. Coatn Fanel No. | Loats Baynel No.
B50-201 Primer (ar Sieel A1l IT-408 A1l LOS=L20 A1111 L21-432
851-201 Gray Fnamel
850-201 Primer for Steel A22 LAt A222 LiS=L86 ARI22 LST=LEA
B51-202 White Ename!l
B50-201 Primer for Steel A33 LET-L A0 A333 LBl=£92 A3333 AT3=504
851-203 Red Enamel
B50-201 Primer for Steel | A4L |  505-416 Aédd, 517-528 MLLLL, 529-540
851-205% Black Frnme]
850-201 Primer for Stesl ASS S41-552 A555 553=564 A5555 565-576
851-206 TFlus Fnams]
850-201 Primer for Stanl AGE STT-589 AGGE SHO-HO0 AGEAER &01-612
851-207 Yellow Fpamel
850-201 Primer for s.eel AT? 613-624 ATTT b25-636 ATTTT A3IT-H48
851-214 Green Epams]
250-201 Primer for Stesl ABS AL 9=560 A8AR8 &61-672 ABRAR 67368,

B52-201

Clear Finiah

10
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Table 7 - TFE-Resin Coating System (Steel Primer A;
Topcoat - One Coat of Enamel and One Coat of-
The Clear Finish)

. Desiggation of Multiple Top-Coated L-Panels
Coating System Three Coats Panel No,

850-201 Primer for Steel
851-201 Gray Enamel Al8 313-324
852-201 Clear Minish

850-201 Primer for Steel
851-202 White Enamel A28 325-336
852-201 Clear Finish

850-201 Primer for Steel
851-203 Red Enamel A38 337-348
852-201 Clear Finish

850-201 Primer for Steel
851-205 Black Enamel A8 349-360
852-201 Clear Finish

850-201 Primer for Steel
851-206 Blue Enamel A58 361-372
852-201 Clear Finish

850-201 Primer for Steel ‘
851-207 Yellow Enamel A68 373-38/,
852-20)1 Clear Finish

850-201 Primer for Steel
851-21/ Green Enamel A78 385-396
852-201 Clear Finish

11
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Test Procedures, To evaluate the TFE-resin coating systems on the
steel and aluminum panels, systematic testing of various properties
contributing to the quality of the coating was performed, At the same
‘ time, the tests vere evaluated gs quality control Procedures. The tests
conducted in this investigation were as follows: ‘

Visual and Microscopic Examination, Extensive unaided eye and
microscopic examinations were made of the TFE-resin films before and after
many of the tests. Film color, local discoloration, continuity, and gross
defects were observed with the unaided eye, Using a stereoscopic micrq-
Scope with an outside light Source, a survey examination was made at 10,5X,
30X, 60X, and 75x magnification. For more detailed examination, a micro-
8cope with a vertical 1ight source capable of 80X, 100X, 160X, 200X,
400X and 800y magnification was used, This microscope was alsp equipped
with a 35mm camera attachment which was used to make Photographic studies,

Film Thickness, Sintered TFE-resin film thickness was measured
on each of the L-panels of all of the coating systems, Measurement of the
film thickness on the steel panels was made with an Aminco-Brenner Magne-
Gage; measurement on the aluminum panels was made with an Aminco Filmeter,
The accuracy of each instrument is approximately +10 percent, Readinge
were taken at four points on each panel and were averaged to pive the panel
film thickness. Tt was desired during the Preparation of the panels to
apply 0.2#-#0.3 mils -per coating,

Surface Roughness, The surface roughness of the TFE-resin f1iim
on four panels of each coating system wag determined with a Brush
Surfindicator, Model BL-110 using a Motop Drive, Model BL-114, This
instrument records, in microinches, the average height about an imaginary
mean line paralle] to the general direction of the profile of the surface,
80 that the sums of the areas contained between it and those parts of
Profile which lie on either side of it, are equal. The surface of the
uncoated side of the panels was also measured in order to obtain any change
in surface roughness due to the film, .

Adhesion., Fach of the coating systems, consisting of a primer and
one coal of enamel, had been applied to the S-panels and was qualitatively
tested for adhesion ueing a Shore Durometer, Type A, and using a benqd test,

The Shore Durometer contains a 8pring-loaded, flatten, conical
probe which is retracted when pressed downward on a flat surface, The
vertical force exerted ig approximately 2350 psi. When the durometer is
8lid in the direction of its longest dimension across a panel, unfused or
non-adherent TFE-resin films are visibly ploughed or detached; satisfactory
films are not damaged,

12
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The bend test consists of bending the panel, with one end held
Securely in a vise, back and forth until the metal substrate fractures,
If the TFE-resin film blisters or becomes detached from the substrate,
in any way, before the metal fractures, it is considered to have poor adhesion,

An indication of the adhesion of the films was also accomplished by
rubbing a rounded steel probe across the film surface while observing the
effect on the film at 30X magnification.

Accelerated Corrosion., The resistance to corrosion of the various

TFE-resin coating systems was evaluated using two accelerated corrosion
tests: (1) Three panels of each coating system, were tested according to
Method 811 of Fed, Test Method Std. No. 151 using a 20 percent salt solution.
The panels remained in the test cabinet for a maximum of 336 hours, or were
removed when a general breakdown of the film became evident, Examination of
the panels was made after 3, 8, 24, 32, 48, 72, 100, 144, 192, 228, 265, and
336 hours of exposure, (2) Three panels of most of the coating systems were
tested at 1209+20F and 100 percent relative humidity according to Specifica-
tion JAN-H-792, Examination vas made at the same time intervals as for the
salt spray test, Panel éxposure was also continued for 336 hours or until
peneral breakdown became evident.

In each test, time to initial corrosion, total exposure time, and
final condition were recorded.

The humidity test also serves as a test of the adhesion of the
individual films to each other, If poor adhesion is present, blisters
will be formed at the interfaces of film layers,

Wettability, NRL Memorandum Report 7775 states that wettability
of TFE-resin (Teflon) coatines is "indicative of the nature and closeness
of packing of the atoms or oreanic radicals comprising the outermost
surface of the coating, Large contact anples with water are indicative of
high water repellency and hence decreased corrosiveness by rain and lower
iced adhesion, Large contact anples with methylene iodide and hexadecane
would indicate low hydrogen and high fluorine content, low adhesion of
liquids including oils, and low adhesion of solids including airborne debris¥

This NRL report also stated that the wetting characteristics of
water, methylene iodide, and n-hexadecane ag obtained by simple contact
angle measurements may be used as a method of quality control of TFE-resin
coated items. For example, contact angles on TFE-resin (850-204) coatings
for sessile drops of the three above liquids were 122°, 909, and 46°
respectively,

To extend this work, this investipation included all the available
primers and enamels as coatings, then contact anples were determined,
Laboratory distilled water, and methylene iodide and n-hexadecane purchased
from the Fisher Scientific Co. were used as the liquids, Drops of these
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liquids were put on the TFE-resin coated panels which had been cleaned with
a detergent, rinsed with distilled water, and dried at 220°F for 2 hours.
The liquid was applied to the panels as follows: One drop was applied and
measured, then another drop was added to the first, and a second measure-
ment was made. In the case of methylene iodide, extreme care was taken in
putting the drops on the Panel, The drops were distorted or fattened if
allowed to fall on the panel,

Measurement of the contact angles of the drops of the solutions
were made with an optical comparator where the profile of the drops were
shown on a protractor screen in a 31.25X magnification. The profile of
the drops in reduced size appeared approximately as pictured in fipure No, 1.

Contact angle

L Contact angle

i8o* o

n-Hexadecans

Methylene lodide

Figure 1 - Profile of Sessile Drops Viewed on Protractor Screen

By rotating the circular disk, graduated in half-degree divisions, the
angle of contact of the drops of liquid on the TFE-resin coated panels
was determined.

By correlating the contact angles of the three liquids to frictional
measurements, the minimum acceptable contact angles for water, methylene
iodide, and n-hexgdecane on TFE-resin. coated surfaces are 95°, 810 ang
359 respectively,
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RESULTS AND DISCUSSION

Visual and Microscopic Examination. Unaided eye examination shows all
of the TFE-resin coating systems to be continuous films, free from gross
defects such as mudcracks, pinholes or craters, sags, wrinkles, and blisters.
The only imperfections noted were particles of TFE-resin up to 1/32 inch
diameter which formed raiged spots on the film surface, or protruded from it
as short strings, These heavy spots of TFE-resin were the result of the

spraying technique and could easily be removed with light sanding using
#3/0 emery paper.

The hue of the different TFE-resin enamels by which they are dis-
tinguished from eath other is good. However, one coat of Clear Finish over
the various primers shows colors similar to a single coat of the gray enamel
on the respective primers; as the topcoats become thicker the gray enamel
appears gray while the Clear Finish shows a bluish tint, The other enamels
do show some variations in tinting when applied to the various primers, and
the color or hue becomes more intense as the enamel thickness ﬁ? increased,
The enamel hue is distinct, and the enamels are easily distinguished from
each other, except for the gray enamel and the Clear Finish,

The TFE-resin coating material used to
investigation were from the same lot and in
Although color matching was good here,
will be true when using coating materia

prepare the specimens for this
many cases from the 'same bottle,
it cannot be assumed that the same

1 prepared at different times,

A topcoat of Clear Finish over the enamels appears to add gray to their
color and, in the case of the white enamel, caused mottling, The A18 coating

system was the only indication of non-compatibility and it could be detected
by none of the other quality tests,

In addition to the above attributes,

the TFE-resin films could all be
considered lusterless, even after Buffing

with canvas cloth,

At magnifications up to 7% the enamel films were seen to be made up
of small globules of TFE~-resin which have fused together at their‘contacting
surfaces, Since there is little or no flow of the resin at the sintering
temperature, the globules do not flatten, and nodules remain in the surface
of the film giving the appearance of hammered metal work. As the enamel
film thickness is increased, the gray, white, yellow, and green enamels
tend to lose thig appearance; and a smoother, continuous film is formed,

The red, black and blue enamels, and the Clear Finish retain the nodular
appearance. No nodules are evident with the primers, which form smooth

15
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continuous coatings, With primer films less than 0.2 mi1l thick, many of the
peaks (due to the sandblast which make up the surface of the substrate
metal are not completely covered,

Where the enamel gives good color contrast with the primer in the two-
coat systems up. to an enamel film thickness of approximately 0.3 mil, it is
evident that the enamel does not form a continuous film of the primer.

The thinner enamel films have many voids, with up to 20 percent of the
As the thickness of
This last
« A second coat
but the second coat
it self contains pinholes. Successive coats seal the pinholes or craters of
the previous coating but produce pinholes of their own, The final result
is a continuous film with pinholes from layer to layer of TFE-resin, These
pinholes are visible at 30X .or greater magnification,

When the One-Coat Ename] is used as a topcoat (systems DD and AD) it is
pinholed at 30X magnification. The pinholes are
d both appear to be only in the topcoat, This is
« The other topcoats
11 contain varying numbers of pinholes or craters
through the topmost coating,

At 400X magnification aluminum ang steel (A) primer films were found to
have a crystalline appearance with dark lines separating irregularly shaped
areas which are repetitive, The dark lines are not cracks. This condition
could not be found with the One-Coat Enamel and the green steel primer (C)
up to 800X magnification,

All of the primers have a grainy appearance at 400X magnification, They
seem to be made up of very small d by a semi-transparent
medium, With the alumi
with the green steel ()

The grainy appearance was

at 400X magnification; hun odule of the
TFE-resin film., The red, yellow, and green enamels have particles wh’ch are
pigmented the same colop as the enamel. The white and black enamels and

the Clear Finish have white particles with the medium separating them

being the color of the enamel. The blue and gray enamels and the Clear
Finish in systems A8, A88, and as a topcoat on the enamels contain very

few particles, The appearance is not grainy, but waxy, The Clear Finish

in this condition is transparent and the primer and enamel can be seen
through it,
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It was thought that these grains were TFE-resin particles which had not
been completely fused or sintered,# After resintering a series of coati
Systems containing the various enameld and Clear Finish at 760°F for 30

minutes and again at 800OF for 30 minutes, no change was found in the grainy
not the result of incomplete fusion.

appearance, The particles are, therefore,
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Film Thickness. The results of the film thickness measurements are
summarized in table 3, For each coating system the maximum value is the
fused film thickness of the panel with the thickest film; the minimum value
is the film thickness of tle Panel with the thinnest film; and the average
value is the numerica} average of the film thickness of at least 12 panels,
All the values are in mils (0.001 inch),

It was expected that film thicknesses for the coating systems would
have the following ranges:

Thickness
Coating System (mils)
Primer coat 0.2-0,3
Primer coat plus one coat of enamel 0.4-0,6
Primer coat plus two coats of enamel 0.6-0.9
Primer coat plus three coats of enamel 0.8-1,2
Primer coat plus four coats of enamel 1.0-1,5

When the expected thickness values are compared with the actual values of
table 8 the averape values for film thicknesses for most of the coating
systems are within the limite; however, variation of the film thickness
for a particular coating was more than expected. To have a better picture
of the film buildup as additional coatings are applied, table 9 was
compiled, Table 4 contains the averapge film thickness, in mils, for the
individual coatings, It wasg obtained by subtracting the averape film
thickness valueg of the system containing one less coating, For example,
to obtain the thickness of the pray enamel on steel primer, the average
steel primer thickness was subtracted from the average Al coating system
total film thicknees; to obtain the thickness of the fourth coat of Fray
enamel on steel primer, the averape film thickness of the Alll coating
system was subtracted from the average film thickness of the Al111]1
coating system,
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~Resin Coating Systems (im mils)

Table 8 - Total Film Thickness of TFE
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Table 9 ~ Thickness of Individual Coatings (in mils)
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#0.10 added for primer thickness for 466, A77, and A88,

¥Not used in average film thickness per coat
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Surface Roughness. The results of the surface rq3ghness determin-
ations are tabulated in table 10. The surface roughness value is the
average for the films on the four panels measured in each coating system,
The change in surface roughness was obtained by subtracting from the film

. surface roughness the average surface roughness of the uncoated side of the
panels, Two hundred and seventy seven steel panels gave a value.of 59
nicroinches, and 36 aluminum (unaandblasted) panels averaged 10 microinches,
Included in the table is the average total film thickness of the films on
vhich the surface roughness had been determined,

As the film thickness increases, tnere is a general tendency for
the surface roughness to increase. This is seen in table 10, rows I and
II, column 2, The change in surface roughness of the TFE-Resin coating
from the original "steel panel surface roughness is shown in column 3,
Data in row III shows TFE-Resin surface roughnesses of other coating systems,

The topcoats applied to the unsandblasted aluminum panels have
substantially the same surface roughness as topcoats applied to the sand-
blasted steel panels (the change in surface roughness is much greater
on the aluminum panels), indicating that for equivalent film thickness the
same surface roughness will result regardless of the surface roughness of
the substrate, There are, of course, limits to thig: previous investiga-
tions? have shown that TFE-resin films applied to substrates with surface
roughness greater than 150 microinches would produce a film with lower
surface roughness.

A maximum surface roughness of 90 micoinches has been previously
required for the ™eflon" TFE-gesin films which are to ‘have dry lubrication
or anti-sticking applications.® -Of the coating systems with less than
1.0 mil film thickness prepared for this investigation, some exceeded this
limit , mlthough the majority did not. During the preparation of the films,
no attémpt was made to control the surface roughness., If the surface
roughness had been controlled, the maximum limit of 90 microinches could
have been met, For films of greater thickness than 1,0 mil this surface
roughness maximum is not needed although it can easily be obtained by
sanding lightly or buffing,

The resin films were examined microscopically after measuring the
surface roughness. The diamond stylus of the surfindicator exerts a
Pressure of approximately 3000 psi on the film resulting in a slight
indentation, the width of the stylus. This trace line, however, has no
adverse effects on the film, for the panels later corrosion tested showed
no corrosion at this line,
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Adhesion, The test for adhesion using the Shore Durometer ploughed or
detached none of the coating systems prepared in this investigation,
indicating that al] have adequate adhesion, This test was found to be
invalid for extremely thin coatings (0,25 mil and less) on sandblasted
surfaces because peaks of the substrate metal are exposed, or so nearly
6xposed and the probe rides on these peaks,

The bend test also indicated that all of the systems have adequate
adhesion, It was, however, noted that the adhesion of the TFE-resing to
the unsandblasted aluminum panel was inferior to that of the TFE-resins to
sandblasted steel panels, as might be expected, The films on the aluminum
panels could be peeled back from the fracture to the area that had not been
deformed during the bend test, Thig could not be done with the films applied
to the sandblasted steel panels; but could be with unsandblasted steel panels
coated with steel priper (4), indicating that it wag entirely the surface
conditions which caused the difference in adhesion, From the results of the
Shore Murometer test, no variation in adhesion of the TFE-resin films on
the sandblasted arg the unsandblasteqd substrates could be detected,

Rubbing the” TFE-resin films with a rounded stee] probe while observing
the effects at 30x magnification, produced the results tabulateg in table
11, This test does not indicate the degree of adhesion of the coating
systems to the substrate, but it does indicate the degree of adhesion of
the individual coatings to each other, éspecially the adhesion of the top
coat(s) to the primer. From the table it can be seen that the adhesion
of the individual enamels to each other ig better than the adhesion of the

results can be accepted a5 valid, they should not be used ag g general test
for adhesion,
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Table 11 - Relative Adhesion of the Various

TFE-Resin Primers and Fnamels

Coating Coating . Coating Coating
System Result System Result  System Result System Result
Al B All C Alll co Allll O
A2 A A22 C A222 0 A2222 ¢
A3 A A33 C A333 X A3333 COx
Al A ALL C ALLL C ALllL ¢
A5 A A55 co A555 C A5555 ¢
A6 A A66 C A666 C A6666 ¢
A7 A ATY co ATT? C AT C
A8 A A88 CX A888 c A8838 ¢
Al8 XA Bl AO Cl1 C D1 C
A28 XC B2 A c2 A D2 A
A38 0 B3 A C3 A D3 A
AL8 ¢ B4 AQ Ci B D4 0
A58 C B5 A C5 B D5 A
A68 C B6 A cé B D6 A
A78 C B7 A c7 A D7 A
B8 A c8 B De B
DD A
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- Topcoat and primer removed topether as one film,

- Topcoat and primer removed to

remains,

pether but some primer

- Topcoat(s) removed from primer,

- Topcoat removed from enamel under it,

- Not definite.
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Accelerated Corrosion Salt Spray,
test are tabulateqd
coating system;
third column, the average film thickness of the panel
column, the number of hours exposure when
followed by a notation of the type of init

The fifth column
column a rating of the final condition according to the following table;

The final rating or evaluation vas based on
magnification observations,
exposed panels.
considered to have reached the point of
tanks broke down
continuous, had to be discontinued,

NAVWEPS REFCRT 6969
The results of the salt spray

The first column gives the
the number of the panel tested; the

tested; and the fourth
corrosion was first observed,
ial corrosion with the following

in Tables 12 through 18,
the second column,

General spotting
More than 25 spots of corrosion

Less than 25 spots of corrosion with the exact
number supersecribed

No corrosion observed during test

gives the total hours of exposure and the sixth

No corrosion

1-5 spots of corrosion

6-30 spots of corrosion

31-100 spots of corrosion

More than 100 spots of corrosion

General spotting but not over the entire panel
Complete breakdown of film

Blister(s)

Runs of corrosion products

unaided eye and 10X
although examination up to 60X was made of the
Those panels exposed 264 or 267 hours are not to be
complete breakdown, The salt-spray

at this time and the tests, which should have been
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In almost all instances the thicker TFE-resin filmS‘prqvided better
Protection than the thinner films regardless of the coating system, The
Panels coated with films less than 0,8-mil thick generally had considerable
corrosion after 2, hours exposure, If a film was going to provide good
protection, it was usually indicated after this length of time, In only -
one case, aside from the gray ename) coatings, did any of the coating systems
vith a total thickness of 0.9 mil or more have more than 12 spots of
corrosion after 32 hours exposure, and none had runs of corrosion products,

To obtain a better Picture of the corrosion protection provided by
the TFE-resin coating systems they were rating or ranked ag systems
according to the relative Protection they provide. In table 19 the enamels
(1ncluding the Clear Finish) are rated, In this table systems with different
primers are not compared, only those with the same primer, Systems with
the same rank are considered to provide equal protection, The thickness
value is the average film thickness on the three panels salt-spray tested.
From this table, the enamels can be divided into three groups; A#-#good
protection: black, white, and yellow; B#-#satisfactory protection: blue,
green, and Glear Bnish; and C#-#poor protection: gray and red,

In table 20 systems containing the same enamel are rated, systems
containing different enamels should not be compared, It ig seen that
as the total film thickness increases, the salt-spray protection also
increases; that the Clear Finish as a topcoat on enamels’ provides protection
approximately equal to an equivalent thickness of the enamel; and that the
protection provided by primers A, C, and D is effectively equal, Coating
systems containing aluminum primer (B) cannot be compared with systems
containing the other primers, because aluminum is subject to a different
type corrosion than the steel, Uncoated areas of the aluminum will not
necessarily corrode sufficiently to become visible; scratches in the film
sometimes showed no corrosion throughout the entire exposure period.

In table 21 the enamels are ranked as to their relative corrosion
protection, This rating was based on the evaluation of all the systems
containing each enamel including the multiple coating, The black enamel
provided the best protection, followed by the Clear Finish, and then the
white enamel, The gray enamel provided the least protection, then the
red enamel, with the blue, yellow, and green enamel somewhat better and
equal,
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Table 12 - Salt-Spray Test Results
(Coatings Al to Al11l and A18, A2 to A2222 and A28)

Coating Panel Total Film Hours to Total Hours  Final
- . T

A 1 0,72 24-G 100 6-R
Al 2 0.48 24-G 100 6-R
Al ‘3 0.52 24-G 100 6-R
All 397 0,94 24-G 100 6-R
A1 798 0.84 24L-G 100 6-R
A1l 399 0.66 24-G 100 6-R
A111 409 0.95 32-F 144 6-R
A111 410 1.16 48-F 144 6-R
A1 411 0.92 32-F 144 6-R
A1111 421 1.16 24-S 144, 6-R
A1111 422 1.30 32-F 144 6-R
A1111 423 1.09 32-F 14 6-R
A18 313 1.47 200-S 267 1
A18 31 1,69 32-5, 267 4
A18 315 1.76 72-9 267 3
V) 13 0.71 24-F 267 4-R
A2 L 0.53 2/-F 267 3-R
A2 15 0.82 48-59 267 2-R
A22 433 0.61 8-F 267 4-R*
A2 434 0.84 48-84 267 2
A22 435 0.64 20-520 267 3-R
A222 445 1,22 24-82 336 1
A222 47 1.28 0K 336 0
A222 148 1,52 24-S 336 1
42222 557 1.46 8- 336 2-B
22222 458 1.63 24-521 336 3-RB
A2222 459 1.63 32-g12 336 2-RB
A28 325 1,52 0K 267 0-B
A28 326 0.98 32-85 267 2-R
A28 327 1.7 267-85 267 0

*Mostly annealed or sandpapered area
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(Coatings A3 to A3333 and A38.- AL to ALLLL and A48)

Table 13 - Salt-Spray Test Results

Coating Panel Total Film Hours to Total Hours Final
System Number Thickness(Mils) Initial Corrosion Tested Condition
A3 25 0.59 8-F 100 6-R
A3 26 0.60 2/-F 100 =R
A3 27 0.50 2,-G 100 6-R
A33 469 0.8, 8-g8 100 LR
A33 470 0.94 48-82 100 4R
A33 47 0.86 24-8° 100 L-R.
A333 481 1.31 144-8° 336 5-R
A333 482 1.11 48-S 336 5-R
A333 483 1,11 1448 336 5-R
A3333 493 1,62 144-F 336 5-R
A3333 494 1.44 144,-5% 336 4L-R
A3333 495 1.44 144-8 336 2-R
A38 337 1.17 ,8-F 26, 6-R)
A38 338 1.11 32-S 26, 6-R) Very
A38 339 1,38 L8-F 26/ 4-R) Light
AL 37 0.66 24-810 267 2-R
A 38 0.61 24-g8 267 2-R
AL 39 0.71 I8-F 267 2-R
ALL 505 1.10 72-353 267 1-R
ALL 506 0.98 8-S 267 2-R
ALL 507 0.90 100-83 267 1
ALdd 517 0.98 24-S 336 2-R
AL 518 1,15 336-S 336 1
Abbd 519 1.11 0K 336 0
ALLLL 529 1.2 8-82 336 2-R
ALLLL, 530 1,23 0K 336 0
ALLLL 531 1.41 0K 336 0
ALS 349 1.17 24-83 264, 1
AL8 350 1.35 OK 261, 0
AL8 351 1,31 0K 26, 0
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Table 14 - Salt Spray Test Results
(Coatings A5 to A5555 and A58 - A6 to A6666 and A68)

Final

Coating  Panel Total Film Hours to Total Hours
System Number Thickness Initial Corrosion Tested Condition
(mils)
A5 49 0.59 8-F 100 5-R
A5 50 0.57 24-F, 100 4-R
A5 51 0.58 2487 100 L
A55 541 0.80 8-S 267 3-R
A55 542 0.82 24-86 267 L-R
A55 543 0.80 24-86 267 3-R
A555 553 1.00 248 336 1-B
A555 55, 1.11 247-82 336 2-B
A555 555 1.06 24-84 336 2-B
A5555 565 1.2 192-8 336 2-B
A5555 566 0.99 72-8 336 2-B
A5555 567 0.99 144-8 336 1-B
A58 361 0.79 3-s3 264 4-R
A58 362 0.86 48-8 264, 2-R
A58 363 0,82 24-87 264, 2-R
A6 61 0.38 32-510 267 3
A6 62 0.79 24-510 267 LR
A6 63 0.65 24-815 267 L-R
A6 577 0.90 8-S 267 2-RB
A66 578 0.9, 32-82 267 1-B
A66 579 0.65 2452 267 3-RB
A666 589 1.2/ 48-8 336 1
1666 590 1.27 144-S 336 1-B
A666 591 1.13 336-S 336 1-B
A6666 601 1.82 8-3 336 1-R Scratches
A6666 602 1.82 0K 336 0
A6666 603 1.55 0K 336 0
A68 373 0.94, 32-82 264 2-R
A68 37, 0.88 24-F 264 3-R
A68 375 1.08 24-88 264, 1-R
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Table 15 - Salt Spray Test Results
(Coatings A7 to A7777 and A78 - A8 to A888)

Coating Panel Total Film- Hours to Total Hours Final
System Number Thickness Initial Corrosion Tested Corrosion
(mils)
A7 73 0.38 8-G 100 5%
A7 /A 0.37 8-G 100 /A
A7 75 0.37 8-G 100 A
AT 613 0.65 - 8-F 267 4-RB
AT 61 0.60 8-F 267 4=RB
AT? 615 0.57 2/-F 267 4L-RB
AT 625 0.93 s-sé 336 2-RB
ATT? 626 0.93 2= 336 2-RB
AT 627 0.91 24-83 336 2-RB
AT 643 1.22 8-S 336 2-RB
AT bLL 1.23 2/-83 336 2-R
AT 645 1.40 144-S 336 1
A78 385 0.60 2.~F 26/, 4-R
A78 386 0.61 24-512 26/ 3-R
A78 387 0.62 24-56 264, 3-R
A8 85 0.79 8-F 100 4
A8 86 0.68 8-F 100 5
A8 87 0.£0 2/ -F 100 A
A88 649 0.8, 8-F 267 3-RB#*
A88 650 0.84 100-53 267 2-B
A88 651 0.79 24-F 267 4-RB
A888 661 1.31 144-S 336 1#
A888 662 1.19 24-5 336 1#
A888 663 1.30 0] ¢ 336 0
A8¢88 673 1.62 0K 336 0
A8888 67, 1.46 0K 336 0
A8488 675 1.7 1]¢ 336 0

¥Mostly annealed or sandpapered area
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Table 16 - Salt Spray Test Results NAVIEPS REPORT 6969

(Coatings Bl to BS)

Coating| Panel | Total Film Hours to Total Hours| Final
System | Number | Thickness (mils) Initial Corrosion| Tested Condition
Bl 846 Q. %, 24=F 336 5-R
Bl, 847 0,72 24~F 336 5-R
Bl 848 0.66 24eF 336 5<R
B2 858 0.70 192-520 336 2
B2 859 0.59 192-F 336 2
B2 860 0.64 192-F 336 2
B3 870 0.58 24=F 336 5<R
B3 8N 0.59 R4=F 336 5«R
B3 872 0.56 24F 336 5«R
B4 882 0.80 RL4=F 336 3-R
B4 883 0.71 24-F 336 3-R
B4 88, 0.88 24=F 336 4L=R
B5 89/, 0.91 31-F 336 4L=R
B5 895 0.81 4L8-F 336 4=R
B5 896 0.76 24F 336 3-R
B6 906 0.75 48-F 336 3-R
B6 907 0.81 72-56 336 2-R
B6 908 0.7 48-56 336 3-R
B7 918 0.73 24=F 336 4=R
B7 919 0.60 24~F 336 4=R
B7 920 | 0.69 24=F 336 4=R
B8 930 1.20 227-F 336 2
B8 931 1.17 227-5 336 1
B8 | 932 1.26 227-F 336 2

Table 17 - Salt Spray Test Results

(Coatings CI to C8)

Coating| Panel [Total Film Hours to Total Hours| Final
System | Number [Thickness (mils)| Initial Corrosion Tested Condition
Cl 97 0.38 3-5 48 6-R
Cl 98 0.32 8-G 48 6-R
C1 99 0.38 8-G 48 6=t
c2 109 0.36 3-52 100 5=R
C2 110 0.41 3-F 100 4L=R
C2 111 0.45 8-F 100 3-R
c3 121 0.30 3-G 3R 5-R
C3 122 0.25 3-G 32 6-R
C3 123 0.19 3-G 32 6-R
C4 133 0.44 8-F 97 6-R
Cé 134 0.35 3-F 32 6
C4 135 0.32 3-F 32 6
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Coating] Panel | Total Film Hours to Total Hours| Final
System | Number| Thickness (milg) Initial Corrosion Tested Condition
C5 145 0.46 8-F 48 5.

C5 146 0.42 3.F 48 6-R
C5 147 0.53 8-F 48 5
Cé 157 0.41 3-S5 227 5«R
cé 158 0.40 8-F 227 5«R
c6 _ | 159 0.46 | 24-520 227 3-R
c7 1€9 0.49 : 3-F 48 4
c7 170 0.36 8-F 48 5
c7 171 0.38 8-F 48 4
cs 181 0.52 8-F 227 6-R
c8 182 0.72 g-s12 227 4=R
c8 183 0.71 3-53 227 4-R

Table 18 - Salt Spray Test Results
(Coatings D1 to D8 - D and DD)

Coating| Panel | Total Film Hours to Total Hours| Final
System | Number| Thickness (mils)|Initial Corrosion Tested Condition
D1 193 0.42 3-F 3R 6-R
D1 194 0.33 8-G k) 6-R
D1 195 0.38 8-G 32 6-R
D2 205 0.38 3-F 97 4=R¥
D2 206 0.38 24-F 97 4-R
D2 207 0.40 2/,-F 97 4=R
D3 217 0.30 8-G 32 6-R
D3 218 0.32 3-F 32 6-R
D3 219 10,30 8-F 32 5
D4 229 0.51 8-F 336 4-R*
D, 230 0.60 24-38 336 2-R
D4 231 0.54 8-F 336 4-R
D5 241 0.52 g8-F 48 4
D5 242 0.45 8-F 48 A
D5 243 0.46 8-F 48 5
Dé 253 0.49 g8-s15 227 4-R
Dé 254 0.44 8-F 227 5-R
Dé 255 0.44 8-F 227 5-R
D7 265 0.52 8-520 227 4-R
D7 266 0.47 8-F 227 5-R
D7 267 0.42 8-F 227 5-R
D8 277 0.98 8-S 336 2-B
D8 278 0.82 8-3 336 3-RB
D8 279 0.69 8-33 336 L-RB
O 3 ; ¢
gn §8j ig B-F g é
- i :

.25 8-F 2 4

* Most ly annealed or sandpapered area
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Table 19 - Rating of Enamels with Same Primer*

Coating Film Coating Film

Rank##* System Thickness Rank ## System Thickness
(mils) (mils)
1 AL " 0.66 1 cé. 0.42
2 A2 0.69 1 c8 0.65
3 A6 0.77 2 c2 0.41
L A5 0.58 3 c7 0.41
L A7 0.37 4 C5 0.47
A A8 0.76 5 Cl 0.36
5 Al 0.57 5 C4 0.37
5 A3 0.56 6 C3 0.25
1 B8 1.21 1 D4 0.55
2 B2 0.64 1 D8 0.83
3 B6 0.77 2 D6 0.46
A B4 0.80 2 D7 0.47
L B5 0.83 3 D2 0.39
5 B7 0.67 4 D5 0.48
6 © Bl 0.71 5 D3 0.31
6 B3 0.58 6 D1 0.38

* Do not compare systems with different primers.

** Systems with the lowest rank numbers provide the best
protection, systems with ssme rank provide equal protection,
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NAVWEPS REPORT 6969

Table 21 - Rating of Enamels

" - Average Film
Rank Enamel Thickness*
(mils)
1 Black 0.89
2 Clear 0.99
3 White 0.93
A Blue 0.75
4 Yellow 0.91
A Green 0.67
5 Red 0.84
6 Gray 0.85

* Average film thicknees of all the
systems containing the respective
enamels except those with aluminum
primer,

** Systems with lowest rank number provide

the best protection, systems with same
rank provide equal protection.,
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Accelerated Corrosion High Humidity, The results of the humidity
tests are tabulated in tables 22 through 28, which are similar to tables
7 through 18 in which the salt-spray test results are given, The coating
systems on these panels were also evaluated using the same rating systems
and methods of observation,

The corrosion resulting from high humidity exposure was much less
severe than that from salt fog exposure, which is a more corrosive
environment, While the final condition rating may indicate the same
degree of corrosion, the humidity test panels had much smaller spots of
corrosion, although the same number of spots. Note in tables 22 through 28
that none of the panels had runs of corrosion products. Only three coating
systems were removed before the full 336 hour exposure period due to
excessive corrosion, and these three systems had relatively thin films,

The corrosion usually appeared early # -- # during the first 48 hours #--
but did not increase extensively after its initial appearance. In some
cases, what had been noted as corrosion spots during the exposure period,
could not be located at the final condition evaluation, even with
microscopic examination., These disappearing spots may have been extremely
small areas of corrosion which later sealed themselves, corrosion from the
edges which later washed away, or foreign matter which gave the appearance
of corrosion. In any case, the final condition evaluation must be accepted

as valid.

No blisters were found between the TFE-resin layers indicating
that each of the enamels have good adhesion to each of the primers, that
each’ ‘enamel hag good adhesion to itself, and that the Clear Finish has

good adhesion to each of the enamels,

For a better picture of the resistance to high-humidity exposure
the systems were rated from best to worst., In table 29 the enamels on
the same primers are ranked; enamels on different primers should not be
compared. Enamels with the same rank number on the same primer provide
effectively equal protection., The thickness value is the average film
thickness for the three panels of each coating system which were humidity
tested. From this table it can be seen that the black, white, and yellow
enamels provide the best protection; the gray, red, and blue enamels
provide the least protection; and the green enamel and Clear Finish provide

protection somewhere in between,

In table 30 the systems containing the same enamel are ranked as to
the corrosion protection they provide. Systems containing different enamels
should not be compared., Here it can be seen that increasing the film
thickness does not necessarily provide more corrosion resistance in a high
humidity environment, It points out the advantage of subjecting the panels
with three and four coats of the enamels to this test, Also, no consistent
difference can be seen in the protection provided by primers A, C, and D,
The systems containing the aluminum primer were not included in this table
since the aluminum eubstrate corrodes so differently from the steel that

no direct comparison should be made.
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Table 31 ranks the enamels based on all the conating systems subjected
to the humidity test, The thickness value is the average of all the systems
containing the respective enamels except those on the aluminum panels,

~ As with the salt-spray test results, the black enamel is apain
rated best, the white enamel third best, and the gray enamel the poorest,
The only significant changes in the rankings is that the Clear Finish now
is equal to the gray enamel and that the yellow enamel is next to the black.

Additional microscopic examination revealed that very light
corrosion, in the form of stains or slightly raised small areas, existed
beneath the coatings which had shown very little corrosion. The panels
with extensive visible corrosion did not have this corrosion beneath the
film, nor did any of the panels subjected to the salt-spray test, The
corrosion spotting appeared to be general over the entire panel, although
in some instances, raised spots of corrosion were found beneath the larper
nodules of TFE-resin. Since the TFE-resin films had to be removed in order
to see this corrosion, it was not considered in the final condition
evaluation. The detrimental effects of this type of corrosion are not
known, Although decreased adhesion may result, it was not indicated by
the Shore Durometer or the Bend tests, It is thought that the dry lubrica-
ting and wearing properties will be adversely affected,

For the three-and four-coat systems which were not included in
tables 30 or 31, more important than rating the enamels is what happened
below the coating or on the substrate. During the humidity testing of the
three-and four-coat enamel systems very little, if any, corrosion or heavy
rust spots were seen; but in the final examination of the substrate for
the systems, heavy corrosion which had not penetrated the enamel coating
was found. In some cases, mounds of corrosion products were found below
the coating, Where the mounds were large, pitting of the substrate
occurred, To rate the enamels according to substrate protection, they
are the yellow and black enamels which showed little or no rust stain on
the substrate. The blue, gray, green, and red enamels showed rust spots,
mounds, or the beginning of a formation of corrosion products. The white
enamel and Clear Finish gave the poorest protection to the substrate,
Numerous mounds of corrosion products formed on the substrate,

Wettability, In all cases, the contract angles for water, methylene
iodide, and n-hexadecane on the various TFE-resin primers, enamels, and
Clear Finish exceeded the minimum acceptable contact angles. Table 32
lists these contact angles. For any particular determination of the
contact angle, that value, if not a reasonably accurate measurement, is
lower than the real value for the contact angle given in table 32,

No conclusions could be made concerning the effects of surface
roughness in the determination of these contact angles or the effects of
the various inorganic pigments.

However, wettability measurements do show that after sintering the
various TFE-resin with their various additives, the outer surface of the
sintered coating is predominately a TFE-resin surface,
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Table 22 - Humidity Test Results (Coatings Al to 1111
and Al8 - A2 to A2222 and A28)

Coating Panel Total Film Hours to Total Hours Final
System Number Thickness(mils) Initial Corrosion Tested  Condition
Al / 2/-F 336 4

Al 5 L8-8 336 2

Al 6 2/-F 336 1

All 00 2/-F 336 5)Very
All 01 3-S 336 5)Lipht
Al 02 3-S 336 L)
Alll [12 1.03 )4 336 1

Alll 413 0.87 0K 336 1

Alll L1 0.98 0K 336 1
Al111 /24 1.26 72-s1 336 1
All111 425 1.16 48-s1 336 1
All11 26 1,13 1) 336 0

A18 316 1,43 2/,-G 336 5)

AlR 317 1.47 24-G 336 5)

Al8 318 1.47 24-G 336 5)Lipght
A2 16 0.56 72-F 336 2

A2 17 0.6/ OK 336 0

A2 18 0.78 4,8-510 336 2

A22 /36 0.67 72-5h 336 2

A22 437 0.70 193-S 336 1%

A22 438 0.76 193-S 336 1*
A222 449 1.20 24-81 336 5

A222 450 1.2, 192-F 336 5

A222 /51 1.15 8-52 336 5
A2222 460 1.57 32-83 336 5
A2222 461 1.56 32-51 336 5
A2222 462 1.52 8-52 336 5

A28 329 1.14 OF 336 0¥

A28 330 1.63 32-510 326 3

A28 331 1.31 72-53 336 2

* Also contains many very smal
not detectable with the unai

1 blisters which are filled with rust ang are
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Table 23 - Humidity Test Results (Coatings A3 to A3333

and A38 - AL to ALLLL and AL8)

Coating Panel Total Film Hours to Total Hours Final
System Number Thickness (mils) Initial Corrosion Tested Condition
A3 28 0.50 2,-G - 336 5
A3 29 0.42 2/-G 336 4
A3 30 0.53 2,-F 336 4
£33 LT2 0.89 72-F 336 2
A33 L73 0.89 L8-F 336 2
A33 L7 0.86 24-S 336 1
A333 484, 1.11 96-52 336 1
A333 485 1.20 96-s1 336 1
A333 486 1.22 48-S 336 2
A3333 496 1.51 192-51 336 1
A3333 L97 1.1 0K 336 0
A3333 £98 1.13 72-8° 336 1
A38 3.0 1.08 0K? 336 1
A38 3.1 1.31 18-83 336 1
A38 342 1.17 2/-S 336 1
AL 40 0.57 L8-S 336 0
AL L1 0.69 oK 336 0
AL L2 0.66 48-8° 336 1
A4l 508 0.98 L8-89 336 0
ALL 509 0.96 3-82 336 0
ALL 510 0.91 265-83 336 0
ALLL 520 0.98 3R-S 336 0
ALLL 521 1.16 0K 336 0
ALLL 522 1.30 0K 336 0
ALLLL, 532 1.26 0K 336 0
ALLLL 533 1.44 0K 336 0
ALLLL 53, 1,04 0K 336 0
AL8 352 1.11 24-F 336 1
A48 353 1,11 ) 336 0
ALS 354 0.99 0K 336 0
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Table 2/ - Humidity Test Results (Coatings A5 to A5555
and A58 - A6 to A6666 and A68)

Coating Panel Total Film Hours to’ Total Hours Final
System Number Thickness(mils) Initial Corrosion Tested Condition
A5 52 0.52 4G 336 5)Very
AS 53 0.64 72-85 336 5)Very
AS 54, 0.66 2/-G 336 5)Lipht
A55 544 0,80 48-S 336 Ler
A55 545 0.72 48-8 336 L)y ﬁt
A55 546 0.7, L8-F 336 L) E
A555 556 0.98 0K 336 0

A555 557 1.31 0K 336 0

A555 558 1.03 32-82 336 1

A5555 568 1.20 r 136 1
A5555 569 1,11 192-sl 336 1

A5555 570 1.12 0K 336 1

A58 364 0.82- 8-S 336 A)Very
A58 365 0.94 98-S 336 4)1ioht
A58 366 0.81 72-F 336 L)
46 64, 0.49 100-8 336 1

A6 65. 0.84 24-S 336 1

Ab 66 0.96 32-83 336 0

A66 580 0.79 ———— 336 1

A66 581 0.80 0K 336 0

266 582 0.87 2/3-S 336 1

A666 592 1,13 0K 336 0

A666 593 1,27 0K 336 0

A666 591, 1.13 OK 336 0
A6666 604 1,62 oK 336 0
A6666 605 1.69 0K 336 0
A6bGE 606 1.63 OK 336 0

A68 376 1,08 0K? 336 1

268 77 1.11 0K? 336 1

A68 378 0.86 0K? 336 2
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Table 25 - Humidity Test Results (Coatings A7 to A777

and A78 - A8 to A8888)

NAVWEPS REPORT 6969

Coating Panel Total Film Hours to Total Hours Final
System Number Thickness(mils) Initial Corrosion Tested Condition
A7 76 0.28 3-53 336 L
17 78 0.41 3-8 336 2
AT7 616 0.58 24-S 336 1
AT7 617 0.€0 32-S 336 1
A77 618 0.56 PARS 336 1
ATT? 628 1.13 12-5 336 1
AT 629 0.94 oK 336 0
ATT? 630 1.00 0K 336 0
A7 6.0 1,31 0K 336 0
AT 641 1.18 0K 336 1
ATTT? 642 1.41 ) 336 0
A78 388 0.69 OK 336 1
A78 389 0.69 97-S 336 2
A78 390 0.66 265-53 336 2
A8 88 0.66 8-F 336 3
A8 89 0.68 3-82 336 3
A8 90 0.86 32-F 336 2
A88 652 0.79 24-86 336 2
A88 653 0.8 8-F 336 A
A88 654, 0.77 2,-F 336 5
A888 66/, 1.20 32-S 336 5
A888 665 1.27 48-8 336 5
A888 666 1.30 0):4 336 5
A8888 676 1.57 72-8 336 5
A8888 677 1.66 32-G 336 5
A8888 678 1.56 L8-8 336 5
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Table 26 -~ Humidity Test Results

(coatings Bl to B8)

Coating Panel Total Film Hours 1o Total Hours Final
System Number  Thickness (mils) Initial Corrosion Tested Condition
Bl 349 0.66 OK 336 0
Bl 850 0.75 0K 336 0
Bl 851 0.58 OK 336 0
B2 361 0.77 OK 336 0
B2 862 0.71 OK 336 0
B2 863 0.78 0K 336 0
B3 873 0.63 © L8-F 336 0
B3 87, 0.62 18-8¢ 336 0
B3 875 0.68 OK 336 0
B4 885 0.76 48-8% 336 1
B/ 886 0.91 48-s10 336 2
B, 887 0.8 48-10 336 2
B5 897 0.88 336-S 336 0
B5 898 0.92 72-3 336 0
B5 899 0.84 2/,-5% 336 1
Bé 909 0.70 OK 336 0
B6 910 0.62 OK 336 0
B6 911 0.68 0K 336 0
B7 921 0.63 oK 336 0B
B7 922 0.75 0)4 336 0B
B7 923 0.84 OK 336 OB
B8 933 1,27 OK 336 0
B8 93/ 1.10 0K 336 0
B8 935 1.18 OK 336 0
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Table 27 - Humidity Test Results
(Coatings €1 to €8)

Coating Panel Total Film Hours to Total Hours Final
System  Number Thickness (mils) Initial Corrosion Tested Condition
Cl 100 0.42 3-S 336 5

Cl 101 0..40 3-G 336 5

cl1 102 0.32 8-G 336 5

€2 112 0.39 8- 336 2

c2 113 0.38 2/-87 336 1

2 11, 0.42 2/~82 336 1

€3 124, 0.23 3-G 32 6

€3 125 0.21 3G 32 6

€3 126 0.26 3-G 32 5

C4 136 0.49 8-53 336 2

c/ 137 0.35 3-F 336 3

4 138 0.38 3-F 336 A)

€5 148 0./1 3-F 336 4

c5 19 0.2 3-52 336 s
C5 150 0..7 3-F 336 L)
cé 160 0./1 24-sb 33 2

ch 161 0.41 2/-83 336 1

cé6 162 0.45 8-3 336 2

c7 172 0.41 2/-F 336 L

c7 173 0.39 3-F 336 4

c7 174 0.37 8-S 336 4

c8 184 0.87 3-8 336 3

ca 185 0.71 8-S 336 3

ce 186 0.66 8-g2 336 3
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Table 28 - Humidity Test Results
(Coatings D1 to D2-D ang DD)

Coating pape; Total Film Hours to Total Hours Final
System  Number Thickness (mils) Initial Corrosion Tested  Comdition
D1 196 0.42 3-F 97 5
D1 197 0.46 8-F 97 6
Dl 198 0.36 3-F 97 6
D2 208 0.40 8-F 336 3
D2 209 0.42 8-87 336 3
D2 210 0,35 2/-F 336 3
D3 220 0.29 3-G - 32 3
D3 221 0.33 3-G 3R 5
D3 222 0..1 3-G 32 5
D/ 232 0.60 32-8 336 1
D/ 233 0.62 24-s10 336 1
D/ 23 0.58 32-F 336 1
D5 2/, 0.36 3-F 336 5)
D5 245 0.41 3-F 336 5 oight
D5 246 0.34 3-F 336 5)
D6 256 0.3 2/-82 336 2
D6 257 0.4/ 8-3 336 2
Dé 258 0.36 48-56 336 2
D7 268 0.8 2,-58 336 3
D7 269 0.49 2/-510 336 2
D7 270 0.7 2/-84 336 2
D8 280 0.82 2/-8 336 1
D8 281 0.66 2/-8 336 1
D8 282 0,72 32-8 336 1
DD 292 0.36 32-5l1 336 1
DD 293 0.38 32-82 336 1
DD 29, 0.35 32-gl 336 1
D 304 0.17 24-512 336 2
D 305 0.18 24-87 336 2
D 306 0.15 2,-g15 336 2
b4
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Table 29 - Rating of Enamels with Same Primer#

Coating Film Ceating  Film
Rank**  System Thickness  Rank**  System Thickness
{mile) (nils)
1 A 0.64 1 C2 0.40
2 A6 0.76 2 cé 0.42
3 A2 0.66 3 c8 0.75
4 Al 0.54 4 C4 0.41
5 A8 0.73 5 c7 0.39
6 A7 0,35 6 C5 0.43
7 A3 0.48 7 C1 0.38
8 A5 0,61 8 C3 0.23
1 Bl 0.66 1 D8 0.73
1 B2 0.75 1 YA 0.60
1 B3 0.64 2 D6 0.38
1 B6 0.67 2 D7 0.48
1 B8 1,18 3 D2 0.39
2 B7 0.75 4 D5 .37
3 BS 0.88 5 D3 0.34
4 B4 0.85 6 D1 0.41

¥ Systems with different primer should not be compared,

## Systems with lowest rank number provide the best protection,
8ystems ranked the same provide equal protection,
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Table 31 - Rating of Enamels

Average Film

Rank ## Enamel Thickness
, (nils)

1 Black 0.73

2 Yellow - 0,68

3 White 0,70

4 - Green 0.50

5 . Red 0.62

6 Blue 0.60

6 Gray 0.78

6 Clear 0.76

* Enamels of the three and four coat systems
are not included,

¥* Enamels ranked lowest (lowest number )
provide the best protestion, enamels
with the same rank number provide equal
protection,

¥#% Average film thickness of all the coating
systems containing the respective enamel
except from those with aluminum primer,
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e 'Il‘iflfg{%g 9-69Wettability Measurements on TFE-resin Coated Panels

Contact of Angles
(in degrees)

Coating Panel Coating Surface Methylene n-Hexadecane
System  No. Thickness Roughness* Water Iodide

Al 7 0.59 L 113 89 44
Al 8 0.53 71 107 89 40
All 403 0.73 70 113 85 42
A1l 404 0.72 80 116 88 45
Alll 415 0.92 75 111 85 45
Al11 416 0.92 76 113 88 45
Al111 427 1,37 95 128 91 50
Al111 428 1.37 86 108 89 40
A2 18 0.78 68 134 91 51
A2 20 0.59 85 122 92 41
A22 439 0.84 73 112 88 39
A22 440 0.71 64 112 86 41
A222 452 1.28 71 125 91 45
A222 453 1.27 72 116 91 47
A222 463 1.52 78 129 96 50
A2222 464 1,57 55 109 88 43
A3 31 0.53 61 111 91 37
A3 33 0.61 90 115 90 49
A33 475 0.99 96 110 86 40
A33 476 0.89 89 107 84 47
A333 487 1.30 98 116 84 46
A333 488 1.32 90 114 8, 47
A3333 499 1.56 120 106 84 42
A3333 500 1.46 132 108 85 45
LVA 43 0.61 6/, 121 82 56
AL 44 0.66 58 113 88 47
AL 511 1.00 78 124, 85 49
VA 512 0.96 75 112 82 51
LYANA 523 1.22 91 12, 85 49
ALY 524, 1.12 102 125 84 51
LYANAA 535 1.35 105 125 89 58
ALLLs 536 1.28 109 115 87 52

*Aﬂgrage Mieroinches where contact angle was measured,
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Table 32 - Wettability Measurements on TFE-resin Coated Panels

(Continued)
Coating Contact of Angles (in degrees )

Coating | Panel [Thickness | Surface Methylene

System | Ne. | (mils) Roughness *  lWater Iodide | n-Hexadecans
AS 55 0,61 B2 133 88 2
45 56 | 0,65 &8 123 89 52
A55 547 0.86 68 118 B5 L5
AS5 548 0.86 62 109 86 L9
K555 959 1.07 B3 122 95 58
A555 560 1.00 80 121 87 51
A5555 e 1,26 81 119 92 29
A3555 57 1.0 BL 113 85 49
AL b7 1,31 170 151 a7 b2
Ab £g 0,80 118 140 99 25
Ak S8L 1.17 75 109 83 51
REE 585 1.03 70 121 a1l &9
hE66 595 l.22 73 114 25 52
Aobh 566 1.349 (3] 129 91 LY
AbbGE (=8 1.66 130 134 105 35
hbbEs 6oa 1.63 BS 118 BE 40
AT 79 0.40 49 118 a0 50
L) 80 0.35 52 & 89 56
ATT elg 0.61 79 123 87 L7
[ e £20 0.49 L 122 87 50
ATTT 631 0.98 75 122 B5 &b
ATTT 632 1,00 76 121 81 48
AT 637 144 96 142 102 59
AT | E38 | 1. a0 117 as 50
Ag ai 0.7 b 149 96 80
¥ % 0.80 &0 121 B9 52
w85 654 .82 63 113 84 45
AB3 058 084 39 114 83 44
LBAs 667 1.24 a5 112 85 43
ABBB &4 .24 50 117 g2 49
AB488 &7 1.7% 91 138 A 23
A8888 &30 1.37 35 119 90 L8
A B41 0.15 13 128 89 4B
B Gob 0.30 FL 121 90 &0
c 843 0.12 39 133 50 47
i 307 0.14 35 124 95 49
on 295 0.35 33 116 89 £3
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CONCLUSIONS

The results of the various quality tests of the 68 TFE-resin coating
systems led to the following conclusions:

Microscopic examination ig a definite aid in determining the quality
of TFE-resin coatings. Thirty X magnification will reveal all the defects
of the film, aside from those which are inherent, and will supplement many
of the other quality tests.

Pinholes visible at 30X magnification should not be cause for rejection
if they are not to the substrate,

Mudcracks visible at 30X magnification in one-coat enamel films used
as a topcoat should not be cause for rejection if they are not to the
substrate,

Film thickness cannot be adequately controlled by visual means alone,
and some instrument such as a Magne Gage for ferrous substrates, or a
Filmmeter or Dermitron for non-ferrous substrates should be employed for
its measurement,

TFE-resin films have an inherent surface roughness which is somewhat
dependent on the total film thickness, The surface roughness, however, can
be controlled and 90 average microinches is a reasonable maximum limit,
Where TFE-regin films are to have antisticking application, a lower surface
roughness would be advisable, but the exact value would depend on the
specific application,

A Brush Surfindicator is an adequate, nondestructive instrument for
determining the surface roughness of TFE-resin films,

The Bend Test is a more reliable method than the Shore Durometer Test
for determining the adhesion of TFE-resin films to a substrate, It is,
however, a destructive test, requiring specially prepared specimens while
the Shore Durometer Test can be perfoxmed on most flat surfaces and is
nondestructive,

The four TFE-resin primers provide adequate adhesion to the substrate
regardless of the coating system used,

TFE-resin coating systems with a total fused film thickness of less
than 0.9 mil do not provide dependable salt-spray protection for any length
of time,

TFE-resin coating systems with a fused film thickness in excess of 0,9
mil (except systems containing gray enamel) provide adequate protection
(less than one spot of corrosion per square inch area and no runs) when
subjected to 32 hours salt-spray exposure,
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For optimum corrosion protection (salt spray and high humidity) black
enamel TFE-resin coating should be used, In humid: environment, the black
and yellow enamels give the best Protection. For the coating system with
good corrosion protection and for use as a thin lubricating coating, refer
to tables 19 and 30 to select the system, then to tables 21 and 31 for the
ranking of the enamels,

A 16-hour, 20 percent salt-spray test is a good continuity test; its
main drawback is that it is destructive,

The value of a high humidity test for determining the corrosion protec-
tion provided by the TFE-resin coating is informative, From the different
degrees of corrosion of the substrate by various TFE-resin enamel coatings,
they can be easily rated, This test, however, for determining the adhesion
of the individual coating to each is not known because no blisters were
formed between any of the coatings investigated. :

Contact angles as determined by the wettability tests are desirable in
that-a predominately TFE-resin surface is shown, Such tests performed on
material as ordered may possibly reveal the minimum amount of TFE-resin,
by weight, in a dispersion that would be necessary for coating applications.
Wettability tests also may reveal a contaminated TFE-resin surface due to
faulty coating procedures.
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PART 2
APPLICATION OF TFE-RFSIN FILMS ON ALUMINUM ALLOYS

INTRODUCT ION

The total heat treating time at sintering temperature required to
prepare thin films of TFE-resins may have a detrimental effect on the
mechanical properties of aluminum alloys, especially those in the hardened
condition. It is, therefore, desired to obtain the time required to heat
the surface of aluminum alloys of various cross sectional thickness to
700°F, so that a minimum sintering time may be used. It is understood
that the variables which affect the rate of heating are numerous; type
of furrace, furnace capacity, furnace load, method of heating (using a
preheated furnace versus heating furnace from room temperature), the
thermal conductivity of the metal, its surface condition, and the presence
or absence of thermal insulating coatings on the metal, It was decided
to select the set of conditions which would result in data to establish a
table similar to that in section 3.3.1 of "Proposed Rsvision of NAVWEPS
OD 10362" which is appendix A of NAVWEPS Report 6948,

Section A of part 2 encompasses the investipation of the rate of heating
of the surfaces of aluminum alloys to sintering temperature, In addition,
it was desired to find the effect of heat-treating cycles encountered in
TFE-resin sintering on the mechanical properties of a number of specific
aluminum alloys in their various hardness conditions, A study of the
effects of heat treatment of specific aluminum alloys is presented in
section B of part 2.
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SECTION A - RATE OF HEATING OF ALUMINUM ALILOYS
EXPERIMENTAL PROCEDURE

To determine the time required to heat the surface of aluminum alloy
specimens of various cross sectional thicknesses to a temperature sufficient
to sinter thin coatings of TFE-resins, alloys 3003-F and 5086-F were
selected because they have thermal conductivities which approach the extremes

for aluminum alloys (3003 is 0.46 cgs units at 250F and 5086 1s 0,30 cgs
units at 250F),

Note: Cgs units = calories per square centimeter
per centimeter of thickness per degree
centigrade,

Specimen blocks, 4-inches by 4-inches by 4-inch, 4-inch, 1-inch, 1}-inches,
and 2-inches were prepared from the two alloys, and, after having peen
heated in air at 700°F for 30 minutes to oxidize the surface, were placed
in a room temperature furnace. Thermocouples were inserted in holes which
had been drilled parallel to the 4-inch by 4-inch surface and within 1/16
inch of it. (Attempts had been made to attach the thermocouples to the
surface, but none were successful, Although the thermocouples will not
exactly indicate the surface temperature, it is thought they will indicate
a value within a few degrees of that at the surface,) After placing the
thermocouples in good contact with the aluminum, the holes were plugged with
asbestos and the furnace heated to 700° ¢ 3°F, When the furnace reached
7009F the temperature of the blocks was recorded at /,-minute intervals
until 690°F (in some cases, 700°F) was attained,

The same blocks were completely coated with TFE-resin aluminum primer
by spraying, were air dried for 2/ hours at room temperature, and tested
as previously described. The same blocks were then coated with TFE-resin
gray enamel (this was considered the second coat), and after air drying a
minimum of 24 hours the same test Procedure was repeated. A second coat

of gray enamel was applied (this was considered the third coat) and again
tested,

A different set of identical blocks vere subjected to identical tests
except that the temperature of the furnace was raised to and maintained at
750°F, a temperature sometimes used for sintering TFE-resin films. Again,
the temperature indicated by the thermoconnles was recorded at L-minute
intervals until 7409F (in some cases, 750°F) was attained.
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RESULTS AND DISCUSSION

recorded in table 33, The fifst number in each column is the time in
minutes required for the blocks to reach 10°F beloy the indicated ,
temperature; the second number in each column is the time required for the
blocks to attain the indicated temperature,

From table 33 it is evident that thicker blocks require longer heating
times than thinner blocks, and that no significant difference exists in the
rate of heating between the two alloys, especially with.the thicker specimens.

Comparison of the heating time for the different conditions should not
be taken at face value, because the time required to heat the furnace to
the specified temperature varied in some cases. Where available it ig
recorded in table 3. It shoulq be noted, however, that this variable has
8 greater influence on the rate of surface heating than the presence or
absence of the thin thermoinsulating TFE-resin film,

Figures'2 and 3 are typical of those from which the data for table 33
was obtained. It can be seen that as the surface temperature of the blocks
approaches that of the furnace, the rate of heating is decreased, This
18 much more pronounced with the thicker blocks and with the coated blocks,
8o much so, that 2 hours after the furnace had reached the specified
temperature some of the blocks had not, For this reason the test wag
discontinued in most instances when the temperature of the block reached
109F below the furnace temperature,

After the TFE-resin coated blocks had been subjected to these heat
treatments they were examined, and the films were found to be completely

It is realized that this experimental work could have been performed
with better control of the variables, such as the rate of heating the
furnace and furnace temperature at the specified temperatures, This would
have produced a table with too many qualifying factors for other than
laboratory work, It is believed that the data obtained results in more
useful information than if the variables had been more closely controlled,

With the other conditions being the same, the following observations
were made:

1. Pieces of thick cross section require longer to attain a specified
temperature than pleces of thin cross section,
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Table 33 - Time Required for Aluminum Specimens to Attain Furnace
Temperature after Furnace has Reached Desired Tem-
perature (in minutes)

3003 Aluminum

Specimen 700°F 750%F
Thickness Primer | Second | Third Primer | Second |Third
(in) Uncoated| Coat | Coat | Coat | Uncoated | Coat Coat | Coat
1/4 9-21% 16- 9- 9- 7-19 11- 10- | 13-
1/2 Y4-26 19~ 12- 20= 17-28 22- 20- 20-
1 31-71 36- .| 40- 36- 30-60 34- 29~ 29-
11/2 34-71 40- L2~ 51= 33-60 36~ 39- 32~
2. 52- - 42- 48- 36- 51= 45= 39- 34~
5086 Aluminum
1/4 0-9 9- 6= 20- 59 12- 13- 2l
1/2 8-20 |7 14- 10- | 20- 9-15 20- 1G- 23-
1 22=5/ 33- 41- 54~ 21-50 26~ L2- 2=
1172 26-59 34- b2~ | 54= | 22-50 35- L= 3=
2 49- 4R=- 48- 37- 46= INAS bdi= 35

* Second number indicates time for specimen to attain témperature
indicated, First number gives time for specimens to attain 10°
below temperature indicated.
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Table 34 - Time Required for Furnace to Attain Indicated
~ Temperature (in minutes)

3003 Aluminum

Specimen 700°F 7500F
Thickness | | First | Second | Third First | Second | Third
Lin) |Uncoated| Coat Coat Coat | Uncoated| Coat Coat Coat
1/4 90 90 - —— 80 - - =
1/2 90 90 cen | - 80 | --- .- | e--
1 90 100 105 ——- 95 . ... ——-
11/2 90 100 105 .- 95 == = -
2 98 95 ——- - 100 - 105 ——

5086 Aluminum

1/4 90 90 —— | ame 80 |--- - ——-
1/2 90 90 haddd bk 80 - o -oe -—w-
1 90 100 {105 | --- 95 .- - ——
11/2 90 100 105 | --- 95 ——- .e- -
2 98 95 ——— | aeet 100 | --- 105 -——-

* Furnace at 708°F
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2, TFE-resin coated objects require a longer time to attain a specified
temperature than same size uncoated objectg.

3. The thicker the TFE-resin film, the more time it requires to reach
& specific temperature,

4 The rate of heating the turnace (10 minutes difference in a total of
90 minutes) has greater influence than the presence or absence of a TFE-
resin coating 0.3 mil thick,

5. Eight degrees variation in furnace temperature will cause a greater
change in required time than a variation of 1 inch in the cross section
thickness., See footnote table 34

CONCLUSIONS

A table of the type desired, at best can be only approximate,
Too many uncontrollable variables exist for it to be exact,

Only an approximate table is needed for if the mechanical properties
of the aluminum alloy substrate are going to be changed, they will be
changed upon .reaching the sintering temperature and not because they have
been subjected to the temperatyre for a specific time, (See the results
of part 2, section B,

Comparison of table 33 with the Fusing Time Table of NAVWEPS 0D 10362
(Steel Surfaces) shows the two to be sufficiently alike so that the latter
may be used as an approximate Fusing Time Table for aluminum alloys,
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Section B - Effects of Heat Treating on Mechanical Properties
of Specific Aluminum Alloys

EXPERIMENTAL PROCEDURE

~ The work performed in this section of the investigation was under-
taken to determine the effect of heat treatments, required in the
application of thin films of TFE-resins, on the mechanical properties
of some hardened aluminum alloys, The following aluminum alloys were
investigated:

Alloy Temper ' Alloy Temper

3003 0 5154 0
3003 0-A 5154, H-32
3003 ‘H-12 5154 H-34
3003 H-14 5154 H-36
3003 H-16 5154 H-38
3003 H-18 5056 0

From 16 pauge sheets (0,0625 inch thick), 12 tensile specimens of
each alloy-temper condition were prepared according to Federal Test
Method Standard No. 151, Method No. 211, Type F2, The specimens of each
condition were divided into four groups and handled as follows before
being tested:

1. Group A was tested as received.

2. Group B was heated to 700°F and allowed to aircool to room
temperature,

3. Group C was treated as Group B, then heated to 700°F, maintained
for 5 minutes at this temperature, and quenched with a water spray.

Lo Group D was treated as Group C, then heated, and quenched a
second time,
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Except for Group A, all specimens were placed in a room-temperature
furnace and the temperature raised to 700°F. The furnace used was a
large, walk-in, recirculating, hot-air type.

The heat treatments used were to simulate those encountered in the
sintering of TFE-resin films, Group A gave the mechanical properties
as received; Group B, the properties after an oxidation heat treatment;
Group C, the properties after the primer coat had been sintered; and
Group D, the properties after an enamel coat had been sintered.

The mechanical properties obtained were tensile strength, yield
strength in 0.2 percent offset, elongation in 2,00 inches, and hardness
in Rockwell superficial 15-T values.

It vas indicated in NAVWEPS Report 68,93 that no reaction takes
place between aluminum alloys and TFE-resin coating during the sintering
process which affects the mechanical properties of the alloys; ‘therefore,
in this investipation, it was not'necessary.to coat the aluminum specimens.

RESULTS AND DISCUSSION

The results of the mechanical property tests of-the aluminum alloys
subjected to TFE-resin sintering heat treatments are summarized in
table 35, in which each value is the average for three specimens. The
yield strength was not obtained for the 3003 alloys, as the specification
covering this alloy does not call for it. The alloy identified as
3003-0A is the same as 3003-0, but from different sheet stock. The first
value in the hardness column is in Rockwell 15-T superficial value, the
second in Brinell 500 kg, load, 10mm ball value which has been converted
from the Rockwell scale where possible,

As expected, the mechanical properties of the annealed alloys were
effectively the same before and after the simulated TFE-resin sintering
heat treatments, Considering the properties of the Hardened 3003 alloys,
the first heat treatment (Group B specimens) with the slow cool ‘caused
the larpest change with the resultant mechanical properties approaching
those of the annealed alloy. The second heat treatment (Group €
specimens) followed by a water quench tended to reverse sliphtly the
direction of the change, For the third heat treatment (Group D specimens)
followed by a water quench, the mechanical properties again approached
those of the annealed alloy,

With the hardened 515/ alloys, except 5154-H32, the mechanical
properties were also effectively changed to those of the annealed alloy
after the first heat treatment and the final mechanical properties showed
no significant changes for subsequent heat treatments, The mechanical
properties of 5154-H32 fall approximately half way between the annealed and
hardened condition after the first and subsequent heat treatments,
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The reduction in tensile strength and hardness and the increase in
the elonpation of the tempered aluminum alloys showed that the "TFE-
resin sintering" heating cycle was detrimental, It was the Group B
step (oxidizing) that gave the greatest change in mechanical properties.

CONCLUSIONS

Aluminum alloys 3003 and 5154 in their hardened condition will have
their mechanical properties changed when they are subjected to temperatures
required to sinter thins films of TFE-resins., The change in the properties
is effectively to those of the annealed condition, It can be expected
that all other hardened aluminum alloys will undergo a similar change in
mechanical properties.

RECOMMENDATIONS

1, Tests should be performed to ascertain the maximum temperature for
sintering TFE-resin coating., Temperature above 800OF cause the TFE-resin
coating to soften and to apparently breakdown. Also, the enamel adhesion
to the primer is decreased,

2. A determination should be made to find out the initial harmful
corrosion time of ferrous substrate material coated with TFE-resin. Such
material exposed to high humidity underpoes corrosion which is not evident
by visual observation,

3. An investigation should be undertaken to determine how additives
put in aqueous dispersions of TFE-resin can improve application of the
dispersion and result in an improved quality of coating,

4o Aluminum alloys in the hardened condition should not be coated
with TFE-resin films if their mechanical properties are to be maintained,
because coating effectively reduces their mechanical properties to thoge
of the annealed condition,
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Naval ammuoam Plant,

Naval Weapons Plant, Washington, p.c. Ii Thin films - Washington, p.c. 1. Thin films -
NavWeps Report 6969 Teat reaylts, NavWeps Report 6969 Test results.

EVALUATION OF AQUEQUS DISPERSIONS oF TFE- 2. teflos EVALUATION OF AQUEOUS DISPERSIONS OF TFE- 2. Teflon -
FLUOROCARBON RESINS (TEFLON) APPLIED As THIN P .._,_u..__ results FLUOROCARBON RESINS (TEFLON) APPLIED AS THIN “Test resul ts
FILMS TO METAL SUBSTRATES, by J.H. Thompson and - 2 ' FILMS TO METAL SUBSTRATES, by J. 3. Thompson and :
C.L. Scott. 1 August 1961. 66p., incl. illus., 2. Betml sub- C.L. Scott. 1 August 19g1. 66p., incl. illus., 3. Metal sub- .
table (NWPW-T-1-61) ALratam - Pirg- table (NWPW-T-1-61) strates - pro-

(UNCLASSIFIED) Eepgtive CO2E ingw (UNCLASSIFIED) tective coatings.
I Thrimp s 1, . .

TFE~resin "Teflon" coating systems were pPrepared I H. TFE-resin "peflopn" coating systems were prepared I. awMBMmo:.
on steel and aluminum Specimens from broprietary el on steel and aluminum Specimens from broprietary Mk
ammuwmmuw mwusonnman enamel owmnm:% materisal, w:m — 11. Bmatt, c.y me-wmmww mwwsmﬂnmma enamel owmmm:% amwmwwmp. m:m II. Scott, c.L.
resultan 8 systems were eva uated using visya NevWepz Hot resultant 68 systems were evaluated us ng visus , o
and microscopic examination, film thickness. syp. H1I+ W il and microscopic examination, film thickness, sup. fIII. ?mMMM%w Rpt.
face roughness, adhesion, accelerated corrosion - T as LA i} face roughness, adhesion, accelerated corrosion
(salt spray and hieh humidity), and wettability L¥: WEPR-T=1=8] mwmwn mcnmw and wmmu w:awmwnww. and wmﬁmeWHHn% IV. NWPW-T-1-g61
tests. The resuits show the four Primers to pro- ests. The results show ‘€ Tour primers to pro-
vide good adhesion and equal corrosion protection, vide good edhesion and equal COrrosion protection
the corrosion brotection to be dependent on the the corrosion brotection to he dependent on the
total film thickness, the black and white enamels total film thickness, the black and white enamels
to provide superior corrosion bProtection, and the to provide Superior corrosijion protection, and the

{(overy UNCLASE TFIED (over) UNCLASSIFIED

gray enamel to provide inferior bprotection. The gray mnwamp to provide inferior protection. The
rate of heating to TFE-resin sintering tempera- rate of heating to TFE-resin Sintering tempersa-
tures of two aluminum alloys with increasing Cross tures of two aluminum alloys with increasing cross
sectional thickness in the uncoated condition, and sectional thickness in the uncoated condition, and
with one, two, and three coats of TFE-resin was ¥ith one, two, and three coats of TFE-resin was
investigated to anmneMnm the nwam Hmncwﬂmn.mo investigated to determine the time fequired to
sinter TFE-resin coatings on various size bleces. Sinter TFE-resin coatings on various size bPieces.
Also, the effect of the TFE-resin sintering proc- Also, the effect of the TFE-resin Sintering proc-
€3S on the mechanical Droperties of two represent- €SS on the mechanica] properties of two represent-
Ative aluminum alloys of various hardnesses was ative aluminunm alloys of various hdérdnesses was
determined. The broperties of the hardened alloya determined. The properties of the hardened alioys
were effectively reduced to those of the annealeg were effectively reduced to those of the annealed
State. state. .

__.___.__h._”-....mmu_u._m_. ; czor,»mmHmJHMD
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Naval Weapons Plant, Washington, D.C.' 1. Thin films - Naval Weapons Plant  Wachington, O.C. 1. Thin films -

NavWeps mbuomn 6969 Teet results. NavWweps Report 6969 Test results

UATION OF awunmUUd DISPERSIONS OF TFE- 2. Teflon - EVALUATION OF AQUEOUS DISPERSIONS OF TFE- 1
FLUOROCARBON RESINS (TEFLON) APPLIED AS THIN "sast ressits FLUOROCARBON RESINS (TEFLON) APPLIED AS THIN L L
FILMS TO METAL SUBSTRATES, by J.H. Thompson and : FILMS TO METAL SUBSTRATES, by J.H. Thompson and Test results.
C.L. Scott. 1 August 1961. 66p., incl. illus., 3. Metal sub- C.L. Scott. 1 August 1961. 66p., incl. illus., 3. Metal sub-
table (NWPW-T-1-61) strates - Pro- table (NWPW-T-1-61) strates - Pro-

(UNCLASSIFIED) tective coatings. (UNCLASSIFIED) tective coatings
. Thompso
TFE-resin "Teflon" coating systems were prepared LT u.ﬂ. . TFE-resin "Teflon" coating systems were prepared I. Thompson,
on steel and aluminum specimens from proprietary on steel and aluminum specimens from proprietary J.H
TFE-resin primer and enamel coating material. The | II. Scott, C.L. TFE-resin primer and enamel coating material. The | II. Scott, C.L.
resultant 68 systems were evaluated using visual BII. NavWeps Rpt. resultant 68 systems were evaluated using visual 1 NavWe .
and microscopic examination, film thickness, sur- 6969 and microscopic examination, film thickness, sur- - ol
face roughness, adhesion, accelerated corrosion face roughness, adhesion, accelerated corrosion 696¢
(salt spray and high humidity), and wettability IV. NWPW-T-1-61 (salt spray and high humidity), and wettability IV. NWPW-T-1-61
tests. The results show the four primers to pro- tests. The results show the four primers to pro-
vide good adhesion and equal corrosion protection, vide good adhesion and equal corrosion protection
the corrosion protection to be dependent on the the corrosion protection to be dependent on the
total film thickness, the black and white enamels total film thickness, the black and white enamels
to provide superior corrosion protection, and the to provide superior corrosion protection, and the
(over) UNCLASSIFIED (over) UNCLASSIFIED

gray enamel to provide inferior protection. The gray enamel to provide inferior protection. The

rate of heating to TFE-resin sintering tempera-
tures of two aluminum alloys with increasing cross
sectional thickness in the uncoated condition, and
with one, two, and three coats of TFE-resin was
investigated to determine the time required to
sinter TFE-resin coatings on various size pieces.
Also, the effect of the TFE-resin sintering proc-
ess on the mechanical properties of two represent-
ative aluminum alloys of various hardnesses was
determined. The properties of the hardened alloys
were effectively reduced to those of the annealed
state.

UNCLASSIFIED

rate of heating to TFE-resin sintering tempera-
tures of two aluminum alloys with increasing cross
sectional thickness in the uncoated condition, and
with one, two, and three coats of TFE-resin was
investigated to determine the time required to
sinter TFE-resin coatings on various size pieces.
Also, the effect of the TFE-resin sintering proc-
ess on the mechanical properties of two represent-
ative aluminum alloys of various hardnesses was
determined. The properties of the hardened alloys
-qu effectively reduced to those of the annealed
state.

UNCLASSIFIED




UNCLASSIFIE

UNCLASSIFIE




