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FOREWORD

This report was prepared by Samuel Muchnick at The Franklin Institute
laboratories for Resesarch and Develcpment, Philadelphia, Pennsylvania, under
Supplemental Agreement No. $3(55-1331) to USAF Contract No. AF 33(616)-2347. The
contract was initiated under Project No. 7340, "Rubber, Flastic and Composite
Materials™, Task No. 73401, "Structural Adhesives' and was administeresd under the
direction of the Materials laboratory, Directorate of lLaboratories, Wright Air
Development Center, with Mr. Floyd H. Bzir acting as project enginesr.

We should like to point ocut that progress made on this project during
the last =ight months would not have beer possible without the productive co-
cperation of the sponsors. In particular, we want to express our gratitude to
¥r. R.T., Schwartz, Mr. T.J. Martin, and Mr. F.H. Bair.
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ABSTRACT

A preliminary investigation of the effectiveness of mild acidic or basic
solutions of wetting agents for treating metal surfaces prior to adhesive bonding
shows that the strong acid solutions presently in use may possibly be replaced by
these milder solutions. dJoint strengths approximating the values obtained with
strong acid sclutions have been obtained with aluminum, stainless steel, and
titanium, The pH, concentration of components, and ionic type of wetting agent are
specific for each type of metal,

Additional correlative tests were developed for evaluating surface treat-
ments. The interfacial contact angle between oil and water on the treated surface
shows a greater sensitivity than the contact angle in air, and makes it possible to
differentiate between two treatments that give zero contact angles against water.
Contact resistance and hydrogen overvoltage measurements can be definitely corre-
lated with the contact angle measurements. The contact resistance measurement which
also evaluates the effect of oxide thickness appears to be a useful instrument for
Jdndustrial application.

A study of the role of the adsorbed film on adhesive behavior indicates
that the more reactive metals, aluminum and magnesium, are more sensitive to differ-
ences in the chemical structure of the film. There is also an indication that these
films may affect the adhesional characteristics of some type of bonding agent.

The temperature of the rinse water following treatment of aluminmm is
shown to be imporiant in the adhesional characteristics of the metal. Reproducibili-
ty and specificity of attractive forces between adhesive and metal were investigated,

and it was apparent that the material and procedural parameters must be studied along
with specific affinities in an adhesive system.

PUBLICATION REVIEW

This report has been reviewed and is approved.

@,7,5”4”‘)3*
FOR THE COMMANDER: R.T. SCHWARTZ

Chief, Organic Materials Branch
Materials Laboratory
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SUMMARY OF RESULTS

(1) It has been shown that it is possible to attain adequate conditioning of
metal surfaces for adhesive bonding by means of modified solutions of surface active
materials, This method of treatment offers promise of a safe, practical relatively
non-corrosive method for preparing metal surfaces prior to adhesive bonding., Joint
strengths have been obtained with aluminum treated with these sclutions which were
equal to joint strengths obtained with strong acid treated aluminum, With stainless
steel, when the surface had been treated with an alkaline sclution of an anicnic
surfactant, Joint strengths exceeding 7000 psi were obtained with Bloomingdale FM-47
adhesive., With titanium, joint strengths up to 6500 psi were found with the same
adhesive. Uniformity along the joint area was found to be surprisingly high in many
CaSeS.

(2) Four different tests have been found to correlate with the changes in sur-
face properties following an effective treatment. These tests are (a) contact angle
of a water drop in air, %h) the interfacial contact angle made by the displacement
of a drop of pure mineral oil by water on the treated surface, (¢) the hydrogen
overvoltage on treated surfaces, and (d) puncture voltage.

In the case of (a), it was seen that the highest and most consistent joint
strength results when zero or very low contact angles are made on treated metal sur-
faces.

The interfacial contact angle between water and mineral oil on the metal
surface is at a maximum when the most effective surface treatments were used on
aluminum and stainless steel., This work is still in the exploratory stage.

Significant differences were observed between the hydrogen overvoltages
on treated and unireated titanium, aluminum, and stainless steel.

The voltage required to break through the adsorbed film on treated and
untreated metal showed characteristic values for the several conditions of the
surfaces for all the test metals. This method of test is sensitive to adsorbed
£ilm and oxide thickness, and may be the most valuable for evaluating the surface
fer the most reproducible and best conditioning for adhesive bonding.

(3) It was established experimentally that, when treated aluminum surface is
exposed to rinse water temperatures exceeding 155°F, changes occur on the surface
that reduce bond strength to unacceptable portions of what is found when lower tem-
peratures are used. Joint strengths of 1971 to 2453 psi are found with the high
temperature rinse. These values compare unfavorably with the 5400 to 5500 psi re-
sulting with lower temperature rinses. The adhesive used in these experiments was
Bloomingdale FM-47.

(L) The results of our preliminary study of the role of the adsorbed film in
adhesion indicates that the thickness is mere significant than the composition of
the adsorbed film. No general conclusions can be drawn yet because most of the re-
sults have been obtained with one adhesive,

(5) An examination of the data indicates that the affinity between specific
metals and an adhesive must be considered in the selection of an adhesive system.
For example, we have repsatedly found thal with Metlbond 4021 the joint strength
of bonded aluminum is 20-25% higher than that of stainless steel. This occurs
despite the greater over-all strength of stainless steel.
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SUMMARY OF RESUITS (Continued)

(6) Experiments to evaluate reproducibiliiy of the effect of surface treat-
ments on surface properties and joint strength have shown that procedural and
material parameters are of vital importance, and that the nsed for tests for these
parameters is urgent.

(7) Salt spray tests with the Epon 422 adhesive show that the surface Lreat-
mernts used are effective in increasing resistance to salt fog exposure, The
character of surface treatment apparently affects the salt spray resistance, but
the scmewhat erratic results with the different adhesives make it imperative that
more tests be run, if correlations are to be made.

(8) A statistical evaluation of the four most promising treatments for stain-

less steel, aluminum, magnesium, and titanium was carried out. The treatments do
not give uniformly good results with all four recommended adhesives.

WADC TR 55-87 Pt II vii



INTRODUCTION
Purpose

The objectives of this work are:

(a}) To find surface treatments for stainless steel, titaniwm, and
magnesium alloys which will adequately condition these surfaces
so that maximum joint strengths are obtained when the treated
surfaces are bonded with all specified adhesives.

(b) To deveiop a test to determine when the surface has been ade-
quately treated.

{¢) To evaluate the material and procedural factors which may in-
fluence strength, durability, and uniformity of the adhesive
bonded Joints.

(d) To determine the role of the adsorbed film on the metal surface
so far as it affects adhesion.

Scope

The research effort during this period was devoted to evaluating the ef-
fectiveness of adeguate surface treatments developed during the past eight months.
Because of the corrosive nature of these strong treatments, other methods for
treating metals were scught, in order to supplement or replace these strong acid
treatments, It was felt that, theoretically, wetting agents offered promise. A
thorough program was developed and correlations were found between type of wetting
agent, medium in which it is dissolved, and effectiveness of the treatment.

Test methods for evaluating the effectiveness of the surface treatment
were developed that show a greater sensitivity to surface changes than the contact
angle in air. Correlations were found among these tests. One test device in
partlcular was found that may develop into a practical instrument. It evaluates
both the inorganic and organic films on a metal surface.

Experiments were conducted to determine whether specific affinitles
exist between the different metals and the adhesive, and whether the ultimate
bonding strength of the joint is influenced by the chemical nature of the effective
treatments. The influence of the adserbed film on bonding characteristics was in-
vestigated.

Salt spray tests were conducted to determine, among other things, whether
the type of surface treatments affects resistance to salt spray.

History

This report, which is both an extensive and elaboration of the work de-
scribed in WADC Technical Report 55-87, includes the resulis obtained during the
period February 1 to September 30, 1955. In the earlier report it was shown that
an understanding of the surface energy relationship in an adhesive system is a pre-
requisite to surface preparation of metal before adhesive bonding. With at least
one adhesive, joint strengths that approached the strength of the adhesive were
obtained with four metals. Moreover, the joints showed a uniformity and repro-
ducibility that were well within experimental error.

However, many facets of this rather ramified problem remain obscure.
More feasible, sensitive tests for evaluating the surface treatments were desir-
able. It was definitely a requirement that a program be started for evaluating
the specific affinity of adhesive for specific metals. New approaches to surface
conditioning that are based on mild non-corrosive attack were necessary. These and
other important aspects of the problem of adhesive bonding had to be investigated.

WADC TR 55-87 Pt II viii



SECTICN I
SURFACE ACTIVE AGENTS IN METAL TREATMENTS

Surface treatments based on strong acid attack have been developed for
four metals®*. These treatments condition the surface so that low or zero contact
angles are made against water, and when these treated surfaces are bonded with
Bloowingdale FM-47 adhesive, a maximum, relatively uniform, joint strength re-
sults. The final selection of the specific treatment was predicated on the as-
sumption that a chemically clean metal surface, as indicated by the low contact
angle, will have the highest free surface energy under normal operating conditions
of bonding. This condition should result in maximum bonding strength. The results
to date substantially support this assumption. Other factors, particularly chemi-
cal affinity between metal and adhesive, are significant, but it has been ascer-
tained with some degree of certainty that a prime requisite for an adequate, re-
producible bonding strength is a high-energy metal surface.

1.1 Basis for Approach

Under certain conditions it may be possible to produce a prepared metal
surface with modified solutions of surface active agents. In the interest of
brevity these agents will be termed "surfactants". If the first absorbed layers
of the heterogeneous adsorbed film on the metal surface are water, complete dis-
placement of the oleophilic contaminants present on the water layers can be
achieved by sufficiently lowering the interfacial tension beiween the oleophilic
layers and the treating liquid. There are numercus surfactants that will reduce
interfacial tension between oleophilic liquids and water. Interfacial tensions of
0.1 ergs/cm? have been reported.

If the adsorbed layers directly bonded to metal are oleophilic, dis-
placement is more difficult. Several mechanisms can be envisaged, but one appears
to be most likely. If the interfacial tension between the solution of surfactant
and the oleophilic centamination layers is reduced sufficiently, these adsorbed
layers may be displaced from the metal substirate by emulsification or solubiliza-
tion. By an appropriate adjustment of pH, and by the proper solution of compo-
nents of the treating mixture, this displacement may be carried to completion.

1.2 Results with Stainless Steel

Stainless steel surfaces degreased with trichloroethylene were treated
with dilute solutions of surfactants of the three main classes: anionic, cationic,
and non-ionic. Additional experiments were conducted with these solutions of sur-
factants modified with acids, alkalis, and/or salts. The changes in surface char-
acteristics as a result of these exposures were determined by measuring the con-
tact angle which: the treated surfaces made with a drop of distilled water. The
procedures are described in Appendix II, and the results are shown in Table 1.

It is seen from the table that none of the surfactants alone altered
the surface enough to warrant optimism. In Experiment 1-8, the reduction of the
contact angle from 73.5° to 32.5° indicated that the surfactant produced a change,
but the resulting 32.5° contact angle indicates that remcval of the adsorbed oleo—
philic layers was not complete. The cationic surfactants in each case raised the
contact angle Experiments 1~3 and 1-5. The anionic and non-ionic agents generally
a

' See Appendix I for a description of materials used in the experiments.
NOTE: Manuscript released by author 1 December 1955 for publication as a

WATLC Technic2l Report '
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Table 1

COVTACT AiALES OF WATZR AGAINST STAINIESS STEEL TREATED WITH SOLUTIONS OF SURFACTANTS

Surface Modifying Time and
Exp. Active  Acid,Base, Temp.

Contact Angle of Water

on Sample Tested

After Tri-

After

chloroethylene Surfactant

Mo Agentit or Salt of Bath Degreasing Trestment Remarks
1-1 N-1 - 10 min.140°F 64.5° b2.5° Solution clouds at about 130°F.
1-2 A1 - " e 71 Solution is clear at 1409F,
1-3 -1 - " 65.5 71 Turbid solution.
1-4 A3 - " 62.5 73 Hazy solution.
1-5 C-2 - 10 min. 66 101 Turbid solution at all temperatures.
140-170°F
1-6 A2 - 10 min.l40°F 71 68 Clear solution.
17 A-4y - " 78 80 "
1-8 A-5 - " 73.5 32.5 "
1-9 A& - t 73 I Mmost clear sclution.
1-10 A-7 - 10 min., 61.5 53.5 Clear solution,
140-160°F
1-11 AR - 10 minJd40°F £1.5 53 "
2-1 H-1 HC1:2% " 66 15.5 Selution clouding at about 140°F; steel slightly
mottled and dulled.
2-2 N-1 KOH: 2% " 67.5 19 Solution clouding at about 130°F; steel bright
2=3 A-1 HC1:2% " 60 19 Solution cloudy; steel mottled and dulled.
2-4 A1 KOH:2% 1 66.5 27 Solution cloudy: steel bright.
2-5 c-1 HC1:2% n 0.5 52 Solution cloudy; steel dulled.
2-6 A-73 KCOH: 2% " 58 26.5 Solution cloudyy steel bright.
2-7 C-2 HCL:2% " 63 67 "
2-8 A-2 KOH:2% " 65 3.5 L
2-10 A~5 " " 61.5 10.5 Solution c¢lear at 140°F; steel bright.
2-11  A-6 " i &l 76.5 Solution very thick: partly gelled at room
temperature; steel bright.
2-12 A-7 # " 67.5 18 Solution clear: steel bright.
3-1 A2 - " 63 49 Clear solution at 14L0°F; steel bright.
3-2 A9 KOH:1% " 61.5 38 Separation of phases in solution: steel bright.
3-3 - KGH: 2% w 69 56 Clear solution; steel bright.
3=4 N-1 KOH:1% 1 Shas 2h.5 Solution clouds at about 1h0°F: steel bright.
3-5 A-1 " " 59.5 25.5 Solution slightly cloudy; steel bright.
3-6 A3 " " 65.5 30.5 "
3-7 A-5 w " &4 1% Solution clear at 14C°F; steel bright.
3-8 A-T7 1 " 60 27.5 Solution clear: steel bright.
3~9 A2 " 10 min, 56.5 27.5 Glear solution.,
140~160°F
3-10 A-10 HOL:2€ 10 min.1AO°F 58 L7.5 Cloudy solution: metal discolored.
3-11  A4-10 HCL:1% o 62 51.5 n
3-12 A-11 - n 67.5 62,5 Clear solution at 140°F: steel bright.
L-1 A-11 KOH:1% " 69.5 22 Cloudy sclution; steel bright,
L=2 A-11 KOH:2% " 61.5 29 "
L-3 A7 KOH:3% n 64, 19.5 Clear solution; steel bright.
b1 A-T7 Trisodium o 67 49.5 i
Phosphate: 2%
L-5 N-1 " " 60.5 17.5
L=t A-1 " 10 min. 57.5 13.5
140-160°F
47 £-11 " 10 min., bh.5 16 Clear sclution; steel bright.
140-150°F
4-8 A-5 " " 53.5 12 Clear solution; steel bright.
L A3 " 10 minJ140°F 62.5 13.5 Slightly cloudy sciuntion; steel bright.
4-10 - HC:28 " bl 39 Clear solution. Some gas evolution; stesl
spotted and dulled.
4-11 - stOa:Z% " 54,5 27.5 Clear solution. Slight gas evolution;
steel spotted, dulled badly,
L-12 - HNOB:Z% " bha5 59.5 Clear solution. No gas evelution; steel bright.
5-1 k-5 KOH: 4% " &7 26.5 Clear solution with undissolved material;
steel bright.
5-2 A-1 Trisodium 10 min, 56.5 9.5 Clear sclution; steel bright.
Phosphate: 4% 140-150°F
5-3 A7 n " 3 25.5 Cloudy sclution; twe liguid phasesy steel
bright.
5-4 A-1 Triscdium 20 min. 69 17 Clear solution: steel bright.
Fhosphatet2% 140-150°F
5-5 A-1 -on 10 min.1%4°F 62.0 8.5 "
-6 A-1 Trisodium 15 min.l150°F 65 0 "
Phosphateri®
5-7 A-1 Trisodium " 65 ¢} "
Fhosphate: 6%

A

" Where Surface Active Agents are used, they are at 1% concentration: see Code Explanation in Appendix IV
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produced no drastic changes. The anionies are denoted by an MA"™ proceeding the
number, the cationics by a "C", and the non-ionics by an M,

When the solutions of surfactants are modified by acids or alkalis,
notably larger changes in surface properties are observed, except when cationic
agents are used. For example, in Experiment 2-1 where 2% HC1 was added to the
1% non-ionic surfactant solution, the contact angle changed from 66° to 15,.5°,

In Experiment 2-10, the addition of 2% KOH to the anionic solution reduced the
angle to 10.5°. These values are comparable to the contact angles resulting from
adequate, strong acid treatments. In Experiment 3-1, the surfactant alone reduced
the contact angle to 49°, whereas the addition of 1% KOH %o the solution of sur-
factant in Experiment 3-2 reduced the angle to 38°, When 2% KCH stlution was used
alone, the change in contact angle was substantially the same as when 1% KOH was
used (Exp. 5-3), indicating a non-sensitivity in this range of concentrations. The
largest changes were observed when the A~1 surfactant was used with 2% trisodium
phosphate at 194°F. The contact angles changed from 62.0° to 8.5° with no visible
impairment of the stainless steel surface. When the concentration of trisodium
phosphate was increased to 4%, the resulting contact angle was zero (Exp. 5-6), &
further increase in the amount of the alkaline salt (6%) also produced surfaces
with zero contact angle.

Correlations were then sought between the contact angles resulting from
these treatments and joint strengths. Degreased surfaces of stainless steel
treated with WS-29 and WS-30 were bonded with Bloomingdale FM-47 adhesive. The
W5-29 treatment is the preparation used in Experiment 5-6, Table 1l; WS-30 is the
treatment used in Experimeni 5-7, Table 1. When the W3-29 treatment was used,
average joint strength ranged from a low of 6189 psi when the contact angle was
15° (Exp. 5, Table 2) to a high of 6937 psi when the contact angle was too low to
measure (Exp. 2). These joints were pressed in the same Jig with panel joints
that had only been degreased, and in each case they had a joint strength that was
measurably higher.

When the WS-30 treatment was applied to the surfaces, the average joint
strength ranged from a high of 7296 psi (Exp. 10, Table 2) to a low of 6202 psi
(Exp. 14). These Joints were also pressed in the same Jig with joints prepared
only by degreasing for comparison. In addition, two panel joints treated with
WS-29 were bonded with Metlbond 4021 adhesive. The average joint strengths of the
latter were 3935 psi (Exp. 16) and 4113 (Exp. 17). These values are comparable to
the strengths found when the surface treatments are strong acids. The degree of
scatter of the data is also normal.

1.3 Results with Aluminum

Solvent-degreased aluminum surfaces were treated with anionic, cationic,
and non-ionic surfactant solutions, and with surfactant solutions modified with
acids, alkalis, and salts. Contact angles with water were measured against these
treated surfaces in order to evaluate the changes in surface properties that re-
sulted from the treatment.

From Table 3, it can be seen that it is possible to produce large changes
in contact angles with dilute solutions of non-ienic and anionic surfactants. In
Experiment 5-9, the contact angle was reduced to less than 10° as compared to con-
tact angles found when the surfaces were treated with A-5 and A-6 which are anionic
reagents (Bxp. 6-1 & 6-2). We found that we get low angles when the anionic or
non-ionic surfactant solutions are modified with dilute acid or alkaline materials
(Exvs. 5-7, 6-4, 6-5, 6-10, 6-11, and others), The number of experiments are too
numerous to evaluate individually, but it is apparent that we can produce very low
contact angles of water against aluminum with many of the anionic and non-ionic
surfactant solutions, alone or modified.

WADC TR 55-87 Pt II 3



Table 2
AVERAGE STRENGTHS OF STAINLESS STEEL JOINTS TREATED WITH SURFACTANTS

Stainless steel: Type 302, 1/2-hard, 0.06L inch thick
Adhesive: FM-47, except in Exp.26 &17 (Metlbond 4021)

Shear Strength{wpsi)

Exp.(h) Treatment Avg Control %

No, No. ) Avg Max Min Avg(B) Control
1 WS-2G <10 6579 6904 8145 2&53%%% 268.,2
2 WS-29 <10 6937  F242 6757 2453 282.7
3 WS-29 <10 6850 7205 6330 5146 133.1
L WS-29 <10 6696  70%0 6255 5146 130.1
5 WS-29 15 £189 6561 5878 L6889 131.9
6 WS-29(2) <10 L2l 6732 5819 5058 127.0
7 W3-8 60-65 6261 6565 6070 5058 123,7
8 WS~29(2) <10 6472 6643 6188 5255 123.1
g W3-8 60-65 6223 6762 6010 5255 118.4
10 WS—BO(Z) <10 7296 7404 7108 5270 138.4
11(5) WS-8 60-65 7127  Th45 6897 - 5270 135.2
12 WS—30(2) <10 6952  TL6L 6561 5089 136.6
13(6) WS-8 60-65 6730  70L5 6495 5089 132.2
15 WS—BO(Q) <]1C 6802 7070 4510 5306 128.1
15 W3-8 60-65 6336 6747 5910 5306 119.4
16 WS-29 <10 3935 4260 3696 4086 66.3
17 W5-29 <10 4113 4393 3627 L4086 100.6

NOTE: 1. Treated aluminum control surfaces showed interference colors.

2. Degreased panels (Ws-8) used to compare efficiency of treatment.

3, Controls are clad aluminum 2024-T3 treated in WAC-1 and bonded with
same acdhesive as test specimens.

li. Six specimens were used in all experiments except No. 10, in which
three were used.

5. Bath temperature of stainless steel 150°F.

6. Bath temperature of stainless steel 190°F.

However, it was cbserved that where low angles were found, evidence of
interfacial reaction was present in the form of discoloration. In view of the
copious references in the literature to adsorption of surface active materials on
ajuminum and other metal surfaces, it was tentatively assumed that adsorption of
the surfactant in varying degrees took place on the treated surfaces. In order to
evaluate the effect on adhesion of these adsorbed films, adhesive bonded joints
were prepared with surfaces that had been treated with WAC-7, WAC-9, WAC-10,WAC-11,
WAC-12, and WAC-13. These treatments are based on formulations that give low con-
tact angles. In Experiments 1 to 9, Table 4, joint strengths were surprisingly
low, ranging from 838 psi with the WAC-7 treatment to 4338 psi when the WAC-11
treatment was used. The percentage scatter of data was also unusually high when
compared with the normal range of values for test specimens after the recommended
sulfuric acid-sodium dichromate treatment.

The strength of aluminum joints treated with WAC-11 (Exp. 7) began to
approach the values found with the standard treatments,

Two additional formulations were prepared for treating aluminum sur-

faces., They were WAC-14 and WAC-15. The aluminum surfaces treated with WAC-14
developed an average strength of 4809 psi in one panel joint, and 4538 psi in
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Tabls 3
COKTACT ANGLES OF WATER AGAINST ATUMINUM TREATED WITH SCLUTIONS OF SURFACTANTS

EOZE?H' Jontaet Anpgle of Water
r‘oplon on Sanple Tested
Surface Surface Modifying Time and After Tri- After

Exp., Aetive  Active Aeid,Base, Tems. chleroethylene Surfactant

No.  Agentid  Agent or Salt of Bath Degreasing  Treatment Remarks

-1 A-1 1% Trisodium 90 sec.13C°F 57,5 a Clear solutien: wigorous hydro-

Fhosphate:2% gen evolution. Light dulling of
surface: edges darkened.

5-8 A-1 1% Trisodium 120 see,li3°F 57 R "

Phosphate:0.5%

5-G N-1 1% ~ 15 min.l40°F 54 <10 Clear soluticn; clouding at
14C°F. Very slow hydrogzen evo-
Jution. Bronzing: aluminum
bright.

5-10 A-1 1% - 15 min,194°F 56 53.5 lear solutioni no hydrogen evo-—
lution. Aluminum bright.

5-11 ) 1% - 15 min,185°F 52 79.5 Very slight hazy selution; very
slow hydrogen evolution. Surface
dulled.

5-12 A-11 1% - 15 min.l90°F 54.5 25 Clear scolution; no noticeable
hydrogen evoluticn. Aluminum
bright.

A-1 A-5 1% - 5 min.l50°F 52 12 Clear solution; moderately vigor-
ous hydrogen evelution. Light
dulling of surface,

b2 A-T 1% - 3 min.160°F £1.5 ©10.5 Clear solution; vigorous hydro-
gen gvoluticn, Disceloratien of
surface and edges.

[N -1 1% HC1:1% 15 min.130°F LO.5 <10 Solution clear up to 145°F:
vigerous hydrogen evolution,
Surface dulled and etched.

6-5 N-1 1% Trisodium 5 min.140°F LS <10 Solution clear up to 1L09F:

Phosphate:0.5% vigorous hydrogen evelution.
Surface dulled.
6-b6 4-11 1% HC1:0.1% 15 min, LA 3 Glear solution: no appreciable
140-150°F hydrogen evolution. Aluminum
bright.

6-7 -1 1% Isopropyl 15 min. 51.5 <10 Clear solution: clouding at

Aicohol:h® 145-155°F abeout 160°F. Very slow hydrogen
evolution. Bronzing; aluminum
bright.

6-8 N-1 0.1% Isopropyl 15 min. 5.5 <10 "

Alcohol:2% 155-160°F
6-9 A-12 12 - 15 min. 54 56 Clear solution; no appreciable
185+10°F hydrogen evolution. Aluminum
bright.
6-10 A-12 1% HCL:0,.1% 15 min, 54, <10 Clear solution at 190°F; very
150+10°F slight hydrogen evolution.
Bronzing.
5-11 N-1 1% Trisodium 5 min. 54 <i0 Olear solution at 140°F; hydro-
Phosphate:0.28  140+10°F gen evolution, Dulled surface.
6-12 A-11 1% " 5 min. 43 k2 Clear solution; moderate hydro-
} 150+10°F gen evolution. Surface dulled,
7-1 N-1 0.1% Trisodium 5 min. 56.5 <10 Clear solution; clouds at about
Fhosphate:0.5% 140+10°F 145°F. Fairly vigorous hydrogen
evolution. Surface dulled:; edges
darkened.

7-2 - - " 5 min 140°F 43.5 <10 Clear seolution; fairly vigorous
hydrogen evclution. Surface dul-
led; edges darkened.,

7-3 - - 01:0.5% 5 min,lL0°F L9.5 11 Clear solution: fairly slow hy-
drogen evclution, Surface dulled.

-4 A-12 1% Trisodium 10 min.147°F 5¢ 20 Clear solution; slow hydrogen

Phosphate:0.1% evolution, Surface dulled.
-5 - - H230,:2.4% 10 min.155°F - Approx. 2 WAC-1 clear solution: no appre-
Sodium Dichro— ciable hydrogen evolution. ILight
mate:24% dulling of surface,

7-6 N-1 0.5% Hp 380y, ¢ 2% 15 min. 40.5  Approx. 4 Solution becomes cloudy at 140°F;

Sodium Dichro— 140+10°F ne appreciable hydregen evolution.
mate:2% Light dulling of surface.

-7 A-1 0.5% H2504, :2% 5 min. 62 68.5 Sloudy solution at all tempera-

Sodium Dichro- 195+5°F tures; hydrogen evolution, Sur-
mate: 1% face dulled; edges darkened.

7-8 N-1 0.5% Sodiurn Meta- 15 min, 42 Approx. 6 Clear solutior: cloudy above

silicate:1® 120-130°F 140°F, No hydrogen evelution,
Slight bronzing.
-G N-1 0.5% Sodiur Meta- 15 min. L8 2.5 Selutieon clouds above 130°F: no
silicate:1% 120-130°F hydrogen evolution. 3light
Trisodium bronzing.
Phosphate:1%
7-10 N-1 0,5% Sodiam Meta- 15 min. Liy Approx, 5 Solution clouds above 140°F; no
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silicate:1%
Trisodium
Fhosphate: 1%
Methyl *'Cello-
solve™: ¥

L30-145°F

*
Code Expianation in Appendix IY¥
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) Table 5 - (Continued)
CONTACT ANGLES OF WATER AGAINST ALUMINUM TREATED WITH SUGLUTIONS OF SURFACTANTS

Eonce_m— Contact Argle of Water
“ri;ﬁmn on Sample Tested
Surface Surface Modifying Time and After Tri- Alter

Exp. Active  Aetive Acid,Base, Terp. chloroethylere Surfactant

No., Agent®  Agent or_Salt of Zath Degreasing Treatment Remarks

7-11 A-1 1% Sodium Meta- 10 min. 55 Approx. T Solution clear ai 194°F: cloudy

silicate:0.5% 150-200°F &t room temp. Hydrogen evolution
Trisodium slow after first min., Surface
Fhosphate:2% slightly dulled,
7-12 N-2 1% - 15 min, L4y 24 Clear solution: nc hydrogen evo-
160:10“F lution. Bronzing slisht: surface
bright.
B-1 N-3 1% - 15 min. 37 24L.5 Opague mixture at all temm. Mo
160+10°F hydrogen evolution. Metal sur—
face unchanged. 0ily film.

a-3 N-§ 1% - 15 mir., 46,5 Avprox. 2 Clouding occurs above 132°F: no

130+10°F hydrogen evolution. Slight
bronzing.

8- N-2 1% HC1:0.2% 10 min. 55 G Clear solution: slow hydrogen

160+10°F evolution. Surface unchanged.

B N-2 1% Trisodium 5 min. LE.5 Anprox, 2 Clear solution: vigorous hydro-

Phosphate:0.2%  1460+10°F gen evolution. Surface slightly
dulled; edges darkened.

8-4 N-2 1% Trisodium 15 min. 49 Approx. 6 Clear solution; clouds at about

Phosphate:2% 170-180°F 190°F; no hydrogen evolution
Sodium Meta- after 60 sec. Slight bronzing.
silicate:0.5%

87 K-2 1% Trisodium 5 min. A7 Approx. 1 Clear solutdon; vigorous hydro-

Phosphate:1%  185+10°F gen evolution. Surface dulled &
Sodium Metaw etched; edges darkened.
silicate:0.1%

8-8 n-2 1% Trisodium 15 min. 53.5 Approx. 4 Clear solution; no appreciable

Phosphate:l® 180+10°F hydrogen evelution after 30 sec.
Sodiuvm Meta- Slight bronzing.
silicate:0.3%
8-9 ¥-2 0.5% Ha50;,:2% 15 min. 45 Approx. 4 Clear solution at all temp. No
Sodium Dichre-  190+10°F hydrogen evelution; surface
nate: 2% lightly dullec.
8-10 N-1 0.5% -~ 15 min. LG.5 11.5 Glear solution at 190°F: no ap-
A-11 0.5% 18C+10°F vreciable hydrogen evolutien.
Slight bronzing.
8-11 N-1 0.5% H2504,12% - - - Separation into two phases.
4-11  0.5%  Sodium Dichro-
mate:2%
8-12 - - " 15 min. 55.5 33 Clear sclution at all temp, Ne
190+10°F hydrogen evolution: surface
lightly dulled.
G9-1 N-1 0.1% n 15 min. 56 Approx. & Soiution becores cloudy above
140+10°F 140°F3 no hydrogen evolutiong
slightly dulled.

3-2 N-2 0.1% " 15 min. 59.5 Approx. & Clear solution: no hydrogen

190+1G°F evolution. Aluminum lightly
dulled.

9-3 N-2 0.5% Trisodium 15 min. 63 23.5 Clear solution; no hydrogen

Fhosphate:2% 170+10°F evolution after 15 sec. Slight
Sodium Dichro- bronzing.
mate:2%
Gely N-2 0.5% Trisodium " 56.5 18.5 Clear solution; no hydrogen
Phosphate:2% evolution; slight bronzing.
Sodium Dichro-
mate:l%
G-5 N-2 0.5% Triscdium " 62.5 20 Clear solution; hydrogen evo-
Phosphate: 2% lution, Surface dulled; edges
Sodium Dichro- darkensd.
mate:0.5%
9-6 N-2 D.5% KOH:2% 5 min. fl.5 Approx, 2 Clear solution to 180°F: vigor-
Sodium Dichro- 170£10°F ous hydrogen evelution. Alumimam
mate:2% surface & edges darkened.

9-7 N-2 D.5% H250y, 1 4% 15 min, 56 Approx. 2.5 Glear solution; no appreciable

Sodium Dichro-  170+10°F hydrogen evelution. Aluminum
mate:2% slightly dulled.

G- N-2 0.5% H280, 1 4% " 60 Approx. 3 Clear solution; no hydrogen evo-

Sodium Dichro- lution. Surface slightly dulled
rate:l & edges slightly darkened.

9-3 N-2 0.5% Hp80,,:2% " 57,5 Approx. 5 Clear solution; no hydrogen evo-

Sodium Dichro- lution. Aluminum slightly dulled,
nate:lZ

2-10 N-2 0.5% H250),:2% n 55.5 hoprox. &4 Clear solution: no appreciable

Sedium Dichro- hydregen evolution. Aluminum
mate:0, 5% slightly dulled.

9-11 N-2 0.5% HoS50), :1% " 55.5 APprox. 4.5 "

Sodium Dichro-
mate 0,5%

10-3 -1 0.5% - " 68 59.5 Gloudy solution at all temp. Ne
kydrogen evelution. Surface
coloration (orange & purple).

* Code Explanation in Appendix IV
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Table 4
TEST RESULTS FOR ALUMINUM TREATED WITH SURFACTANTS

AMuminum: 2024-T3 Alclad, 0.064 inch thick
Controls: Aluminum bonded with same adhesive used in test joints

Shear Strength{psi)

Exp. Treatment No. Avg fontrol %
No, No. Specimen <) Adhesive Ave Max Min Avg Control
1 WAC-7 12 <10 FM-4,7 838 1091 503 5169 6.24
2 WAC-7 6 <10 " 1158 1816 841 5475 21.1
3 WAC-T7 6 <10 " 1625 1893 1363 5475 29.6
I WAC-8 12 <10 " 3655 3923 3421 5422 67.4
5 WAC-9 12 <10 " 1268 1846 972 5363 23.6

6 WAC-10 12 <10 " 1244, 1486 1123 1971  See Note
7 WAC-11 12 <10 " 4338 4525 4110 5010 86,6
8 WAC-12 6 <10 " 3831 LO59 3529 5496 69.7
9 WAC-13 6 <10 n 4273 4843 383L 5496 77T
10 WAC-14 12 <10 " L4696 4918  LL9C 5347 87.8
11 WAC-15 12 <10 " LéLL L4950 4332 5090 91.2
12 WAC-14 i2 <10 4021 3537 3711 3424 4003 88.3
12 WAC-16 12 <10 FM-47 LL68 L6003 4330 5369 83.2
14 WAC-17 6 0 " 4782 L98G 4717 5094 93.8
15 WAC-17 6 0 " 5073 5171 5010 5094 99.6
16 WAC-18 12 0 " LL55 4925 3955 4998 89.1
17 WAC-19 12 0 1 LB8O 5160 4586 5140 95.0
18 WAC-17 6 0 422 2521 2900 2289 2120 118.9
19 WAC-17 6 0 1t 2103 2210 2000 2120 99.1
20 WAC-17 6 <10 AF-6 3479 3800 3060 3418 101.7
21 WAC-17 6 <10 " 3515 3820 3193 3418 102.8
22 WAC-17 6 <10 - FM-47 L4673 4800 4561 5378 86.8
23 WAC-17 6 <10 " LO2L L4979 4875 5378 91.5
2l WAC-17 12 <10 4,021 3631 3770 3459 L48S 81.0
25 WAC-17 12 <10 " 3543 3703 3235 L4499 78.7
26 WAC-17 6 <10 " 3641 3816 3547 LAOR” 75,7

NOTE: In Exp. 6 iridescence visible on treated control surfaces.

another for an average of 4696 psi (Exp. 10). When the WAC-15 treatment was used
(Exp. 11), the average joint strengths were 4492 psi and 4796 psi for an average of
L6LL psi. The adhesive used in these four experiments was Bloomingdale FM-47.
These values range from 87.8 to 91.2% of the control specimens. The controls are
aluminum joints treated with WAC-1l, which is the treatment recommended by WADRC.

Another set of experiments were conducted in which the surfaces were
treated with WAC-14 and bonded with Metlbond 4021 adhesive (Exp. 12). The vercent
of the control was of the same order of magnitude as that with Bloomingdale FM-L7.
We drew the tentative conclusion therefrom that these treatments, composed of 1%
surfactants in relatively dilute acid sclutions, are Jjust short of being as effec-
tive as the strong acid treatment that has been found to be most effective. The
mean range of joint strengths within a panel Jjoint is equal to the best obtained
with the strong acid treatment. Further work with treatments in which the propor-
tions of components were varied showed that WAC-17 was most effective, This selec-
tion was supported by later work in the under-facial contour angle investigation
discussed in Section 3. Joints prepared with WAC-17 treated surfaces had strength
of 4782 and 5073 psi. These were 93.8 and 99.5% of the control strength.
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The treatment was further evaluated with Epon 422 and Scotchweld AF-6

adhesives.,

When: Epon 422 was used with this treatment, the average joint strenﬁth

was 2521 psi with one panel joint (Exp. 18), and 2103 psi with another (Exp. 19

These strengths are 118.9% and 99.1% of the control strength.

The contreol is the

Joint strength obtained when the aluminum joints are treated with WAC-1 and bonded

with the same adhesive used in the test specimens.
using AF-6 adhesive (Exp. 20 and 21).
percent of the control strength.

The experiments wers repeated
The joint strengths were 101.7 and 102.8 .

This treatment has now been used with the four recommended adhesives on
aluninum, and the indications are that it is approximately as effective as the

strong acid treatment recommended by WADGC.

mild and probably less costly, and lends itself to use in the field.
We will explore this

some modification it may be effective at lower temperatures.
possibility.

1.4 Results with Titanium

It has the decided advantage that it is

Also, with

Mnionics and non~ionics in acid and alkaline media were used as treat-

ments for titanium.
with WAC-1 and WT-4 treatments were observed.

noted that surfactants in alkaline media produced favorable changes.
ments 1 and 3, Table 5, it is seen that the contact angles decreased to 7°.
The WAC-1 treatment that is
Surfactant in acid medium

the surfactant was used alone, no changes took place.
so effective on aluminum was ineffective on titanium.
resulted in no significant difference in contact angle (Exp. 5).

Table 5

In addition, the effect on surface properties of the metal
In this preliminary stage, it was

In Experi-
When

CONTACT ANGLE OF WATER DROP ON TREATED TITANIUM ALLOY

Contact Angle of Water

Concentration on Sample Tested
of Surfactant Modifying After Time
Exp. (Active Acid,Base, After TCE Surfactant and
No. Ingredient) or Salt Degreasing Treatment  Temp. Remarks#*
1 Anionic:1% Triscdium 62.5° 7° 15 min. Solution clear
(Triton X-200) Phosphate:4% 180+10°F at 180°F.
2 Anionic:1% - L8 50.5 15 min. Solution clear.
155+5°F
3 Anionic:1% Trisodium 51 7 n Solution hazy
Phosphate: 4% at 155°F,
A WAC-1 HpS0y, 124 4% 58.5 bl n Solution clear.
Sodium Dichro-
mte:zoh%
5 Aniecnic:0,5% H250;,:8% 56.5 53.5 " Solution cloudy
Sodium Dichro- at all temps.
mate:2% (R.T. + 155°F).
6 ——— WT-4 Solution Li 5 14 15 min. Solution clear.
120+10°F
7 Anionic:1% Potagsium - 11 15 min, Solution cloudy
Hydroxide: 4% 190+5°F  at all temps.
(R.T. + 190°F).
) Anionic:1% Trisodium 60 14 15 min. Solution clear.
Phosphate:3% 170+5°F
9  Non-ionic:1% Trisodium 58 9.5 n "
Phosphate:3%
10 Non-ioniec:1% H2504,:8% 52 25.5 " "

Sed.Dich,:1%
% In all experiments the titanium

WADC TR 55-87 Pt II 8
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The WI-4 treatment which is a highly concentrated acid that was found to
be highly effective on stainless steel produced a relatively large change (Exp. 6).
This treatment was found to give joint strengths close to 7000 psi with Blooming-
dale FM-47. The results of the other experiments indicate that satisfactory
treatments for cleaning titanium are possible with dilute modified solutions of
suitable surfactants.

Joints were prepared with titanium alloy that had been treated with mild
alkaline solutions of an anionic surfactant. In one experiment, joints were pre-
pared from 1 x 4 in. strips, 0.06% in. thick, which had been treated in WI~5. The
overall joint strength was 5500 psi (Exp. 1, Table 6). It had been observed that
the strips were somewhat deformed, and some guestion remains as to the validity of
these values. In addition, the control specimens which are aluminum were several
thousandths of an inch thinner than the titanium, and since they were in the same
Jjig with the titanium specimens, they probably were not subjected to the normal
pressing load. As evidence, the joint strength of the control specimens is 3940
psi.

Table 6
SHEAR STRENGTHS OF SURFACTANT TREATED TITANIUM ALIOY JOINTS
Titanium: Rem-Cru 110 M, in strips 1 x 4 in., all 0.05 in. thick

except Exp. 1 (0.069 in. thick).

Controls: 2024-T3, 0.064 in. thick, 1 x 4 in., clad aluminum treated in WAC-1
and bonded with same adhesive and in same pressing as the test specimens,

Adhesive: All FM-L7 except Exp. 8 (AF-6).

Shear Strength(psi)

Exp. Treatment No. Avg Control %
No, - No., Specimen 8 Ave Max Min Avg Control
1 WT-5 3 <10 5500 5979 5000 3G40% 139.5
2 WT-5 4 <10 5052 5530 4540 4312 117.1
3 WT-6 4 <10 5650 6360 4730 5667 99.7
I WT-5 6 0 5523 6000 5131 5700 96.9
5 WT-6 3 0 5876 6340 5360 5584, 105.2
6 WT-5 6 <10 5216 5990 4635 5497 94.8
7 WT-5 6 <10 5199 5767 L4673 5238 99.2
8 WT-5 5 <10 1908 2222 1581 2490 76.6

" Control was 0.005 less in thickness than the
titanium and did not receive full pressure.

The experiments were repeated with full size 4 x 8" panels of titanium
alloy 0.050 in. thick (Exp. 2). The average joint strength was 5052 psi which is
equivalent to 117.1% of the control. Another treatment (WT-6) with the same
thickness titanium gave a joint strength of 5650 psi (Exp. 3). We have shown in
the earlier report that the nominal joint strength is related to the metal thick-
ness, and therefore we estimate that if the metal were 0.064 in. thick, the nomi-
nal joint strength would be in the region of 6500 psi*. Four panel joints were
prepared on another occcasion and the results were reasonably consistent (Exps. 4,

5, 6, 7).

" WADC Technical Report 55-87, April 1956.
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1.5 Results with Magnesium

A beginning was made in investigating the utilization of surface active
materials for treating magnesium alloys. In WM-14 a 1.0% solution of an anionic
surfactant is dissolved in a mild alkaline solution., When magnesium alloy was
treated with this solution, the resulting contact angles were satisfactorily low
but the joint strength was 1510 and 1605 psi (Exps. 1 & 2, Table 7). The treated
surfaces had the iridescence that we cbserved on aluminum after exposure to alka-
line solutions of anionicecs. As with aluminum, joint strength was low.

Table 7
SHEAR STRENGTHS OF SURFACTANT TREATED MAGNESIUM ALIOY JOINTS

Magnesium Alloy: FS1-H24, 0.064 in. thick.

Controls: 2024-T3, 0.064 in. thick clad aluminum treated in WAC-1 and bonded
with same adhesive and in same pressing as the test specimens,

Adhesive: All FM-L7 except Exp. 5 & & (Scotchweld AF-6).

Six specimens were used in all experiments.

Shear Strength(psi)

Exp., Treatment Avg Control 4
No. No . 8 Avg Max Min Avg Control
1 WM-14 <10 15310 1710 1330 5229 28.8
2 WM-14 <10 1605 1716 1490 5229 30.6
3 WM-15 15 3184 3340 2900 4950 64.3
&y WM-15 15 3450 3775 3230 4950 705
5 WM-15 i, 1632 2240 1000 3787 43.0
& WM-15 14 1778 2500 1500 3787 46.6

When these same treated surfaces were subsequently immersed in chromic
acid solution, the iridescence disappeared. Joints made with these surfaces had
joint strengths of 23184 and 3490 psi with Bloomingdale FM-47 (Exps. 3 & 4). With
Scotchweld AF-6 this two-stage treatment (WM-15) gave joint strengths of 1632 psi
and 1772 psi.

We are investigating the use of non-ionies in treating magnesium. Con-
siderable improvement in joint strength was cbtained with aluminum when non-ipnics
were used in an acid medium, and since the reaction of the two metals to anionics
was similar, it is possible that this type of surface treatment may give improved
Joint strength.

A number of experiments were conducted with WM-15 treated magnesium in
which the chromic acid bath was replaced by dilute solutions of hydrofluoric acid.
(Above concentrations of 2% HF does not attack magnesium). Concentrations from
2.5 tc 10% were used, Table 8. The highest Joint strength was found with the 5%
HF sclutions (Exp. 5). However this joint strength, 2726 psi, was substantially
lower than is usually obtained with the WM-15 treatment (Exp. 1).
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_ Table 8
SHEAR STRENGTHS OF SURFACTANT/HYDROFLUORIC ACID TREATED MAGNESIUM JOINTS

Hydroflueric acid content of rinse 1s actual HF content by weight.
Magnesium Alloy: FS1-H24, 0,064 in. thick.

Controls: except as noted, 2024-T3 clad aluminum, 0.064 in. thick treated in WAC-1
and bonded with the same adhesive and in the same pressing as the itest specimens.

S5ix specimens used in all experiments; adhesive used is FM-47.

Shear Strength(psi)

Exp. Treatment Avg Control %
No. No. 8 _Avg Max Min Avg Control
1 WM-15 15° 3499 3777 3300 *
2 WM-14 <10 1508 1740 1340 #*
2.5% WF
3 WM-15 <10 1622 1673 1500 ¥*
2.5% HF
A W%—la <10 2195 2480 1820 4,996 43.9
5% HF
5 WM-15 <10 2726 2800 2640 4996 5445
5% HF
6 WM-15 12 2475 - 2780 2310 5263 47.0
10% HF
7 " 12 2135 2350 1770 5263 40.5

3*
Magnesium treated in WM-15 in Exp. 1 was the contrel for Exp. 2 and 3,

SECTICN II
THE INTERFACIAL CONTACT ANGLE

The contact angle that a liquid drop makes with a solid surface is a
measure of the affinity of the liquid for the sclid surface. If the surface ten-
sion of the liquid is known, and a contact angle is made with a solid surface,
the attraction (adhesive tension) can be measured. The numerical evaluation is
equal to the product of the surface tension (dyne/cm) and the cosine of the angle.
This measurement is made with a static drop under conditions of equilibrium. If
the liquid drop spreads, we no longer have an equilibrium condition, and an evalua-
tion of adhesion or affinity cannot be made by the method of contact angles in air.

However, it can be shown that when twe spreading liquids are competing
for a solid surface, the liquid with the greater affinity for the surface will in-
crease its interfacial area with the solid at the expense of the other. We have
demonstrated this relationship by depositing a drop of highly-purified paraffin
0il (Nujol) on an aluminum surface that had been treated with WAC-1. The drop
spread rapidly. We then introduced bulk water into this system and the film of
oil drew up to a symmetrical drop that made a contact angle of 155°, If this 155°
contact angle measures the condition of the aluminum surface which is mest favor-
able for adhesive bonding when these liquids are used, this test may be an even
more sensitive method of evaluvating surface treatment than the contact angle in
air. The contact angle in air tells us only that both paraffin oil and water will
spread. This stripping test tells us that, for the most favorable surface condi-
tion of aluminum, the affinity of water for the surface must be greater than the

affinity of mineral oil by an energy difference that produces the interfacial con-
tact angle of 155°¢,
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2.1 Surface Condition and Interfacial Contact Angle

The WAC-1l treatment gives a joint strength of approximately 90% of the
strength obtained with the WAC-1 treatment. This treatment (WAC-14) consists of 4%
sulfuric acid and 2% sodium dichromate in a 1% solution of non-ionic surfactant.
Experiments were conducted in which the three components of WAC-14 were varied,
and the changes in interfacial angle were noted. The results are shown in Table 9.
When the results are placed in order of decreasing interfacial contact angle (column
2), it is seen that three of the four highest interfacial angles are found when the
concertration of surfactant is 1.0%.

Table 9
EFFECT OF CONCENTRATION ON INTERFACIAL CONTACT ANGLE

Interfacial % % pH of Contact Angls
Exp. Contact % H 50 Na Cr.0 Bath at of Water Drop
No. Angle Surfactant 2 74 2772717 Room Temp. in Adr
0.0 155.0° WAC-1 Treatment 0
1 150.0 1.0 4.0 2.0 0.37 Le5
149.5 C.1l 1.0 3.0 0.96 L0
3 143.5 1.0 1.0 1.0 0.95 L.2
A 142.5 1.0 8.0 3.0 0.05 2.0
5 141.5 .0 1.0 2.0 0.95 8.5
3 138.0 0.1 13.0 2.0 <0.0 15.5
7 134.0 0.5 8,0 2.0 0.05 4.0
8 13L.5 G.5 4.0 1.0 0.35 7.0
g 133.0 0.5 1.0 0.0 0.88 5.0
10 132.5 0.5 13.0 3.0 <0.0 3.0
11 1306.5 0.1 8.0 1.0 0.03 3.5
12 128.5 .0 13.0 1.0 < 0.0 7.0
13 125.0 0.0 L.0 3.0 0.37 9.0
14 123.5 1.0 13.0 0.0 <0.0 10.0
15 105.5 0.1 4.0 0.0 0.35 13.0
15 101.,0 0.0 8.0 0.0 0.05 22.0

We also find that the highest interfacial angle of the series results
when 1% surfactant is used with 4% acid and 2% sodium dichromate. This is the
WAC-14 formulation that gives us the highest joint strength in the series, and it
is approximately $0% of the conirol strength.

At the lower end of the table, it is seen that when the concentration of
surfactant is 0.1% or less, with one exception, the interfacial contact angles are
lowest. In Experiment 14, where 1.0% surfactant was used and a low interfacial an-
gle resulted, no dichromate was included in the formula.

When 0.5% surfactant concentrations were used, the interfacial contact
angles fell midway between the values found with 1% and 0.1% concentrations. The
relatively high angles found in Experiments 5 and 6 are being investigated. We
find, also, that the higher interfacial angles are associated with the higher con-
centrations of sodium dichromate; again, there is one exception, Experiment 3,
where the concentration of dichromate is 1.0. The lowest interfacial contact an-
gles are found when the dichrorate is absent from the formulation (Exps. 14,15,16).

Work is continuing on the relationship between concentration of surfac-
tant and acid and dichromate. We feel that there is an optimum relationship among

WARC TR 55-87 Pt I1 12



these components that will adequately condition metal surfaces for adhesive bonding,
and that uniformly high Jjoint strengths can be achieved that are equal to the high-
est attained with strong acid or alkaline itreatments.

Specific experiments from Table 9 were repeated for reproducibility. The
results are shown in Table 10, In Experiment 0.0, the recommended WAC-1 treatment
showed good reproducibility. The interfacial angle was 153.2° as ¢ompared with

Table 10
INTERFACIAL CONTACT ANGLES ON ALUMINUM

Alurinums 2024-T3, 0.064 inch thick
Concentration in Bath (%)
Exp. Avg Interfacial¥®*  Nen-ionic

Avg Contact
H,30 Na2Cr2O «2H, 0  Angle with H.D

No, Contact Angle Surfactant 2774 7 2 2
0.0 157.2° ————— WAC-1 Treatment 3.5°
2 145.7 0.1 i 3 7
b 153 1 8 3 i
5 140.2 0 1 2 13.5
6 153.0 0.1 13 2 3.5
10 157 0.5 13 3 3.5
11 155 0.1 8 1 Lo5
14 112.3 1 13 0 10

" Interfacial contact angle is betwsen Mujol and water.

155.0° reported in Table 9, Experiments 2, 5 and 14 also showed good reproduci-
bilivy. In the other four experiments, the interfacial angles were subgtantially

higher than these shown in Table 9. These higher values are more in line with
values predicted on the basis of composition.

2.2 Jeint Strength and Interfacial Contact Angle

Aluminum joints were prepared with surfaces treated with four different
mixtures of sulfuric acid, sodium dichromate, and surfactant., These solutions were
WAC-16, -17, -12 and -19. The adhesive was Bloomingdale FM-47. The average joint
strengths were 4432 and 4497 psi for the surfaces treated with WAC-16 (Exps. 1 and
2, Table 11). These values are ~2.6 and £3.7% of the control strength. The inter-
facial contact angle on these surfaces was 105.5°., Joints prepared with WAC-17 had
strengths of L7322 and 5072 vsi and are 93.2 and $9.5% of the cortrol (Exps. 3 and
4). The interfacial contact angle obtained with this treatment was 2155°, This value
is strikingly close to the interfacial contact angle found with the WAC-1 treatment
on the surfaces of the control specimens. The average joint strengths cobtained
with WAC-1% and -19 ranged from LALE to L3975 vpsi which were 89.0 to 96.8% of the
control strength. The interfacial contact angles when either of the treatments was
used were approximately 150°. This value is about 5% less than the best values
after the WAC-1 treatment., The joint strengths are cerrelatively lower,

Since all these treatments result in very low contact angles in air, an

evaluation of a surface treatment by means of the interfacial contact angle is ap-
rarently much more qualifying.

WADC TR 55-27 Pt II 13



Table 11
SURFACTANTS ON ALUMINUM

Aluminum: clad, 2024-T3, 1/16 in. thick,

Controls: 2024-T3 aluminum prepared in WAC-1 and bonded using the
same adhesive and in the same press load as the test panels.

Six specimens used in all experiments; adhesive used is FM-47.

Shear Strength(psi)

Exp. Treatment Avg Cortrol %
No. No. e Avg Max Min Avg  Control Remarks

1 WAC-16 <10 4438 4565 L3h3 5369 82.6 Much H2 evolved.
2 WAC~16 <10 LL97  LBLO 4316 5369 23.7 "

3 WAC-17 Spread 4782 L4989 L717 5094 93.8 Little Hp evolved,
b WAC-17 " 5073 5171 5010 5094 99.5 "

5 WAC-18 " LLLE 750 3940 4598 £9,0 n

& WAC-18 " LL65 5100 3970 4,998 89.3 n

7 WAC-19 n L4785 5000 4578 5140 93.1 "

g WAC-19 " L9795 5320 4595 5140 96.8 1

2.3 Interfacial Contact Angles on Stainless Steel

Interfacial contact angles of water/Nujol were measured on treated
stainless steel (Table 12), The treatments were WS-1, WS-4, WS~22 and Ws-3.
The first three treatments have been found to give the highest joint strengths.
The last named, WS-8, is merely the degreased surface that gives somewhat erratic
resulits.,

Table 12
INTERFACIAL CONTACT ANGLES ON STAINLESS STEEL

Averags Average
Treatment Interfacial Contact Angle
No, Contact Angle# of Water Drop
WS-4 135° 5¢
WS-1 131 9
129 12
W5-22 111 9
141 3
WS-8 67 77

" Interfacial contact angle is between Nujol and water.

W5~1 which is an alkaline treatment had an average interfacial contact
angle of 130°., The average contact angle in air was 10.5°. WS-4 with an average
contact angle of 5° in air had an interfacial angle of 135°. WS-22 which is
strongly acidic and somewhat corrosive had an average contact angle in air of ap-
proximately 5.0°; the interfacial contact angles were 111° when the contact angles
in air were near 10°, and 141° when the contact angles in air were 2 to 3°, The
deggeased samples (WS-8) had contact angles in air of 77° and interfacial angles
of 67°.

WADC TR 55-87 Pt 11 14



It is more than coincidental that stainless steel treated with WS~4 re-~
sults in somewhat higher joint strengths than steel treated with WS-1. The lower
contact angles in air and the higher interfacial contact angles support this cor-
relation. The wide range of interfacial contact angles with W5-22 indicates a
measure of uncertainty regarding the reproducibility of results with this treat-
ment. The low interfacial angle with WS-£ confirms the hydrophobic character of
degreased surfaces.

SECTION III

EVALUATION COF SURFACE TREATMENTS BY
ELECTRICAL MEASUREMENTS

The sensitivity of certain electrical properties of metals to surface
contamination suggested its utilization in measuring changes on the surface re-
sulting from surface treatments. Changes in contact potential and hydrogen over-
voltage have been found to be significantly dependent on surface impurities, and
probably can be related to contact and interfacial contact angle measurements.
Should reproducible correlation be found, we envision the use of the contact re-
sistance apparatus as a rapid, feasible device for evaluating surface treatments
in actual service.

3.1 Conitact Resistance Measurements

An apparatus was assembled for measuring the contact resistance of alu-
minum, stainless steel, magnesium and titanium. The circuit is shown in Figure 1.
The experiments were run with degreased and chemlcally cleaned surfaces that made
low contact angles with water drops.

The results of our preliminary experiments showed that we need greater
sensitivity in the lower ranges of current and voltage. However, we were able,
even with the present apparatus, to determine the breakdown voltage of the films.
These values differ significantly with the condition of the metal surface. We
find that degreased clad aluminum requires a potential of 75 to 100 volts before
a measurable current will flow through the adsorbed film {Exp. 1, Table 13);
whereas on aluminum treated with WAC-1 that results in zerc contact angle with
water, the breakdown potential varies from 4 to 39 volts (Exp. 2). The current
flow through the circuit at 100 wvolts is (.75 microampere.

Untreated titanium alloy gave such erratic results that we found it
difficult even to establish an average value. The titanium specimens that had
been treated with WT-4, which gives a low contact angle and high joint strength,
had breakdown potentials of 10 wvolts, 10 volts, and one volt (Exp. 3).

The behavior of stainless steel was opposite to that of aluminum. The
degreased specimens (Exp. 4) had breakdown potentials of 22, 10 and 10 volts; the
treated specimens (WS-4) were quite uniform and had breakdown potentials between
50 and 55 volts. We are not particularly disturbed by this avparent paradox. We
are pleased that the treated surfaces are relatively uniform electrically. A
standard breakdown potential may be established. The film on degreased magnesium
alloy did not break down at 100 volts (Exp. 6 and 7). Magnesium surfaces treated
w%th a rather mediocre agent showed a breakdown potential of 64 to 100 volts (Exp.
&).

WADC TR 55-87 Pt II 15
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Table 13
PRELIMINARY MEASUREMENTS OF CONTACT RESISTANCE

Exp. Breakdown Potential
No. Metal Treatment (volts)
1 2024L=-T3 clad Degreased in 75
Aluminum trichloroethylene 100
2 2024-T3 elad Cleaned in WAC-1 13
Aluminum L
39
3 Titanium Cleaned in WT-4 10
Rem-Cru 110M 10
1
L Stainless steel Degreased in 22
type 302,1/2-hard trichloroethylene 10
10
5 Stainless steel Cleaned in WS-4 50C
type 302,1/2-hard 50-55
50-55
6 Magnesium Alloy Degreased in Did not break
FS 1-H24 trichloroethylene through under 100
volt potential.
7 Magnesium Alloy Degreased in i
FS 1-H24 trichloroethylene
8 Magnesium Alloy Cleaned in 2% trisodium 90-100
FS 1-H24 phosphate solution &4
100

4 more detailed study was then made of the puncture voltages of micro-
scopic areas of treated metal surfaces. In Table 14, it is seen that under a 10-mg
load, degreased aluminum generally has a much higher contact resistance than alumi-
num treated in WAC-1. At three or four widely separated points on the degreased
surfaces applied voltages of 54, 91 and 95 were required to puncture the film,
whereas on the WAC-1 treated surfaces three of the points required 7, & and 11.5
volts. One peint requiring 46 volts suggests a "hot" point where considerable oxi-
dation probably had taken place. A%t one point a break-through occurred when 8
volts were applied. The film then quickly recovered, and remained insulating until
73 volis were applied. At this voltage the break-through was permanent. R. Holm(l)
suggests that this initial breakdown of the film may be due to a small bridge that
was formed by overheating at the point of contact. The continued hsating then
melts the bridge, and an insulating film reforms.

The puncture voltages on degreased and chemically prepared stainless
steel indicate a real difference. The data on the surfactant treated steel sug-
gest a surface on which the surfactant is adsorbed. Until we collect more data and
relate it to other measurements, we feel that any conclusions are premature.

On titanium, the surface that was treated with surfactant solution ap-
peared to be relatively uniform when compared with the degreased or chemically
treated surfaces., All three metals, regardless of surface treatment, have had

1. R. Holm, Electrical Contacts, lst Ed., Gebers, Stockholm, Sweden, 19L46.
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Table 14
CONTACT RESISTANCE CHARACTERISTICS OF TREATED METALS

Condition Puncture Voltage Condition Puncture Voltage
(10-mg load) 7 Degreased in TCE 81
1t O
Degreased in TCE#* 95 1 Yo Puzcture
" ok Cleaned WT-i "
" 7t " 100
mn 27
n Neo Puncture
Cleaned WAG-1 7 g 1 5g
= " 8 P n No Puncture
5 " hé a "
“ L 13.5 5 52
g . €2 Cleaned WT-5 69
é 1 3_73 " 46
<  Cleaned WAC-17 30 1 59
" No Puncture " 99
tt " " 60
n i " 61
1 65 —
" L8 Degreased in TCE No Puncture
: " A d
Degreased in TCE 18 " > break and recover
" No Puncture " "
" 60 " "
: Zg g " 28 break and recover
" No Punct o Cleaned WM-15 No puncture or
i e gc ure @ unsteadiness on any
8 Cleaned WS-4 b & test under 10 mg load
& ) - 2 (200-mg load)
n No Puncture
B n 31 Cleaned WM-15 No Puncture
ﬂ " L8 ] 100
g g 27 Cleaned WM-13 No Puncture
3 1 No Puncture " 74
©2 " 39 1" No Puncture
Cleaned WS-30 Th
L] "79
" No Puncture
" 19 3
i 50 trichloroethylene

points that resisted break-through up to 100 volts except the surfactant treated
titanium. It 1s apparent that heavy oxide deposits are built up at certain points
on aluminum, stainless steel, and probably on titanium, which form sirongly insu-
lating points that reform very rapidly after removal by ordinary chemical means.

This effect of rapid heavy oxide formation was quite apparent in our work
with the magnesium alloy. Under a 10-mg load there was no permanent puncture up to
the maximum veltage of the instrument. This was observed with degreased and cleaned
surfaces. When the load was increased to 200 mg a break-through occurred at one
point at exactly 100 velts. On the chemically treated surface (WM-13), one break-
through occurred at 78 volts.

These preliminary results cffer promise of a practical method for evalu-
ating surface treatments in industry. It is simple, rapid and very sensitive to
inhomogeneities on the surface.

WADC TR 55-87 Pt IT 18



3.2 Hydrogen Overvoltage Measurements

Hydrogen overvoltage at a given current density of i (amp/cmz) is defined
as the difference between the potential of an electrode at which hydrogen is being
evolved and the potential of the reversible hydrogen electrode in the same solu-
tion(2). Hydrogen overvoltage varies with the nature of the electrodes, and among
other things the condition of the surface, since this phenomenon is essentially a
surface property. Overvoltage measurements were made on several metals, both
treated and untreated, in order to relate differences in overvoltage with other
methods of evaluating surface treatments. The circuit diagram is shown in Figure 2.
Significant differences wers observed in the preliminary experiments.

Figure 3 indicates that aluminum, as received, showed a rapidly increzs-
ing overpotential with an increase in current density from 0.5 to 12.5 uamp/cm<;
whereas the aluminum treated with the recommended sulfuric acid-dichromate solutien,
showing zero contact angle with water, indicated a relatively slight devpendence on
current density.

The behavior of stainless steel treated with WS-4 that gives low contact
angles also is significantly different from that of the untreated specimen, Figure
L. Again the treated metal shows az small dependence on current density when com-
pared with the rather eccentric behavior of unclean stainless steel. The sharp
change in slope of the unclean stainless steel at a current density of 7.5 uwamp/em?
cannot be explained with our present knowledge., Its counterpart on a smallier scale
in the curve for the treated stainless steel at approximately the same current den-
sity indicates a possibility that it is related to the electrode characteristics of
an alloy.

The overvoltages on treated and untreated titanium are related in the
same way as those on treated and untreated aluminum and stainless steel, Figure 5.
The extrapolated values for overvoltage are significantly higher for uncleaned
metals. An additional experiment with pure copper, Figure 6, that was run for
comparison with another pure surface (aluminum), showed almost identical character—
istics with the aluminum. The plot of the treated metal is linear with an increase
in current density, and the slope is gradual., The overvoltage on untreated copper
and aluminun is higher and the slope of the curve varies sharply with current den-
sity from approximately L wamp/cm? to approximately 15 pamp/cm<,

We are not sufficiently advanced with this work to draw conclusions re~
garding the correlation of overvoltage values with joint strength. We feel, how-
ever, that this method of evaluating surface treatments will be very sensitive to
crganic and inorganic impurities on the surface, and in conjunction with our other
methods, it will contribute substantially to our knowledge of the surfaces.

(2) Brockris, J. O'™,, "Recent Developments in the Study of Hydrogen Overpotential®,
Chem. Revs, 43, 525 (194%).
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SECTICN IV

TESTS TO EVALUATE REFRODUCIBILITY AND
EFFECTIVENESS OF ADEQUATE TREATMENTS

L.l Tests on Stainless Steel

Tests were run with stainless steel joints to evaluate and compare the
several treatments that give low contact angles. In addition, we explored the
possibility that some of the adhesives bond more effectively after a specific type
of treatment. We have observed that joint strength with Scotchweld AF-6 and Metl-
bond 4021 adhesives was generally higher with aluminum joints than with stainless
steel. This is contrary to the predicted relationship since stainless steel has a
muzch higher modulus than aluminum.

Table 15 lists the results of experiments with degreased surfaces and
treatments that function essentially by inorganic acid attack, or by displacement
of the contaminating film by means of welting agents in a suitable medium. An
examination of the data indicates that the WS-/ treatment results in the most con-
sistent and highest joint sirength when used in conjunction with Bloomingdale
FM-47 adhesive. We have noted this relative superiority in earlier work. However,
with stainless steel, differences between degreased and treated surfaces have not
been as striking as with the other metals. The resulis with WS5-2%¢ and WS-30, al-
though not as consistent as with W5-4, show promise. Their use invites further
exploration because they are essentially mild alkaline solutions of wetting agents.

When Scotchweld AF-6é was the bonding agent, the highest strength was ob-
tained with stainless steel treated with WS-4 or WS5-30. However, this superiority
was not consistent. More information will have to be obtained concerning the in-
fluence of critical heating temperature and pressures plus the information from the
more sensitive tests described earlier before we can more fully understand the wide
range in joint strengths obtained with one treatment.

Metlbond 4021 adhesive showed up best with WS-1 treatment, and rather
poorly after treatment with wetting agent solutions. Again we observed that joint
strength with aluminum is generally higher than with stainless steel. We conclude
tentatively that there exists a specificity of an adhesive for a particular metal
surface which may be further influenced by the nature of the surface treatment,

4.2 Test Results with Magnesium Joints

Tests conducted with adhesive bonded magnesium, treated with WM-13, were
relatively consistent with the values obtained in earlier experiments. In Table 16,
the average strength for four panel joints show minor variation. Joint strength
ranged from 2836 to 3140 psi when Bloomingdale FM-47 was the adhesive. The con-
trols (aluminum joints treated with WAC-1) were as high as any found under the best
conditions.

When Scotchweld AF-é was used, reproducibility was not as good. Joint
strength ranged from 1156 psi to 2145 psi, 40.6% to 85.6% of the control strength.
The panels in Experiments 1 and é were treated in the same bath, and the joint
strengths were very close. The panels of Experiments 7 and 8 were also treated
together, and the joint strengths are again very similar. The dissimilarity in
strength between the two sets of joints indicate a sensitivity to procedural in-
fluences. The controls in each case are similar in value.
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Table 15 .
TEST RESYULTS FOR STAINLESS STEEL WITH DIFFERENT TREATMENTS

Metal: 302 1/2-hard Stainless Steel, 0.064 in. thick.

Control: 2024-T3 Alclad Aluminum treated with WAC-1 and bonded
with same adhesive used in test joint.

Treatment No.
No. Specimen

WS4
WS-4
Ws-8
Ws-8
WS-30
WS-30
WS-30
W3-29
W3-29
WS-29

WS-1
WS-4
WS-4L
WS-4
WS-4
W3-8
Ws-8
W3-8
WS-22
W5-29
W3-29
WS-29
WS-29
WS5-30
W3-30
W3-30
WS-30
WS-30

WS-1
W5-4
WS-4
W3-8
Ws-2
W5-22
WS-29
WS-29
WS-29
WS-29
W3-30
W3-30
WS-30
W5-30
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Avg
5

<10
<10
<83
<83
<10
<10
10.5
<10
<10
<10

<10
<10
<10
<10
<10

8

80
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10

<10
<190
<10
83
83
<10
<10
<10
<10
<10
<10
<10
<10
10.5

Shear Strength(psi)

Adhesive Avg Max
FM-47 é8L2 7737
FM-4,7 6381 7172
FM-47 6812 7138
FM-4,7 6266 6862
FM-47 6150 6632
FM-47 6725 7200
FM-47 6374 6831
FM-47 5992 6500
FM-L47 6585 7070
FM=47 6721 7360
AF-6 2503 31656
AF-6 LO14 L4588
AF-6 1958 2406
AF-6 2160 2535
AF-6 2052 2333
AF-6 2006 3111
AF-6 1798 2210
AF-6 1589 2058
AF-6 2377 2519
AF-6 3399 3920
AF-6 2573 2760
AF-6 2696 3000
AF-6 1828 2363
AF-6 220L 2460
AF-6 3450 3683
AF-6 L4051 L416
AF-6 3325 3469
AF-6 L4124 L4799
4021 2938 3083
4021 L8LE 5376
4,021 L343 L6680
4021 2921 327
4023 3837 3990
51,021 3445 3831
4021 2339 2420
4021 2417 2820
L4021 3267 3830
4021 3257 3740
4021 3184 3530
4021 1689 1910
4021 184 2134
L0211 3701 3%40

26

Min

6386
6386
6387
5451,
5727
6280
5623
5620
6270
6181

2093
3740
1386
1922
1826
2108
1544
1089
2116
2920
2460
2430
1403
1887
3207
3860
3140
3700

2775
4514
3980
2680
3673
3110
2151
1890
2686
2564
2436
1460
1610
3445

Control A
Aveg Control
14,912 139.2
4912 140.0
5534 123.0
5488 114.0
5349 114.9
5349 125.7
5L88 116.1
5310 112.8
5310 124.0
5534 121.4
2368 105.7
3776 106.3
295 784
3289 65.6
3289 62.3
2910 82,7
3085 58,2
2329 68,2
3407 69.7
3465 98.0
2537 101.4
2537 106,2
3085 5G.2
2329 4.6
3590 102.6
L547 £29.0
3776 28.0
L5547 90.6
3747 8.4,
4213 115.0
42173 103.0
L620 £3.2
L820 79.6
3576 96.3
4035 57.9
4895 49.3
(895 66.7
4620 T0.4
3785 84.1
4583 36.8
4583 40.2
4820 76.7



Table 16
ADHESIVE BONDED MAGNESIUM JOINTS

Metal: FS1-H24 Magnesium, 0.064 in. thick.

Control: 2024=T3 Aluminum treated with WAC-1 and bonded
with the same adhesive used on test Jjoint.

Shear Strength{psi)

Exp. Treatment No. Avg Control %
No, No. Specimen _©  Adhesive _Avg Max Min Avg  Control
1 WM-13 6 15  FM-47 3140 3440 2870 5678  55.3
2 WM-13 6 15 FM-47 2836 3000 2500 5678 49.9
3 WM-13 6 - FM-47 3055 3310 2830 5439 56.1
4 WM-13 6 - FM-4T7 3111 3280 2820 5439 57.1
5 WM-13 6 17 AF-6 2145 2220 2010 2509 85.6
& WM-13 6 17 AF-6 2210 2210 1700 2509 80.7
7 WM-173 6 15 AR-6 1200 1560 880 2846 42,1
8 WM-13 6 15 AF-6 1156 1560 900 2846 L0.6

SECTION V
JOINT STRENGTHS WITH METALS HAVING KNOWN ADSORBED FIIMS

5.1 BStainless Steel Joints

The investigation to evaluate the role of the adsorbed film in surface
treatments was continued. Aluminum, stainless steel, and magnesium were studied.
Films of toluene or mineral oil were adsorbed on the metal surface by treating the
degreased surfaces with solutions that resulted in low or zero contact angles with
water., It can be presumed that under these conditions only an adsorbed water film
is present on the metal. The presence of even patches of hydrophobic material
would give sizeable contact angles. While immersed in toluene or mineral oil, a
thickness of 0.005 in. was removed in the milling machine. The jig heolding the
panel and the end mill have been previously treated to zero contact angle so that
the freshly exposed surface was not contaminated.

After remeval from the jig, the surfaces were given treatments in the
normal fashion and bonded with one of three adhesives, Table 17. In the experi-
ments with stainless steel that had adsorbed toluene, the joint strength was low
with both untreated and treated surfaces (Exps. 1 and 2). Despite the low contact
angle resulting from treatment with WS-4, the joint strength was 101.7% of the
aluminum control strength, which is actually lower than that for the untreated
metal., When Epon 422 adhesive was used, however, the joint strength was approxi-
mately that which was found with unmilled specimens.

The results with stainless steel having adsorbed mineral oil are more in
line with reported results, When normally effective treatments were used and
Bloomingdale FM-47 was the bonding agent, the joint strength ranged from 129.2 to
139.5% of the control strength., One striking contrast is found. Panel joints 17
and 18 were bonded in the same lcad. The joint with degreased surfaces (WS-8) has
an average joint strength of 6698 psi. The joint of surfaces treated with WS-4
had a strength of 7711 psi.
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Table

17

TEST RESULTS WITH METAL WITH KNOWN ADSORBED FIIMS

Metal: pretreated panels, Stainlsss Steel in WS L and Magnesium in WM-13.

Controls: 2024-T3 Clad Aluminum, 1/16 in. thick bonded with the same adhesive
and in the same press load as test panels, control treatment is WAC-1.

Four specimens are used in all experiments except 11, 12 & 13, which used five.

Shear Strength(psi)

Exp. Treatment Avg Control A
No .o No. 8 Adhesive Avg Max Min Avg Control Remarks¥

1 None FM-47 4778 L4939 L4632 4181 114.2 Pretreated stainless
steel has adsorbed
film of toluene.

2 WS-1, <10 FM-4L7 L4256 4383 LOLD L1 101.7 "

3 None Epon 422 3068 3235 2767 2939 104.3 "

L W3-4 <10 Epon 422 2720 2909 2514 2939 G2.5 n

5 WS-8 FM-L7 6077 7341 4971 L453 136.4 Pretreated stainless
steel has adsorbed
film of mineral oil.

6 WS-1 <10 FM-L7 6037 6838 L4451 L4453 135,46 n

7 None M-47 2788 2901 2696 5462 51.0 Pretreated magnesium
has an adsorbed film
of toluene.

8 WM-13 <10 FM-47 3553 3862 3107 5462 65.0 "

9 None Epon 422 1026 1078 980 2450 38.7 n

10 WM-13 <10 Epon 422 1700 1875 1500 2650 6h.2 "

11 WAC-1M >70 FM-47 5074 5500 L420 - Pretreated aluminum
has an adsorbed film
of mineral oil.

12 WAC-13M 0 FM-4T7 LO38 4305 3839 - "

13 WAC-17M O FM-L7 5045 5163 4901 5354 4.2 H

14 WAC-1M 0 54021 3891 ALOCC 3823 L4813 80.8 "

15 WAC-17M O LOZ21 L388 4470 4280 L4813 91.1 "

16 Ws=)M <10 FM-L7 7711 7969 7428 5527 139.5 Pretreated stainless
steel has adsorbed
film of mineral oil.

17 WS-28M  >70 FM-47 6698 6579 L7 5527 121.1 "

18 WS-29M <10 FM-47 6698 7083 6198 5184 129.2 L

19 Ws-4M <10 4,021 2328 2604 2133 L85L L7.9 i

20 WAC-1M 0 4021 5351 4411 L27L  L85L 89,6 Pretreated aluminum
has adsorbed film of
toluene.

21 WAC-1M 0 FM-47 5393 5515 5291 5184 104.0 "

22 WAC-17M O FM-47 L4820 5120 L260 5617 85.8 n

3
Stainless steel: Type 302, 1/2-hard, 1/16 in.
Magnesium alloy: FS-1 H24, 1/16 in. thick.
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5.2 Magnesium Joints

Magnesium panels were cleaned in the alkaline bath of the WM-13 treatment,
dried, and milled under toluene. Two panel joints were prepared with the milled
surfaces, whereas two others were prepared with milled surfaces that were treated
with WM-13. When Bloomingdale FM-47 was the bonding agent, the joints prepared
with the untreated surfaces had an average joint strength of 2788 psi which was
51,0% of the control strength (Exp. 4). The treated surfaces gave an average joint
strength of 3553 psi, 65% of the control. When Epon 422 was used the untreated
surfaces had an average joint strength of 1026 psi, 38.7% of the control strength.
The treated surfaces gave a joint strength of 1700 psi which was 6L.2% of the con-
trol (Exp. 5).

5.7 Aluminum Joints

Experiments were conducted with aluminum surfaces that had adsorbed
mineral oil or toluene films. Comparisons were made between the effectiveness of
strong acid treatments and sclutions composed principally of wetting agents. In
Table 17 (Exps. 2 & 3) it is seen that when the adsorbed film is mineral oil, the
wetting agent solution is as effective as the WAC-1 treatment (strong acid-dichro-
mate solution). The strength of the degreased surfaces (Exp. 1) was substantially
lower, When the adsorbed film was toluene, the strong acid treatment was more ef-
fective, 5393 psi as compared with 4820 psi. The adhesive used in these experi-
ments was Bloomingdale FM-47. When Metlbond 4021 adhesive was used with aluminum
surfaces that had adsorbed toluene fiilms, the WAC-1 treaiment produced a zero con-
tact angle, but joint strength was 4351 psi. This value compares unfavorably with
485l psi obtained when the same treatment was used on the urmilled surfaces.

When the mineral cil was the adsorbed film, the joint strength was even
lower than when the WAC-1 treatment was used. More effective conditioning was ob-
tained with the WAC-17 tr=atment. Apparently, the presence of a wetting agent re-
sults in a more effective removal of mineral oil.

SECTION VI
RESULTS WITH 30-DAY SALT SPEAY TEST OF STAINLESS STEEL JOINTS

Stainless steel joints were prepared for testing in the salt spray cabi-
net. This work is designed to compare the salt spray resistance of joints condi-
tioned with the several treatments that have resulted in the highest joint strengths
with the adhesives recommended by WADC. From the results of these tests, we hope
to learn whether the chemical properties of the surface treatment influence resis-
tance of the joint to salt spray.

Stainless steel panels treated with WS-1, WS-4, WS-8 and WS-22 were
bonded with the four adhesives. These treatments differ chemically, and on stain-
less steel they produce the highest joint strength. Two other types of treatments
were evaluated, W5-29 and WS-30. These are dilute solutions of anionie surfac-
tants in alkaline media for which the Joint strengths at rcom temperature were as
high or higher than those found with the strong acid or alkaline treatments.

We are submitting the data in Table 18 without further comment. We feel

at this point that there are not enough experiments to attempt a correlation be-
tween surface treatment and salt spray resistance.
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Table 18
RESULTS OF 30-DAY SALT SPRAY TEST FOR STAINLESS STEEL PANELS

Stainless steel: Type 302, 1/2-hard.

Original strengths are the average strengths of panels prepared
in the same bath and bonded with the same adhesive and in the
same press load as the panels placed in the spray cabinet.

Six specimens used in all experiments.

Shear Strength{psi)

Exp. Treatment Avg Original %

No. No. 8  Adhesive Avg Max Min Avg QOriginal
WS-1 <10 FM-47 LO6D L6600 3584 6486 62.5
WS-4 <10 FM-47 5091 5564 4415 6683 76.1

WS-8 <10 FM-L77 5937  6LT5 5373 6425 92.4
WS-22 <10 FM-L7 6238 6666 5731 6769 92.1
WS-29 <10 FM-47 4499 5220 3079 6189 72.6

WS-1 <10 4021 1945 2364 564 2938 66.2
WS-4 <10 4,021 903 1428 693 3162 28.5
WS-8 <10 4021 1668 2019 1626 3373 LG4
WS-22 <10 L4021 998 1346 600 3445 28,9
WS-4 <10 AF-6 2539 2591 2352 1958 124.5

W3-22 <10 AF-6 2883 3099 2480 2377 121.2
W5-1 <10 AF-6 3603 3896 3465 2503 113.9
Ws-2 65 AF-6 2277 2555 1750 2406 946
Ws-29 <10 AF-6 2322 2460 2123 3399 68.3
W5-30 <10 AF-6 3363 3800 2783 3490 96.3

WS-8 <10 422 2334 2515 2173 2830 82.7
WS-22 <10 422 2762 2895 2524 3153 87.6
WS-1 <10 422 2104 2514 2213 3265 73.6
WS-4 <10 422 2868 3366 2174 3320 86.3
Ws-29 <10 422 25L6 2680 2388 298/, 85.3
WS-30 <10 422 2384, 2620 2138 2519 4.6

Ws-30 <10 . FM-47 2538 2833 1980 6224 43,7
W5-29 <10 4021 1355 2079 792 2339 57.9
W3-30 <10 4021 1034 1366 504 3184 32.4

NNV N R =
PwMHO\OmﬂO\\nPwSHO\OOO«JO‘WP‘WNH

SECTION VII
SURFACE THEATMENTS FOR BONDED TITANIUM JOINTS

Experiments were conducted with titanium. Three different adhesives were
used in these experiments. Six test specimens which had been treated with WT-4
were bonded with Bloomingdale FM-47. These test specimens were prepared from 1 in.
X 4 in. strips bonded in a 1/2-in. overlap and bonded in a Jig for curing individual
specimens. Three specimens (Nos. 1, 3 & 5) were tested and had an average joint
strength of 6626 psi {Exp. 1, Table 19). The remaining three specimens from this
press load were tested at Wright Air Develcepment Center and their average jJoint
strength was 6930 psi (Exp. 2).

Three joints treated with WT-4 and bonded with Bloomingdale FM-47 were
pressed simltaneously with three test specimens treated with WI-2 which was also
bonded with FM-47. The average strength of the joints treated with WT-4 was 5743
psi (Exp. 3), the specimens treated with WT-2 had an average joint strength of 5556
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Table 19 )
TEST RESULTS WITH ADHESIVE BONDED TITANIUM JOINTS

Titanium: Rem-Cru 130-A sheet, 0.064 in. thick.
Tests are run at room temperature.

Standard 1/2 in. overlap joints are used as test specimens.

Exp. Treatment No. Avg Shear Strength(psi)
No. No. Specimen 8 Adhesive Avg Max Min
i WT-1, 3 0 FM-47 6626 6810 6500
2% WT-4, 3 0 FM-L7 6930 7010 6890
3 WI-4 3 0 FM-47 6743 7000 6400
L WI-2 3 0 FM-47 5556 5890 5120
5 WT-2 2 0 FM-47 6758 6816 6700
b WT-22 6 QO AF-6 1487 2210 660
7 WT-22 6 0 4021 2796 3100 2140

*
Tested at WADC:

psi (Exp. 4). Two additional joints bonded with Bloomingdale FM-47 and treated
with WI-2 had an average strength of 6758 psi (Exp. 5). These two test specimens
were bonded separately from the joints similarly treated above. Since all the
surfaces in Experiments 4 and 5 had zero contact angles, the substantial differ-
ence in joint strengths is probably due to a procedural misstep in the application
of the adhesive in Experiment 4. We have found that this step in the bonding pre-
cess is a sensitive one.

A series of experiments was begun to evaluate joint strengths of treated
titanium surfaces by using different approved adhesives. Treatment WT-22 which
gave high joint strengths with Bloomingdale FM-47 at room temperature was used with
Seotchweld AF-6 and Metlbond 4021 adhesives. Despite zero contact angles, the
average joint strength with AF-6 was 1487 psi with considerable scatter in the data
- (Exp. 6)e. When 4021 adhesive was used, the values were better. The average joint
strength was 2796 psi (Exp. 7).

SECTION VIII
BONDED MAGNESIUM JOINTS

It has been observed that magnesium joints prepared from surfaces treated
with WM-13 did not show unquestionable superiority over joints bonded after the
WM-12 treatment. A number of experiments were conducted for both treatments (with
Bloomingdale FM-L7 as the adhesive) to arrive at a predictable average joint
strength for surfaces treated with WM-13; these values were compared. Test results
are shown in Table 20. The average strength of all the WM-13 joints was 3404 psi.
This value is only 81 psi greater than the average with WM-12 treatment. We feel
then that neither treatment can be rated superior to the other.
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Table 20
TEST RESULTS WITH ADHESIVE BONDED MAGNESIUM JOINTS

Metal: Dow F5-1-H-24, 0.064 in. magnesium.
Tests are run at room temperaturs.
Standard 1/2 in. overlap joints are used as test specimens,

Shear Strengih (psi)

Exv. Treatment No. Avg Control %

No, No, Specimen _€  Adhesive Avg Max Min Avg  Conirol
1 WM-13 6 <10 FM-47 3291 3390 3219 5328 61.7
2 WM-13 6 <10 FM-47 2433 3617 3250 5328 blrals
3 WM-13 6 <10 FM-47 3428 3588 3262 5716 59.9
A WM-13 6 <10 FM-47 3551 3730 3423 5716 62,1
5 WM-12 6 <10 FM-L7 3116  328L 2923 5456 67.1
é WM-12 6 <10 FM-L7 3278 3390 3180 5456 60.1
7 WM-12 6 <10 FM-47 3551 3540 3340 5262 65.0
£ WM-12 6 <10 FM-47 3460 3580 3290 5292 65.4
9 WM-13 6 15 FM-47 3585 3833 3401 5572 ST
10 WM-13 6 15 FM-47 3350 3686 3039 5572 60.1
11 WM-13 6 <10 FM-LT7 3628 3848 34,20 5460 66.1,
12 WM-13 6 <10 FM-47 3507 3676 3310 5460 6h.2
13 WM-13 3 <10 FM-L7 3710 3919 3585 5468 67.8
14 WM-1.3 3 <10 FM-47 3204 3292 3060 5468 58.5
15 WM-13 6 <10 FM-47 3085 3280 2580 5415 56,9
16 WM-173 6 <10 FM-AL7 3066 3163 2970 5415 56.6

SECTION IX

EFFECT OF TEMPERATURE OF RINSE WATER ON JOINT STRENGTH
OF BONDED ALUMINUM JOINTS

It has been cobserved here that when adequately treated aluminum panels
are exposed to boiling rinse water for more than a few minutes, interference colors
developed. Joints prepared with these surfaces had substantially lower strength
than is normally obtained with aluminum surfaces not exposed to such high tempera-
tures. Typically low values for joints prepared with surfaces showing iridescence
are 1971 and 2453 psi as compared with 5270 psi for surfaces showing no iridescence.

A series of experiments were run that covered every method of rinsing
that might have been used in these laboratories. In method 1, the treated panels
were immersed for ten minutes in boiling distilled water after a preliminary rinse
for 10 minutes in hot running tap water at 135°F. The average strength of joints
bonded with these surfaces was 1808 psi (Exp. 1, Table 21). In method 2, the
treated panels were rinsed in cold distilled water followed by a ten-minute im-
mersion in beiling distilled water. The joint strength was 2217 psi (Exp. 2). In
method 3, the treated panels were rinsed in hot running tap water for ten minutes
at 135-145°F, and then immersed for 10 minutes in boiling distilled water from an
outside source. The joint strength was 2217 psi (Exp. 3). In methods 4, 5, 6 and
7, exposure to boiling water was limited to 2 minutes or less, and the Joint
strength rose from L7L0 psi after the two-minute exposure to 5106 psi when the ex-
posure was momentary (Exps. 4 to 7). The results of this series of experiments in-
dicate that the physio-chemical changes on a zero-contact-angle aluminum surface
that result from an exposure to a temperature above 155°F adversely affect joint
strength. An understanding of this phenomenon is being sought.
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Table 21
EFFECT OF TEMFERATURE OF RINSE WATER ON STRENGTH OF ALUMINUM JOINTS

Clad aluminum 2024-T3, 0.064 in. thick.
Six specimens used in all experiments; adhesive used is FM-47.

Exp. Treatment Avg Shear Strength (psi)
No. No. 6 Avg Max Min Type of Rinse
1 WAC-1 <10 1808 1560 1653 Method 1

2 WAC-1 <10 2217 2306 1930 Methed 2

3 WAC-1 <10 2217 2373 2010 Method 3

4 WAC-1 <10 4750 5353 L4830 Method 4

5 WAC-1 <10 4999 5245 4892 Method 5

5 WAC-1 <10 5106 5235 4950 Method 6

7 WAC-1 <10 5001 5240 4801 Methed 7

Method 1: After treatmeni the panels were immersed in hot rumnning tap water. They
were then immersed for 10 minutes in boiling distilled water,

Method 2: After treatment the panels were given three successive rinses in cold
distilled water followed by 10 minutes in boiling distilled water.

Method 3: After treatment the panels were immersed in hot running tap water fol-
lovwed by 10 minutes in boiling distilled water from another source.

Methed 4: After treatment the panels were given two successive rinses in hot tap
water followed by a boiling tap water immersion rinse for 2 minutes.

Metheod 5: After treatment the panels were rinsed by allowing hot running tap
water to flow over the panels.

Method 61 After treatment, the panels were rinsed by allowing hot tap water to
flow over them. Boiling distilled water was then allowed to flow over
them.

Method 7: After treatment the panels were given two successive rinses in cold
distilled water. Followed by allowing hot tap water to flow over them.

SECTION X
STATISTICAL EVALUATION OF STRONG TREATMENTS

In an effort tec evaluate the most promising of the strong treatments
developed on this contract, an analysis was carried out on a statistical basis.
The four main treatments, WS-4 for stainless steel, WI-4 for titanium, WM-13 for
magnesium, and WAC-1 for aluminum, were used with the four adhesives_recormended
by WADC. The results shown in Table 22 give the value of the mean (X), the value
of one standard deviation (o), and the 95% confidence interval of the mean. The
tests used were:

(1) Room temperature shear.

(2) 30~day salt spray.

(3) Elevated temperature shear.

(L) Shear at elevated temperature after heat aging.
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The shear tests at elevated temperature were carried out at 180 #+ 2°F
except in the case of Shell Epon 422 where the temperatures used were 300°F and
500°F, The elevated temperature shear tests after aging were carried out at 180 +
2°F after 200 hours at 180 + 2°F except in the case of Epon 422 where the test was
carried out at 300 + 2°F after 192 heurs at 300 + 2°F and at 500 + 2°F after 192
hours at 500 + 2° Fo

The results with AF-6 are erratic and seem to indicate an aged adhesive.
No conclusions may be drawn from the AF-6 data but the treatments seem to be satis-
factory with FM-47 except for WM-13. In this case salt spray results on the unpro-
tected metal are low as a result of corrosion under the bond line. WM-13 generally
does not show the necessary corrosion protection and, if used, would require a pro-
tective paint or other coating.

SECTION XI
CONCLUSIONS AND RECOMMENDATIONS

11,1 Conclusions

(1) The effectiveness of treatments for stainless steel, magnesium, and
titanium has been confirmed to a large degree with Blocmingdale FM-47 and to a
lesser degree for the other adhesives. They are WS-4 treatment for stainless
steel; WT-4L treatment for titanium; and WM-13 treatment for magnesium. These
treatments are based on strong acid attack on the metal surface to remove organic
and inorganic impurities.

(2) Surface treatments for stainless steel, aluminum, and titanium have
been developed which consist essentially of dilute solutions of wetting agents in
relatively mild acidic and basic media, and show promise of replacing the strong
acid solutiens. The problem of selecting the most effective treatment depends ap-
parently on the proper selection of concentration, pH, and temperature. Joint
strengths equal to the strength obtained with the strong acid treatment have been
found with these mild solutions. They offer a feasible, relatively harmless, in-
expensive solution te the problem of surface itreatment.

(3) Test methods have been developed that are more sensitive to surface
energy changes than contact angles in air. They are:

(a) Interfacial contact angle.
(b) Contact resistance.
(¢) Hydrogen overvoltage.

The uge of these tests to supplement the contact angle in air will probably make
it possible to select the treatment and surface condition that is best prepared
for maximum, uniform joint strength.

(L) The degree of scatter in data with the adhesives other than Bloomingdale
FM-47 indicates a high degree of sensitivity of the adhesive to procedural and ma-
terial varilables, and points to the probability that specific affinity between
metal and adhesives is an important parameter in the selection of an adhesive sys-
tem, In addition, this parameter may be further compounded by a dependence of this
affinity on the chemistry of the surface treatments.
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(5) The results of the investigation into the role of the adsorbed film in
adhesion indicate that the presence of an adsorbed film may influence bonding char-
acteristics of one metal more than another. In addition, one type of adequate
treatment may not effectively remove a particular type of film., Actually, we do
not have enough data to warrant drawing firm conclusions. Additional work this
coming year should give us enough information to enable us to relate the nature and
thickness of the adsorbed film to effectiveness of the surface treatment and bond-
ing characteristic in general.

11.2 RBRecommendations
We recommend that these areas be explored further:

(1) Continue the investigation of the change in surface properties of the
test metals when modified solutions of wetting agents are used. Determine the ef-
fect of pH, concentration of acids and/or alkalis and their salts, and effect of
type of wetting agent on cleaning performance.,

(2) 1Investigate further the effect on surface properties and subsaquent ad-
hesional behavior of inorganic and organic preparations. These treatments are not
to attack the metal to a point where dimensional changes take place.

(3) Continue the investigation of test methods for evaluating surface treat-
ments. These are to include:

(a) Contact angles in air.

(b) Interfacial contact angles.

(c) Contact resistance measurements.
(d) Hydrogen overvoltage.

(e) Color indicators.

(4) Investigate the relationship of the chemical nature of the adhesives to
type of surface treatment as shown by variations in joint strength,

(5) Contimue the investigation of the role of the adsorbed film in adhesive
bonding. Included in this study will be the relationship between the chemical
structure of the film and adhesive strength for a variely of adhesives whether one
effective treatment can remove all types of films, organic and inorganie.

(6) Tracer studies should be made of the wetting agents and inorganic radi-
cals to ascertain whether adsorption occurs on the metal surface and to what extent
these adsorbed materials affect adhesion and resistance to salt spray and heat.

(7) Effect on joint strength of the degree of humidity at the time of bond—
ing. =

(8) Continue salt spray tests.
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AFPENDIX I
MATERTALS USED IN THE EXPERIMENTS

METALS

Aluminum alloy, Type 2024-ST3 clad, conforming to Federal Specification QQ-A368.

Stainless steel, Type 302, conforming to military specification MILQS—5059.
Condition, 1/2 hard, No, 2 bright finish,

Magnesium alloy, Dow FS-1-H24, L6 inch thickness.
Titanium, Type RC-130-A, .06k inch thickness.
Titanium, Type RC-110-M, .050 inch thickness.

ADHESIVES

FM-47 (vinyl-phenolic type) Bloomingdale Rubber Co., Chester, Pennsylvania.

Scotchweld AF-6 tape (nitrile rubber-phenolic type) Minnesota Mining and
Manufacturing Co.,, Bristol, Pennsylvania.

Metlbond 4021 tape (nitrile rubber-phenolic type) Narmco Resin & Coating Co.,
Costa Mesa, California.

Epen 422 (epoxide-phenclic type) Shell Development Co.,, BEmoryville, California.
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APPENDIX II
EXPERIMENTAL PROCEDURE IN CONTACT ANGLE MEASUREMENTS

3/Ln test squares of the metal are hand-wiped to remove superfluous
grease and dirt.

The squares are degreased by immersion for 10 minutes in trichloro-
ethylene, with agitation,

The squares are shaken air-dried.

A square is placed in the teflon cell and a water drop of 3-/4mm in
diameter is placed on the sample.

4 profile photograph is taken after the drop has come to equilibrium
for two minutes in the covered cell, The contact angle on the de-
greased surface is measured from this photograph.

The metal sample is treated as described in the specifications with
agitation.

The sample is rinsed in warm (or 130°F) tap water (running 5 minutes
very briefly in warm distilled water) and then air-dried.

A drop is measured on the surface as above.
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APPENDIX III
SURFACE TREATMENTS

A1l specimens are degreased in trichlorcethylene for 10 minutes at
room temperature before treatment.

ALUMINUM
WAC-1 Treat for 10 min at 150-160°F in:
30 parts water
10 parts sulphuric acid (sp. gr. 1.84)
1 part sedium dichromate
WAC-7 Treat for 15 min at 140 + 10°F in:
Triton X-100 1% by weight
Water 99% by weight
WAC-9 a., Treat for 15 min at 150 + 10°F in:
Triton X-100 1% by weight
Isopropyl alcohol L% by weight
Water 95% by weight
b. Treat in 1% trisodium phosphate solution for 10 min
at room temperature until the discecloration is gone
WAC-1C Treat for 15 min at 140 *+ 10°F in:
Triton X-100 0.5% by weight
Sulphuric acid (sp. gr. 1.84) 2,0% by weight
Sodium dichromate . 2.0% by weight
Water 95.5% by weight
WAC-11 Treat for 15 min at 190 + 10°F in:
Pluronic F-68 0.5% by weight
Sodium dichromate 2.0% by weight
Sulphuric acid (sp. gre 1.84) 2.1% by weight
Water : 95.4% by weight
WAC-12 Treat for 5 min at 150 + 10°F in:
Trisodium phosphate 0.5% by weight
Water 99.5% by weight
WAC-13 a,Treat as in WAC-12
b.Rinse and treat in 0.5% HCL solution at 150 * 10°F
for 5 min
WAC-14 Treat for 15 min at 170 + 10°F in:
Pluronic F-68 0.5% by weight
Sodium dichromate 2,04 by weight
Sulphuric acid (sp. gr. 1.8.4) £.2% by weight
Water 93.3% by weight
WAC-15 Treat for 15 min at 170 + 10°F in:
Pluronic F-68 0.5% by weight
Sodium dichromate 2.0% by weight
Sulphuric acid (sp. gr. 1.84) 6.3% by weight
Water 91.2% by weight
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WAC-16

WAC-17

WAC-18

WAC-19

WM-12

WM-13

WM-14

WM-15

Treat for 15 min at 155 * 5°F in:
Pluronic F-68
Sulphuric acid (sp. gr. 1.84)
Water

Treat for 15 min at 155 * 5°F in:
Pluronic F-68
Sodium dichromate
Sulphuric acid (sp. gr. 1.84)
Water

Treat for 15 min at 155 * 5°F in:
Pluronic F-68
Sodium dichromate
Sulphuric acid (sp. gr. 1.84)
Water

Treat for 15 min at 155 + 5°F in:
Pluronic F-68
Sodium dichromate
Sulphuric acid (sp. gr. 1.84)
Water

Treat for 10 min at 1A0-190°F in:
Sodium metasilicate
Sodium pyrophosphate
Sodium hydroxide
Nacconal NR
Water

Rinse and treat for 15 min at 175°
chromium trioxide solution

Treat for 10 min at 160-190°F in:
Sodium metasilicate
Tetrasodium pyrophosphate
Sodium hydroxide
Nacconal NR
Water

Rinse in ccold water and treat for
in 20% chromium trioxide solution

Rinse in cold water. TFinal rinse

not to exceed 10 sec

Treat for 15 min at 150 # 10°F in:
Trisodium phosphate
Triton X-200
Water

Rinse in cold water. Final rinse -

not toc exceed 10 sec

Treat as in WM-14 followed by trea
of WM-13
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.1% by weight
2% by weight
7% by weight

0.1% by weight
1.0% by weight

g.L% by weight
60.5% by weight

1.0% by weight
2.07 by weight
4.2% by weight
92.8% by weight

0.1% by weight
3.0% by weight
1.0% by weight
95.9% by weight

3.0 oz
1.5 o=
1.5 o2
0.5 oz
1.0 gal

F in 20%

15 min at 150°F

in boiling water

2.0% by weight
3.6% by weight
9L.L%E by weight

in boiling water

tment in part b



STAINLESS STEEL
W3-1

WS-1

Ws-28 e

b.

W5-29

W5-30

TITANTUM
WT-2

WT-3
WI-4

WT-5

WT-6

WT-8

WADC TR 55-87 Pt IT

Treat for 10 min at 160-1%0°F in:
Sodium metasilicate 3.
Tetrasodium pyrophosphate 1.
Sodium hydorxide 1.
Nacconal NR 0.
Water - 1

Treat for 15 min at 120°F in:
35 ml saturated selution of sodium dichromate
1.0 liter sulphuric acid (sp. gr. 1.84)

Degrease by immersion in trichloroethylene for 10
min with intermittent agitation

Treat for 10 min at 150-160°F in:
Sulphuric acid (sp. gr. 1.84)
Mictivel 57-X1
Water

10% by volume
0.5% by wt of H250),
90% by volume

Treat for 15 min at 194°F in:

Triton X-200 3.6% by weight
Trisodium phosphate 2.0% by weight
Water 9% .4% by weight
Rinse and immerse for 10 min at room
temperature ins
Nitric acid 10% by volume
Hydrofluoric acid 2% by volume
Water 8¢% by volume
Treat for 15 min at 150°F in:
Triton X-200 3.6% by weight
Trisodium phosphate L.0% by weight
Water 92.L% by weight

Treat for 15 min at 150 + 10°F ing
Triton X-200
Trisodium phosphate
Water

3.6% by weight
6.0% by weight
90.4% by weight

Treat for 15 min at room tempersture in:
Nitric acid
Bydrofluoric acid

22.5% by volume
2.5% by volume

Water 75.0% by volume
Same as W5-29
Same as WS-4
Treat for 15 min at 150°F ins
Triton X-200 3.6% by waight
Sedium hydroxide 2,0% by weight
Water 9L .L% by weight
Treat for 15 min at 150°F in:
Triton X-200 3.6% by weight
Sodium metasilicate 2.0% by weight
Water 94 .4% by weight
Same as WS-8
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Triton X-200

Triton 777-conc.

Tergitol wetting

Agent P-28
Alipal co-436

Alconox
Igepon CN-42
Nullapon BF-12

Nullapon FE-12
Tergitol 7
Activol 57X
Nacconal NR
Asrosol OT 75%
Triton K~60
Armac 12-D
Triton X-100
Pluronie F-68
Pluronic L-61
Pluronic L~62
Pluronic I-6L4
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APPENDIX IV

CODE FOR SURFACE ACTIVE AGENTS

Code No.

A-1
A-2
A=3

A=l

A-5
A6
A-7

A-8

A-9

4-10
A-11
A-12
c-1
c-2
N-1

N-3
Nty
N-5

NOTE:

Chemlcal Composition

Sodium salt of an alkyl aryl polyether sulfonate
Sodium salt of an alkyl aryl polyether sulfonate
Sodium salt of di-2-ethylhexyl pvhosphate

Sulfate ester of an alkyl! phenoxy-polyoxyethylene
ethanol

Alkyl naphthalene sulfonate + polyphosphate
Sodium~N-cyclohexyl-palmitoyl taurate

Tetrasodium salt of ethylenediamine tetra-acetic
acid

Not known

Sodium Heptadecyl sulfonate

Not known

Alkyl benzene sulfonate

Sodium dioctyl sulfosucecinate

Stearyl dimethyl benzyl ammonium chloride
Doceylamine acetate + laurylamine acetate
Alkyl aryl polysther alcohol
Polyoxypropylene-polyoxyethylene condensate
Polyoxypropylene-polyoxyethylene condensate
Polyoxypropylene-polyoxyethylene condensate
Polyoxypropylene-polyoxyethylene condensate

A - Anionic
C - Cationic
N - Non-ionic



