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PREFACE 
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Crane, Research Assistants, C. Rhodes, Electron Microscopy 

and X-ray Diffraction, R. Spurling, Principal Metallographer, 
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SUMMARY 

This report describes a study of aluminum 2024-T3 alloy and titanium 6A1-4V 

alloy adherends, adhesively bonded with an epoxy HT424 adhesive. The adherend 

surface properties, after standard surface preparation treatments, were charac¬ 

terized with a number of surface analysis techniques. Ellipsometry was used to 

estimate oxide film thickness and optical properties, surface potential differ¬ 

ence (SPD) measurements were made to characterize the outer surface dielectric 

properties, Auger electron spectroscopy (AES) was used to establish chemical 

analysis of the outer surface and chemical profiles during ion-sputter-back- 

etching. Topography and morphology were established with electron, scanning 

electron and optical microscopy and electron and X-ray diffraction. Wettability 

parameters were established by making contact angle measurements with a series 

of liquids with different surface tension. The effect of humid aging upon the 

measured parameters were determined after various periods of exposure. 

Bonded joints using unaged and aged adherends were prepared and evaluated. 

Similar bended joints were prepared and aged for various periods prior to 

evaluation. Joint strengths and faying surface appearance have been correlated 

to the measured surface parameters on both an averaged and point by point 

mapping basis. 

It has been ascertained that correctly prepared surfaces, using standard 

surface preparation solutions, vary considerably on a point to point basis as 

shown by ellipsometry and SPD measurements. Areas with a predisposition to 

fail interfacially (adhesive failure) can be identified. Probable failure 

mechanisms can be delineated for certain substrate-polymer systems under 

specific conditions. 
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Section I 

INTRODUCTION 

A. Toe purpose 

To improve adhesive joints, the investigator concentrates his efforts 

on the weakest link. If failure occurs primarily in the adhesive, emphasis 

is placed on a search for a stronger adhesive or means to strengthen a given 

adherive. If failure occurs primarily at a weak boundary layer consisting of 

surface con.amination or oxide, emphasis is placed on cleanliness or surface 

preparations. Since new applications demand stronger and stronger adhesive 

joints, the tendency will be to continue improvement of the weakest link as 

it shifts from one locus to another. This study is primarily concerned with 

the nature of the adherend surface after preparation for bonding and the 

relationship between the nature of the surface and bond strength and reli¬ 

ability. Two important benefits will follow this type of intensive study; 

first, new knowledge about the physical and chemical nature resulting from 

surface preparations will point the way to improved surface preparations, 

and second, the correlation betv/een surface characteristics and bond strength 

can be used to develop non-destructive testing (NOT) tools for monitoring 

assembly line parts that are to be adhesively bonded. Even if it is impractical 

to monitor all areas of every part, automatic spot checking of specific areas 

of a few parts would be valuable with respect to verification that surface 

preparations and storage procedures are acceptable or not. 

B. The Problem 

All metals, except gold, are thermodynamically unstable at room temper¬ 

ature when in contact with oxygen at atmospheric partial pressure, and hence 

should tend to form oxide surface layers. The thickness of this oxide may 

vary from a few atomic layers to many microns. Water, as vapor or liquid, 

is usually available to any surface and many metals such as aluminum and 

titanium are sufficiently active to displace hydrogen from this water to 

form hydroxyl groups. However, these reactions often fail to occur at any 

appreciable rate. The actual film formed on such metals is protective and 

usually is found to be a thin, nonporous film of insoluble oxide. The Wagner 
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theory of oxidation1 at the metal/oxide Interface Is the prevailing theory for 

describing the formation of protective films in refractory metals. The stoi¬ 

chiometry of the oxide formed is of importance because the relative diffusion 

rates of the metal or oxygen ions depends on the number of cation or anion 

vacancies. Studies by Smith,2 Kofstad3 and others have shown that, for gas- 

phase oxidation, zirconium and titanium tend toward a slight anion deficiency. 

Few detailed experiments of this type in the presence of moisture have been made. 

In Fig. 1, a schematic representation of water and oxide layers on a metal 

surface is shown. The illustration, taken from a recent review by Bolger and 

Michaels, is based on the results of a number of prior studies of adherend 

surfaces. The three basic assumotions of the model are: (1) that the oxide 

film is thick enough so that the underlying metal suostrate exerts no influence 

on reactions or electrostatic interactions at the surface, (2) that, while the 

oxide surface can be dehydrated at elevated temperatures, at normal ambient 

bonding conditions the outenoost surface oxygens hydrate to form a high density 

of hydroxyl groups, and (3) the hydroxyl adsorbs and retains several molecular 

layers of water. The spacing and the activity of the hydroxyl groups will 

depend in general on the spacing and valency of the metal atoms in the oxide. 

The use of oxidizing acids to clean metal surfaces might be expected to remove 

these hydrated oxides, oxidize and remove surface impurities, and increase the 

valence of the surface metal ions. Few detailed studies of surfaces before 

and after etching are to be found in the literature and, in most instances, 

the information obtained is inferential rather than direct observation. As 

discussed next, the structure of the surface layers on two of the most commonly 

used metals (A1 and Ti) are not well established and it becomes an important 

part of this program to attempt to clarify this situation. 

Keller found that the structures of the films formed in sulfuric, chromic, 

phosohoric acid electrolytes, after anodizing, are basically similar. The 

oxide is found to consist of hexagonal cells whose outer and inner surfaces 

bulge into the solution and metal, respectively. Films formed in concentrated 

sulfuric acid are believed not to t_ pure A1203. For example, films formed 1n 

10X h2S04 at temperatures around 20°C were reported by Llechtl and Treadwell6 

to contain 13* S03 as well as a few percent of bound HgO. The films formed 

in the oxidizing acids often are porous, and have to be sealed to Increase 

corrosion resistance. It is standard practice to seal films formed in sulfuric 

acid by immersion in boiling neutral water for 20 minutes. Electron diffraction 
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studies by Harrington and Nelson7 and Phillips8 showed that boehmite [c.-A10(0H)] 

is produced in the film. Since abrasion removed the boehmite pattern, they 

concluded that the boehmite must have been on the surface. There is considerable 
controversy in the literature as to the necessity of aluminum metal being 
present to convert the oxide portion to boehmite. 

The oxide film formed on titanium has been reported to be anatase (tetragonal 

Ti02) by Burghers and Harrington and Nelson.7 Other investigators10 have found 

brookite (orthorhombic Ti02) on stripped films. Rutile (tetragonal Ti02), 

anatase, and hydrated oxides have been identified11 on anodized surfaces. On 

the other hand, Brusilovdskii, Boguslauskaya, and Nasovich12 reported that no 

hydrates are fomed, but that the oxides simply hold water by adsorption. Recent 

work has been reported by Hamilton and Lyerly13 concerning the characterization 

of Ti and A1 alloy surfaces during selected stages of prebonding treatments. 

They suggest that bonding differences with the variously treated titanium 

alloys were caused by variations in the crystalline structure of the titanium 

oxide, whereas bonding differences with the aluminum alloys were caused by 

variations in the surface hydration, film thickness and surface morphology. 

For adhesive joints with weakest link at the adherent-adhesive boundary, 
the problem lies in identifying the locus or loci of failure, e.g. in the 

primer, at the primer-oxide interface, in the oxide, at the oxide metal inter¬ 

face, and learning enough about the various interface phases to determine the 

cause of the weakness. In addition to the condition and properties of these 

phases immediately after surface preparation, one must be concerned with the 

stability or degradation of these properties in environments expected under 

factory conditions. That is, what changes will occur due to aging in humid 

atmospheres, what changes can occur due to inadvertent processing malfunction 

such as contaminated etching solutions, incorrect formulations and applications, 
etc. 

C. The Solutipn 

Once having established the locus and cause of failure or 

degradation, a corrective procedure can be designed into the process to remove 

the problem, or at least improve the process. In this study we correlate the 

properties of the metal adherend and adhesive (after a specific preparation 
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but prior to bonding) with subsequent initial bond strength and bond strength 

retention for various periods under varying environmental conditions. Charac¬ 

ter,aation of the surface of metal samples is made with a variety of techniques, 

for example, the thickness and index of refraction of surface films is measured 

by ellipsometry. Chemical analysis of the surface layers and the chemical 

profile of films is made with Auger spectroscopy in conjunction with sputter- 

back etching by ion bombardment. Surface dielectric properties are determined 

by surface potential difference measurements (SPD) and surface topography and 

morphology are determined by optical, electron and scanning electron microscopy 

techniques. Electron diffraction is used to study the crystal structure of 

surface films. The sample surfaces and adhesives are characterized by contact 

angle measurements which delineate the surface tension properties. This 

allowed preactions of the wettability requirements between the adhesive and 

adherend to define strong adsorption bonding. 

After preparation and characterization of the surfaces of the adherend 

and the adhesive, joints were fabricated and tested immediately after curing 

as well as after aging in environmental chambers. Examination of the fracture 

surfaces were made by optical and scanning electron microscopy and Auger spec¬ 

troscopy to determine the region of failure (metal-oxide interface, oxide 

oxide-adhesive interface or adhesive) and the chemical constituents at thi 

fracture interface. 

Some of the metal samples that have been characterized were subjected 

to the same aging environments without any adhesive in order to follow the 

morphologies and chemical changes of the surface films that might be expected 

'f the surfa<:es were e*P°«<l for some time or if the bonds were permeable 
to the environment. 
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EXPERIMENTAL 

A. Materials 

1. Adherends: The metal adherends are bare 2024-T3 aluminum alloy 

sheet and TÍ-6A1-4V titanium alloy sheet. Specimens were cut from 0.063" 

sheet with dimensions slightly larger than 4" x 1" and then milled to 

precisely 4" x 1". 

Adhesi ves : The adhesive, used for most of the work reported here, 

was an epoxy-phenolic (HT424) from American Cyanamid. This adhesive has a 

glass fabric carrier and standard weight 0.135 ± 0.005 lbs/sq. ft. It was 

shipped in dry ice and stored at -10°C. Unfilled primer with parts A and B 

were used with the HT424 adhesive. The primer composition was 10 pbw HT424 

part A, 10 pbw HT424 part B and 30 pbw HT424 primer-thinner. Another adhesive 

was used in the initial stages of this study with TÍ-6A1-4V alloy. The 

adhesive was FM-34B-32 with BR-34 primer. 

3' Surface Preparations: As has been shown^ and as will be seen, every 

step of the surface preparation may be of significance with respect to bond 

strength. It is of the utmost importance that procedures be followed in 

every detail if experimental results are to be compared from laboratory to 

laboratory. Table 1 identifies the various surface preparation treatments 

for Al 2024-T3. Most of the work on A1 was done with the dichromate cleaning 

process in 2 of Table 1, often referred to as the FPL etch. Table 2 identifies 

the various surface preparations for TÍ-6A1-4V. Most of the work on Ti was 

done with the phosphate-fluoride cleaning process (No. 1 of Table 2). Approx¬ 

imate compositions of the aluminum and Ti alloys are given in Table 3. 

B. Surface Characterization Techniques 

1. El 1ipsometry 

Film thickness and film optical constants can be measured by ellip- 

sometry. A good description of the principles of ellipsometry is given by 

McCrackin et al. In brief, when plane-polarized light is reflected from 

a surface the light becomes elliptically polarized. That is, the surface 
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TABLE 1 : DETAILS OF SURFACE PREPARATIONS 

1) Vapor Degrease (VD) 

a. Vapor degrease for 1 minute in a vapor degreaser containing 

trichloroethylene. 

2) Sulfuric Acid-dichromate (FPL etch) 

a. Samples are cleaned ultrasonically for 15 minutes in trichloro¬ 

ethylene. 

b. Samples are cleaned ultrasonically again for 5 minutes in fresh 

trichloroethylene. 

c. The samples are alkaline cleaned for 10 minutes at 66°C in a stirred 

solution 06 TURCO 4215 cleaner (31.2 „/liter in distilled water). 

d. The samples are rinsed with distilled water and then rinsed ultra- 

sonically for 5 minutes in distilled water. 

e. Check for water break. 

f. The samples are immersed in a sulfuric acid-chromate solution for 

13 minutes at 66°C. This solution is made as follows from reagent 

grade chemicals: This solution has been reacted with A1 metal 

previously to give a dark brown color to it - 

Sodium dichromate 28.5 gms. 

Sulfuric acid 285.0 gms. 

Distilled water to make 1 liter 

g. The samples are spray rinsed with cold water (below 23°C). 

h. The samples are immersed in cold water and the spray rinse repeated. 

1* The samPles are checked for water break and dried in a vented oven 
for 15 minutes at 40°C. 

3) Glow Discharge (Plasma) Treatment of Al 2024-T3 

Vapor Degreased Sample (VD) 

a. wiped with TCE. 

b. cleaned ultrasonically 15 min. in TCE. 

c. Alkaline cleaned 10 min. at 66°C. 

d. D.I. H^O rinse (water break test). 

e. air dry. 

Plasma Conditions 

gas = argon 150 u 
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TABLE 1 : (Continued) 

ã. 

b. 

c. 

d. 

e. 

4) Glow Discharge (Plasma) Treatments of AI 2Q24-T3 

For Wettability 

Clean 1" x 4" samples ultrasonically in trichloroethylene for 15 min. 

Place samples in plasma chamber and pump to 10'5 torr for 15 min. 

Adjust the plasma treatment variables to the following values and 

start plasma and maintain these settings: 

1 ) Pressure 100 u 
2) Flow 2x/min argon 

3) Power 100 watts 

4) Time 20 min. 

Plasma is turned off and chamber is pumped to 10”^ torr. 

1) Open the chamber to a source of 0^ gas and adjust to atmospheric 

pressure for O2 post-treatment for 1 hour. 

2) Open the chamber to a source of H^O vapor for 1 hour; H^O post¬ 

treatment. 

f. Remove samples and perform contact angle measurements within 20 min. 

5) For Plasma Treatment for Al 2024-T3 Bonding (Oxygen and Water Vapor Post- 
Treatment) 

a. TCE wipe. 

Ultrasonic clean in TCE for 15 min. 

Place samples in plasma chamber and pump to lu for 15 min. 

Purge chamber with argon for 10 min. 

Start plasma with following constants: 

1) Pressure 300 u 

2) Flow Q.4i/min argon 

3) Power 100 watts 

4) Time 20 min. 

Turn off plasma and pump to lu. 

Bleed in flowing oxygen at just below atmospheric pressure for 20 hours, 

Seal off chamber, place in glove box, pump to ~ 10 u. 

Flood with argon to ambient pressure. 

Primer coupons with HT424 primer parts A & B. 

Remove coupons from glove box, cure primer in vacuum oven, and 

bond with HT424 adhesive. 

Perform shear test in Instron. 

b. 

c. 

d. 

e. 

f. 

g- 

h. 

i. 

j. 

k. 

l. 
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TABLE 1 : (Continued) 

6) For Plasma Treatment for AI 2024-T3 Bonding (No Post-Treatment) 

a. Wipe 12 A1-2024-T3 coupons with trichloroethylene (TCE) soaked 
cloth. 

b. Alkaline-clean 10 min. at 66°C in TURCO alkaline cleaner (4215). 

c. Place samples in plasma chamber and pump down to lu for 15 min. 

d. Purge chamber with argon 10 min. 

e. Start plasma with the following constants: 

1) Pressure 300 u 

2) Flow 0.4¿/min. argon 

3) Power 100 watts 

4) Time 20 min. 

f. Turn off plasma and seal chamber still at 300 u. 

g. Place sealed chamber in glove box and pump down to ^ 10 u. 

h. Flood with argon to ambient pressure. 

i. Primer coupons with HT424 primer parts A & B. 

j. Remove couoons from glove box, dry primer in vacuum oven, and 

bond with HT424 adhesive. 

k. Perform shear test in Instron. 
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IABLE_i: DETAILS OF SURFACE PREPARATIONS FOR T1-6A1-4V 

^ ^ Phosphate-Fluoride Surface Treatment 

a. Wipe metal with acetone soaked cloth, followed by a 10 min. ultra 
sonic cleaning in acetone. 

b. Emulsion clean in TURCO 3878 for 15 min. at 54-60°C. 

c. Water rinse-spray and overflowing dip. 
d. Water-break test. 

e. Pickle 1 min at 23°C in the following solution: 
70¾ HN03 

10 oz/gal NH4HF2 

f. Deionized water rinse for 2 min at 23°C. 

q. Dip in the following stirred solution for 1/2 min at 27°C: 
7.3 oz/gal Na3P04 . 12 H20 
1.5 oz/gal NaF 

7.3% by volume HF (60% solution). 
h. Deionized water rinse - 15 min. 

i. Deionized water blast to remove film. 

j. Dry samples under ambient air conditions. 

2) Nitric Acid-Fluoride Treatment 

a. Solvent trichloroethylene (TCE) wipe metal with cloth. 
b. 10 minute TCE - ultrasonic cleaning. 

c. 10 minute cleaning in TURCO 4215 alkaline cleaner at 66°C. 
d. Rinse in distilled water. 

e. Pickle in the following distilled water solution at room 
temperature for 5 min. 

Nitric acid 15% by weight 

Hydrofluoric acid 3% by weight. 
f. Rinse in distilled water at room temperature. 

Continued 
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TABLE 2: (Continued) 

3) PASA-JELL Treatment 

a. thru e. same as No. 2 but add: 

f. Apply PASA-JELL 107 liquid to the titanium surface by dip or 

with an acid resistant brush. Cover the entire surface by 

cross brushing. 

q. Allow to dry for 20 min. 

h. Rinse thoroughly with water. 

i. Dry 15 min. at 40°C in dry Ng. 

4) TURCO Treatment (LAD Modification) 

a. Wipe metal with acetone-soaked cloth, followed by a 10 min. ultra¬ 

sonic cleaning in acetone. 

b. Emulsion-clean in TURCO 3878 for 15 min. at 54-60°C. 

c. Deionized water rinse. 

d. Etch in TURCO 5578 for 10 min. at 66°C. 

e. Deionized water rinse. 

f. Dry in air. 

11 



TABLE 3: ALLOY COMPOSITIONS 

Percentage Al (2024-T3) Alloy Composition 

m9 Si Fe Zn Cr Mn Ti 

1.2-1.8 0.5 0.5 0.25 0.1 0.3-0.9 

Percentage Ti-6A1-4V Alloy Composition 

v Fe C N H 0 

3.5-4.5 0.3 0.08 0.05 0.015 0.2 
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Fig. 2. Schematic representation of the optical arrangement 
of the ellipsometer. 
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2. Auger Spectroscopy 

Auger spectroscopy Involves the analysis of secondary electrons that 

are emitted from a surface that has been bombarded with a monochromatic elec 

ron beam. The Auger electron spectrogram (AES) reveals the elements that are 
en the ftrst three or four atom ;ayers at the surface a goo;d;s'c;- 

tion of Auger spectroscopy can be found in a paper by Siemens.20 An example of 

in Fig '3 T f0r 2024‘T3 th,t had the fPL «ch treatment (No. 2 of Table 1] 

" 9‘ 3; F,9Ure 4 shows the AES Af“'- fon sputtering the oxide film away. Th 

a scissa t ,s the retarding voltage and the ordinate dN(E)/dE is the derivative 

of the energy dfstribution curve for secondary electrons. Although progress i! 

e.ng made ,n the interpretation of the AES with respect to the quantitative 

hem,cal composition of a surface, at present only semi-quantitative interpre 

tat.on can be made. Comparison of Auger peak to peak height (APPH) for a given 

significant with respect to changes of surface composition after various 

sur ace treatments. The significance of the APPH for different peaks of a • 

spectrum is not known at this time. P 91Ven 

3. Chemical Profiles 

Monitoring the chemical composition of a surface as th. rn 

etched by ion bombardment is a very powerful tool. However at present’ 

interpretation of these profiles are only semi-quantitative. To yield quanti 

tat,ve chemical profiles much has yet to be learned As a first L 

i:;:1:::;;;.:0 peak hei9ht (apph) °f the ^TZtZnr 
:rri" - ~ ..— 

" ^11 *• - >"■ 
APPH 1S directly proportional to the Auger current 

3. The electron beam does not change the atomic ratios at the surface. 

• The ,on beam does not change the atomic ratios at the surface 

5. The electron beam diameter is small compared to the ion beam diameter 

30 l for ewT" eSCÍPe f°r "etah and OX,'de$22 ra"°e 0 
four 7 ,eCtr°n enero,es “ a»“« 2 kev. Therefore. AES monitors the outer 

f ve monolayers and assumption 1 is good for films > ~ 100 Ä Tarno 

"" • “ - ---- 
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Fig. 3. An Auger Electron Spectrogram of an FPL etched 
Al 2024-T3 Sample. 
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Although assumption 2 has generally been accepted. Grant et al^ have 

shown that in some cases assumption 2 is not valid due to the shape of the Auger 

derivative peaks. They show that this problem can be overcome by integration 
of the AES and measuring the currents directly from the area under the 
integrated peaks. 

We have discovered assumption 3 to be invalid for electron currents 

usually used for AES (20-100 ua). This is demonstrated in Fig. 3 for curves 

1» 2 and 3. Curve 1 is for the initial spectrum which took about 6 minutes. 

It will be noted that the low energy aluminum peak in curve 1 is at 55 eV. 

This 55 eV peak is associated with a transition between oxygen and aluminum 

and therefore is related to aluminum oxide and not pure aluminum. After 6 min. 

of electron gun current (at 90 ua) the 55 eV peak has diminished and the 67 eV 

peak appears. The 67 eV peak is associated25 with pure aluminum and not the 

oxide. After 20 minutes of electron current, curve 3 shows that the 55 eV peak 

has further diminished and the 67 eV peak has increased. Experiments on pure 

single crystal a alumina showed the same trends. It can only be concluded that 

the electron beam is transforming the outer layers of the oxide to pure aluminum. 

This effect was not discovered until after most of the Auger work reported in 

this report was done. Experiments have shown that the use of gun currents be¬ 

tween 1 and 10 ua greatly reduces this problem. Although some loss in sensi¬ 

tivity results, Auger measurements with minimum electron exposure should 

increase the validity of assumption 3 to an acceptable level. Assumption 3 

should be approximately valid for AES results near zero sputter time in the 

profile figures since the surfaces had been exposed to very little electron 
current. 

26 
Shimizu et al have shown that unless the ion yield is the same for 

each element, some changes will occur in the composition of the outer layers 

during ion sputter-etching. We have observed that the ion sputter yields are 

much closer for metal and oxygen than the electron beam yield, however, this 

problem may be more important than the electron yield problem because one 

cannot lower the ion current and still etch through the film. Very little 
is known about the validity of assumption 3 at this time. 

Assumption 5 is easily made valid since the ion beams can be large 

>1 cm diameter and the electron beams very small <0.05 cm diameter. In our 

system the electron beam was ~ 0.05 cm diameter and the ion beam ~ 1 cm 
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diameter and the position of the beam on the sample could be observed with a 

telescope mounted on the UHV system. 

In spite of the problems mentioned the AES is a very powerful tool 

for semi-quantitativeanalysis of surfaces and will become increasingly more 

powerful as more is learned about Auger processes and sputter-etching. 

4- Surface Potential Difference (SPD) 

The surface potential difference is the potential between a reference 

electrode and the sample to be studied. It arises from the work function 

difference (aí) of the two surfaces. If the reference electrode is inert, any 

changes in SPD will be due to changes that occur on the sample surface. Any 

process that will change the work function of the sample surface will affect 

SPD. Therefore, the SPD is related to the structure and dielectric properties 

of the surface film. Due to the large number of property changes that can 

affect SPD, its usefulness is quite limited if measured by itself. However, 

if the SPD is measured in conjunction with other measurements such as ellip- 

sometry, AES, SEM, etc., it can add valuable information for the interpretation 

of the structural and chemical properties of films. 

Figure 5 is a schematic current diagram used for the measurement of 

SPD. The current i flowing in the circuit can be expressed by Ohms law 

i = Aí/(R+r) = e/r (1) 

where Af is the SPD, R is the air gap resistance between the sample surface and 

reference electrode, r is the electrometer resistance and e is the electrometer 

voltage reading. A radioactive substance sealed behind a metal foil on the 

reference electrode is used to provide ionization of the gas between the elec¬ 

trodes, thus reducing R such that R << r. In this case 

i = A<î/r = e/r (2) 

and A* = e. That is, the electrometer yields SPD direc+ly. To demonstrate 

that R « r, e is measured with increasing distance d between the electrodes; 

as long as e is independent of d, R << r. Our reference electrode has Am^ 

sealed behind gold foil and e proves to be constant with distance between 8 

and 3 mm (see Fig. 6). Our measurements were made with about 5 mm between the 
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Fig. 5. Schematic equivalent circuit diagram of the ionization 
technique for measuring the surface potential difference 
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Pig. 6. Variation of SPD with electrode distance from an FPL 
etched aluminum sample. 
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reference electrode and sample. The gold foil was sprayed with a thin layer of 

Teflon to maintain its inertness. 

The most comprehensive analysis of the relationship of the measured 

values of the surface potential difference (^¢) to the molecular adsorbed state 

has been given by MacDonald and Barlow.Elementary electrostatics applied 

to a continuous dipole sheet leads to the Helmholtz equation29 

= ± 4nur (3) 

where u is the dipole moment and F is the adsorbate surface concentration. 

This equation was modified to account for the polarizability of real dipoles 

and their discrete nature. A depolarizing field at the position of a given 

dipole arises from all surrounding dipoles. The modification to Eq. 3 is 

u =« [a(4rq+F} + u0]/Ç (4) 

where q is the charge density of the adsorbate, F is the natural surface field, 

a is the polarizability of the adsorbate, uQ is the component of the permanent 

dipole moment normal to the surface and £ is the dielectric constant of the 

adsorbate film. The sign is positive if the positive end of the dipole is 

pointed away from the surface. The effect of oxide films on SPD is discussed 

by Boggio and Plumb. 

Because the SPD is relative to the reference electrode the absolute 

values reported here are not of significance. However, the values of SPD for 

one surface treatment relative to another is of significance, the change being 

due to differences in the work function of the two samples. 

5. Microscopy 

Optical, scanning electron, transmission electron and interference 

microscopy are used in this study. These microscopy studies allow morphology, 

tonography and structure of films to be revealed. The electron microscope is 

a Philips Model 300, the SEM is an ETEC autoscan and the interference microscope 

is a Zeiss. 

6. Contact Angles 

This section will introduce and briefly discuss the concepts currently 

applied to the analysis of liquid-solid contact angle measurements. Zisman and 
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31 
coworkers developed detailed procedures tor experimental measurement of liquid- 

solid contact angles eLs. Zisman showed that a plot of cos 9 versus liquid sur¬ 

face tension for a homologous liquid series against a common solid tends to 

produce a linear curve of cos e versus ylv. Extrapolation of cos e versus y 

curve to cos e = 1.0 defines a critical surface tension for wettability y for 

the solid with the prediction that when ylv < yc the liquid will spontaneous 

wet and spread (with 9*0). A number of refinements in the analysis of contact 

angle data have been more recently introduced to define surface energetic criteria 

for adhesive bonding and fracture. Recent reviews of this subject by Kaelble^’^ 

provide details of the surface energy analysis applied to the wettability measure¬ 

ments conducted in this study. 

Present theory provides an equation for work of adhesion which states*34 

Wa 
T s VS + Vs (5) 

where 

\v * * YIV * »L * «L (6) 

d o 2 2 
YSV = YSV + YSV = aS + eS (?) 

Wa = YLV (1 + cos e) [e > (8) 

A new basis for designing wettability experiments which becomes evident by re¬ 

arranging Eq. 5 as follows: 

Wa 
= as + 8S (ßL/aL) (9) 

Equation 9 points out that a plot of Wa/2aL versus (ßL/aL) defines os as the 

intercept at Vo^ S! ® an<^ as a s^°Pe* ^us by selecting test liquids with 

varied values of surface tension ylv and (polar/dispersion) * ßL/aL character 

a means becomes available to isolate two solid-vapor surface tension properties 

as defined by Eq. 7. 

Based on the detailed knowledge of solid surface properties, as defined 

by Eq. 7, new and more detailed surface energetic criteria for adhesive bonding 

becomes available. The concept of the adherend "wettability envelope" was 

introduced in our work to define the equilibrium conditions under which an 

adhesive phase will spontaneously wet and spread over an adherend surface to 
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displace the ambient air phase and eliminate interfacial cavities. The 

wettability envelope represents a critical function of and yj^ which can 

be generated by introducing polar coordinates T and 9 defined by 

T (10) 

tan 0 = ylv/YLV 

Substituting Eq. 10 and Eq. 11 into the equation for the liquid (or adhesive) 

phase spreading coefficient: 

it follows that for spontaneous spreading to occur where > 0 that the 

wettability envelope for the adherend surface is defined by the region of 

versus bounded by the following function: 

T (0 = 
(Vjy cos ej- * (rj?y sin e)^ 

cos 6 + sin e (13) 

d D 
If a combined value of vLv and 7¡_v for the liquid (or adhesive) phase falls 

within the region enclosed by Eq. 13 that adhesive is predicted to spread. 

Conversely, if the surface energy properties of the adhesive are outside the 

wettability envelope non spreading and weak bonding with interfacial cavities 

is predicted. 

Environmental effects on adhesive joint strength have recently been 

defined in terms of the critical Griffith surface energy Y^ for crack propa¬ 

gation. The new definition of appears in the following special relation 

for the critical stress for crack opening under normal stress loading: 

where: 

R02 = 0.25 [(«ra3)2 + (Brß3)2] 

(14) 

(15) 

R2 = (a2-H)2 + (ß2-K)2 (16) 
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H -- 0.50 (o^ + a3) 
07) 

K = 0.50 (e1 + e3) (18) 

where the subscripts relate respectively to 1 = adhesive, 2 = environmental 

immersion phase, and 3 = adherend and a = (y^ and ß = (/)* 0f these phases. 

Equation 14 provides a means of predicting the suppression of the critical 

Griffith stress oc which may be induced by modifying the surface energy 

properties of the environment as defined by a2 = ß2 = 0 for dry air to o = 4.67 

(dyn/cm) and 02 = 7.14 (dyn/cm)^ for water immersion.^ 

C. Adhesive Primer Procedures 

1 • Applications and Cure Cycles 

a. Priming procedure for Al 2024-T3 and TÍ-6A1-4V with HT-424 A&B primer: 

Freshly treated coupons are spray primed to an approximate thickness 

of 0.001" using an atomizer operated on low pressure, clean, dry 

(argon) gas. The primer has the following composition: 

10 pbw HT-424 part A 

10" " " B 

30 " " primer-thinner 

The primed coupons are dried for 30 min. under ambient laboratory 

conditions. The primed coupons are then oven dried for 60 min at 

66°C. This priming procedure is recommended35 by the manufacturer 

and was followed throughout the program. 

b. BR-34 primer application for bonding T1-6A1-4V: 

1) Thin and spray on 2 mil dry coating, 

2) 30 min air dry, 

3) 30 min oven dry at 220°F (104°C), 

4) 45 min oven dry at 410°F (210°C). 

c. BR-34 primer for contact angle analysis: 

1) 1 part primer diluted with 5 parts BR34-2 thinner, 

2) coated on glass slide by dipping, 

3) 30 min air dry, 

4) 30 min oven dry at 104°C in dry N2 atmosphere, 
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5) 60 min oven dry at 210°C in dry ^ atmosphere, 

6) uncured samples given 20 hr air dry and 5 hr vacuum dry. 

D. Bonding Procedures 

1. Bonding Fixture 

A 1" X 0.5" section of adhesive is tacked onto the treated and primed 

end of a 4.000" x 1.000" coupon to be bonded. This coupon is then positioned 

against one end of a 1.000" x 7.500" hole cut in a 0.126" thick aluminum or 

titanium sheet (see Fig. 7). Six such sections have been cut in this sheet 

allowing up to six bonds to be prepared at once. At the other end of the cut¬ 

out section a spacer is positioned as in Fig. 8. Then the other half of the 

bond which is also 4.000" long and 1.000" wide is placed against the other end 

of the cut-out section on top of the spacer. From Figs. 7 and 8 we see that by 

this arrangement the two coupons making up the bond are prevented from moving 

horizontally and the overlap between the two bonding coupons is maintained at 

the desired 0.500". Measurement of the glue line thickness showed that the 

glass carrier in the HT-424 adhesive maintains the glue line thickness at 0.008". 

As shown in Fig. 7, a 1/8" overcut around the bonding area allows for excess 

adhesive to flow out without bonding to the jig. A 0.063" thick aluminum sheet 

with an aluminum foil cover to prevent bonding to it by excess adhesive is then 

taped over the jig on each side. This assembly is then placed in a press at ~ 

50 psi during the cure cycle. 

2. Cure Cycles 

The cure cycle for the HT424 system was that recommended by the manu¬ 

facturers:^^ 

a) Raise temperature to 340°F (171°C) in 60 min. 

b) Cure for 60 min at 340°F (171°C), 

c) Cool down in 

For FM-34B-32 the cure cycle was: 

a) Cut adhesive and store in desiccator prior to bonding. 

b) Heat joint to 550°F (288°C). 

c) Hold at 550°F for 90 min at 40 psi. 

d) Cool to room temperature at 40 psi. 
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0.126" aluminum jig 

//////)/ 
.25" by 1.00" by 0.063" 

aluminum spacer 

Fig. 8. Schematic drawing of bonding jig and press. 
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E. Tensile Lap Shear Testing 

1) 1-1/2 inch X 1 inch x .063 aluminum shims are bonded to the inside 

(bonded side) ends of the bonded pieces. 

2) Bended pieces are clamped in 0-.25 inch jaws of floor model Instron 

testing machine leaving 4.5 inches jaw to jaw distance (2 inches from 

each glue-line). 

3) Bonds are sheared at crosshead rate = 0.01 inch/min. 

4) Strip chart recorder records stress in pounds versus strain (crosshead 

displacement). 

F. Surface Aging (SET) Effects 

SET refers to surface exposure time. For surface exposure experiments 

4" x 1" x 0.063" samples of freshly treated Al 2024-T3 or TÍ-6A1-4V are set in 

an 8" diameter glass chamber (usually used as a desiccator) which contains a 

dish of saturated K2S04. The 1" wide samples just fit into holes in a cerarrnc 

bottom oíate, which held them in approximately a vertical orientation, ihe 

lid is then secured on with tape as no stopcock grease is used. The desiccator 

is then placed in an oven at 55rC and the saturated salt solution provides a 

95;, R.H. condition. Samples are then withdrawn at various SET. For contact 

angle measurements 4" x 1" x 0.063" samples were cut into 4" x 0.12" x 0.063" 

strips and placed in the chamber. After SET these strips were then cut into 
0.5" lengths. 

G. Bond Joint Aging (BET) Effects 

BET refers to bond exposure time. Bond exposure experiments at 54°C 

and 95« R.H. are also carried out in the glass chamber with a saturated K SO 

solution to provide constant humidity. 
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Section III 

EXPERIMENTAL RESULTS AND DISCUSSION 

A. Aluminum Adherends 

1• Surface Character vs. Joint Strength 

a• Eliipsometry 

The average value of A and <ji for 22 different samples with the 

FPL etch is 110.5 ± 2.5 and 37.6 ± 0.3, respectively. Tne wavelength was 

6328 A and angle of incidence 70°. Nomographs of A * are plotted in Figs. 

9 and 10 for various film thickness and optical constants. Plotting the 

average values of a and ip for the FPL etch on 2C24-T3 aluminum fall outside 

the curves for reasonable values of nf between 1.5 ard 3.0 and d between 0 

and 2000 A for transparent films (<f = 0). The values o* A and * for the 

FPL etch fall within reasonable limits if the effective value of < is 

assumed to be ~ 0.3 as in Fig. 10. The best estimate of film thickness is 

obtained as - 200 A if nf * 1.7 as for bulk oxide. 

According to the literature^ anodized aluminum in borate solu¬ 

tions produces oxide films - 14 A/volt with optical constants similar to bulk 

a aluminum (nf = 1.7, <f = 0). To establish the reliability of our ellipsometri. 

measurements for aluminum^samples were anodi/ed at various voltages to yield 

films between 50 and 1000 A. Our el 1ipsometric results were within 5% of the 

values predicted from the literature (i.e. 14 A/volt, nf = 1.7, <f = o). The 

thickness of oxide on FDL etch aluminum hâs been estimated by another independem 

technique, i.e. photo-electron emission. Photo-electron currents from aluminum 

that had been anodized to thicknesses between 50-1000 X) with light of X = 2500 Í 

(hv ~ 5 eV), yielded a calibration curve. The nhoto-emission current from an 

FPL etched sample corresponded to 210 A on the calibration curve. 

13 Attempts to remove FPL-etch films by the methods of Hamilton and 

Lyerly was not successful because the films appeared to grow in thickness. 

Lyerly (ners0na, communication) confirmed they had observed the apparent film 

growth problem and report films of thicknesses from 650 (mu) to 4500 (mu), i e 

6500 A tc 45,000 A. 
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Fig. io. Nomograph of i vs * for an absorbing (,f = 0.3) 
Film on aluminum. 

32 



37 0 
Bowen observed oxide films (~ 2000 A by ion sputter etching) on 

FPL etch aluminum but found the weak bonds resulting from these films was assoc¬ 

iated with aged etching solution in a lead lined etchant tank. Strong bonds 

were observed for samples etched in solutions contained in glass beakers as we 

are using. He had not measured the thickness of the FPL etch films that gave 

strong bonds. 

It should be noted in Fig. 29 of the Picatinny report13 that 

alkaline cleaned 2024-13 aluminum produced a thick cracked film estimated from 

the protruding layer, to be about 1000 mu (10,000 A) thick. One might expect 

that films 4500 mu thick from the FPL etch might also crack and be revealed by 

SEM. However, none of the SEM pictures in the Picatinny report or in our SEM 

pictures reveal such films. It is believed that FPL etch films were grossly 

thickened by the removal process reported in the Picatinny report13 and that 

oxide films left on aluminum from the FPL etch (in glass beakers) are very 

thin (~ 200 A). 

The estimate of thickness of the oxide film on vapor degreased 

2024-T3 aluminum is 280 A and <f * 0.5 if nf = 1.7 and Table 4 shows el 1ipsometrlc 

data for plasma treated 2024-T3 aluminum. These experiments were carried out 

in a glass chamber in order to control the atmosphere during and after the 

plasma treatment. The purpose of the plasma treatment was to remove surface 

layers prior to bonding. In order to make el 1ipsometric measurements through 

the glass chamber, it was necessary to provide biréfringent free windows. The 

first two rows of data in Table 4 indicate that the presence of the windows 

had a very small effect on ù and i/». For these experiments the angle of 

incidence was 60° and the wavelength 5461 A. A one-half hour plasma treatment 
O 

removed approximately 23 A of the film and the next half hour only removed 

about 2 A more. The surface pretreatment was an alkaline clean process. A 

similar small decrease in film thickness and saturation effect is noted in 

Table 5 for the vapor degrease pretreatment, whereas continued plasma exposure 

continues to remove film from an FPL etch treated surface. From the experiments 

reported in Table 5, the samples were removed from the plasma chamber to make 

the ellipsometric measurements. The plasma etching rates were much lower than 

had been hoped for but it is expected that outer surface contamination is 

removed by the process. Values for estimated film thickness and optical con¬ 

stants for the various surface treatments are reported in Table 6. 
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TABLE 4 

Ellipsometer Study of Plasma Treated* A12024-T3 

A = 5461 A 0 = 60° 

-'me in Power û 

Ifisma (watts) 

(min) 

0 No Windows 116.8 

0 Winuows il 7.0 

10 50 117.5 

20 100 117.9 

80 150 119.4 

60 200 120.6 

<P 

34.50 

J4.85 

34.65 

34.72 

35.3 

36.0 

<f Thickness 6d 

d(A) (A) 

1.8 0.6 

1.7 0.6 

1.8 0.6 

1.9 0.6 

1.8 0.6 

1.8 0.6 

310 0 

315 0 

301 14 

296 19 

282 23 

280 25 



Plasma 
Treatment 

Time 

(hrs) 

0 

0.25 

1.25 

2.91 

0 

0.25 

1.25 

2.91 

TABLE 5 

Surface Potential and Ellipsometric Study 

of Plasma Treated A12024-T3* 

(Measurements in Air) 

Initial 
Treatment 

Vapor 

degrease 

FPL 

Etch 

*See No. 1 and 2 of Table 1 

Average 
Surface 

Potential 
Difference 

(Volts) 

0.31 

0.15 

0.25 

0.30 

0.26 

0.02 

-0.01 

0.03 

35 

Average 
Thickness 

(Ä) 

250 

217 

217 

217 

250 

220 

210 

195 

6d 

(A) 

0 

33 

33 

33 

0 

30 

40 

55 
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b. Auger Spectroscopy 

The initial Auger peak to peak height (APPH) for various elements 

on the aluminum surface after the vapor degrease (No. 1 of Table 1) and the 

FPL etch (No. 2 of Table 1) are also recorded in Table 6. No Auger results 

were obtained for the plasma treated surface. Relative to the FPL etch, the 

vapor degrease treatment leaves considerably more Mg, Si, C, Cl and S at the 

outer surface. The aluminum peak on the vapor degreased sample is masked by 

the contamination. Other than aluminum and oxygen, Fe, Ni, Cu, C and S were 

detected on the FPL etch sample if the sample was placed in the vacuum 

chamber within an hour of treatment. It should be noted that no chromium is 

observed. Bowen37 reports observation of Cr on the surface immediately after 

placing the sample in the vacuum system but that it is removed by the vacuum 

system in a few hours. Our samples were not measured with Auger for about 

12-24 hrs after being placed in the vacuum system and this may be why no Cr 

was observed. 

c. Chemical Profiles 

Figure 11 shows chemical profiles of two identically treated 

2024-T3 aluminum samples with the FPL etch which had been exposed to laboratory 

air for some hours. The solid points are for one sample and the open circles 

for the other. The reproducibility is excellent for the Auger peak to peak 

heights (APPH). The Ar ion sputtering was done at about 10”5 torr, 2 kV, 

- 100 ua/cnr over an area of - 0.25" diameter. As pointed out previously, 

the interpretation of these profiles with respect to actual atomic concentrations 

is too difficult at present. The value of the profiles lies in qualitative and 

semi-quantitative analysis. The APPH for Cu, C, Ni, S and Fe have been expanded 

by a factor of 12.5 with respect to the APPH for A1 and oxygen. The alloy 

elements A1, Cu and Fe (see Table 3) are observed in the oxide film and the 

substrate metal. The Cu has segregated to higher concentration in the oxide 

than in the metal and Fe is in the outer atom layers only. Within the resolution 

of the spectrometer, the alloy elements Mg, Si, Zn, Cr and Mn are not observed, 

whereas Ni is observed. Carbon contamination is probably from laboratory air 

or from adsorption of CO in the UHV system. 

Figure 12 shows the profile of the back side of a sample that had 

the FPL etch and then exposed to 55°C and 95% R.H. for 48 hrs, bonded and 
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Fig. 11. Chemical profiles of oxide films formed on Al 2024-T3 bv 
the FPL etch. 
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Fig. 12. Chemical profile for the unbonded side of a sample with the 
FPL etch and SET = 48 hrs at 54°C and 95% R.H. 
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fractured. The low energy A1 (55 eV) and (67 eV) peaks were not resolved in 

these measurements, the curve labeled A1 (63 eV) reflects mostly the A1 (67 eV) 

peak. Initial carbon contamination was much greater for the 48 hr SET sample 

(e.g. APPH ~ 34) as compared to the fresh sample (APPH ~ 50/12.5 = 4). Cu, Mg 

and Fe was observed but no Ni was observed and S and N in addition to C was 

observed. Since the electron beam diameter was small ~ 0.04 cm , an attempt 

was made to profile the adhesive side of the fractured couple. Figure 13 is a 

profile in an area that interfacial failure occurred. The striking feature of 

Fig. 13 is the high APPH value for Si in the failure area. This may indicate 

that interfacial failure (weak oxide) is associated with areas that were con¬ 

taminated by the carrier glass fibers or silicones from the atmosphere. Figure 

14 shows profiles as the electron beam was moved slightly into the adhesive 

region. No Si is observed and as expected the C peak increased dramatically. 

It should also be noted that the sputter rate has been decreased by a factor 

of 10 for the adhesive side (Figs. 13 and 14). 

d. Surface Potential Difference 

If the reference electrode changes over a period of time, compar¬ 

ison of SPD becomes difficult. It is therefore useful to compare SPD values 

for a series of measurements made at one time; for example as in Table 5. The 

plasma treatment decreased SPD from 0.31 volts to 0.15 volts and then increased 

it to 0.3 again for the vapor degrease pretreatment. Plasma treatment of the 

FPL etch sample decrease SPD from 0.26 volts to ~ zero where it remained. 

In a previous set of experiments SPD for a vapor degreased sample 

was 0.56 volts as compared to 0.48 volts after the FPL etch, a decrease of 

0.08 volts. This decrease can be compared with a decrease of 0.31-0.26 = 0.05 

volts in Table 3. 

e• Microscopy 

Figure 15 shows SEM pictures of a 2024-T3 aluminum surface after 

the FPL etch. The pitted nature of the surface is similar to that revealed by 

SEM in other laboratories. For example, Fig. 15 can be compared with Figs. 31 
13 38 

and 32 of the Picatinny report and Figs. 10 and 11 of a paper by Patrick. 

Figures 16 and 17 are optical microscope pictures of typical fractured bonds 

for 2024-T3 aluminum with HT-424 adhesive. The photographs are much more 
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Fig. 13. Chemical profile in the interfacial failure area of an 
Al 2024-T3-HT424 joint. SET = 48 hrs, 54°C, 95¾ R.H. 
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Fio. 14. Chemical profile in a region of cohesive failure for 
Al 2024-T3 - HT424, SET = 48 hrs, 54°C, 95% R.H. 
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Fig. 16. Photograph of fractured bonds for A1 2024-T3 - HT424 
joint after 808 hrs at 54“C and 95X R.H.
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if:

Fig. 17. Photograph of fractured bonds for A1 2024-T3
HT424 adhesive after 1023 hrs at 54°C and 95% R.H.



difficult to interpret than observation under the microscope. Low power 

microscopic observation reveals three failure modes in the 0.5" x 1" bond 

area. First the glass carrier network usually fails, with about half the 

fiber bundle on one adherend and half on the other, leaving the fiber net 

observed in Figs. 16 and 17. Second, most of the bond appears to fail at 

metal-adhesive interface leaving matching surfaces. The light areas between 

the fiber net is the metal interface, the darker more dull areas are the 

matching adhesive surface. Third, cohesive failure occurs in the adhesive 

revealing a large amount of natural porosity caused by water vapor bubbles 

formed during the cure. Details of the cure process with respect to this 

porosity can be found in a paper by Kaelble and Cirlin.39 The failure mode 

is related to the stress distribution of the lap shear joint during the tensile 

eS^' 38^e S^reSS but-j°n -js schematically represented in Fig. 18 (by 

Bolger ;. The predicted pattern (Fig. 18) of interfacial failure, in the region 

farthest from the end of the metal coupon, was observed in general and is some¬ 

what revealed m Figs. 16 and 17. Cohesive failure was generally more prevalent 

at the periphery of the bond area as for Fig. 16. Cohesive failure spread 

towards the center of the bond area for the bond with longer aging time (Fig. 

17). In some instances failure occurred almost entirely at the metal-adhesive 

interface as shown in Fig. 19 for aging in 100¾ relative humidity. 

It is of interest to investigate regions of different failure 

modes in more detail. Figures 20a and b are low magnification SEM pictures 

for a bond that had not been aged. The bright areas in these pictures are 

caused by removal of the metal over-layer used in the SEM process and charging 

of the dielectric substrate. Figure 20a shows a region of the adhesive surface 

that had mostly failed at the metal interface. An enlargement of the central 

part of Fig. 20a is seen in Fig. 20c. The fractured adhesive in Fig. 20c 

indicates that void regions in Fig. 20a penetrate to the opposite interface. 

There is considerable cohesive and interfacial failure in the region of Fig. 

20a. Figure 20b shows interfacial failure in the top half of the picture and 

cohesive failure in the lower half. The enlargement of a region of the lower 

half of Fig. 20b, in Fig. 20d shows cohesive failure parallel to the metal 

surfaces in contrast to interfacial failure and cohesive failure perpendicular 

to the plane of the metal in Fig. 20c. The large pore regions revealed at the 

bottom of Fig. 20b are presumably also beneath the adhesive surface in the top 
of Fig. 20b. 
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UNDER TENSILE LOAD 
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AVERAGE 
FAILING 
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Fig. 18. Failure region in lap shear joint due to stress 
distribution (after Bolger38). 
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Figure 21a is a higher magnification of the adhesive surface in Fig. 20a. 

Figure 21b is a magnification of a region near the metal surface and reveals a 

region of primer layer that apparently did not adhere to the adhesive. The 

thin transparent nature of this region can be compared with the opaque pore 

region of Fig. 20d which is adhesive. Closer scrutiny of the edge of the primer 

film in Fig. 21c reveals small holes in the primer which will be shown, are due 

to penetration of primer into holes in the FPL etched surface (see Fig. 15). 

The region in the lower portion of Fig. 21b and c show that what might be inter- 

oreted from low power optical micrographs as interfacial failure includes a great 

deal of failure in the primer layer. The small voids within the primer (lower 

part of Fig. 21c) are elongated in a direction approximately perpendicular to 

the metiil surfaces and probably nucleate and grow during fracture. 

Figures 22, 23 and 24 are for a fractured bond that had been aged 

for 1000 hrs at 54°C and 95% R.H. Figure 22a is an optical micrograph of the 

adhesive surface and Fig. 22b is an SEM of the mating metal surface-. Figure 

22c is an SEM of a fiber bundle, the top of the adhesive surface (top left) 

and metal surface (bottom left). Figure 22d shows the metal area (left side) 

and adhesive pore area (right side) near a glass fiber bundle. Figure 23a is 

an enlargement of the adhesive surface after the 1000 hr (BET) and can be 

compared with Fig. 21a for 0 hr BET. Figure 23b shows a region of primer layer 

as for Fig. 21b and Fig. 23c is an enlargement of a region in Fig. 23b. 

Figure 24a shows a region of adhesive pore surface (top, left), 

regions of cohesive failure (bottom left and top center), and regions of inter¬ 

facial failure (bottom right). Figure 24b is an enlargement of the region 

designated by coordinates marked 1 in Fig. 24a. Holes in the primer can be 

associated with penetration of primer into holes in the metal substrate. 

Figure 24c is an enlargement of the region of interfacial and cohesive failure 

and Fig. 24d is an enlargement of the region with coordinates 2 in Fig. 24a. 

f. Contact Angles 

In order to evaluate the several methods of surface energy analysis, 

wettability studies were carried out on panels of Al 2024-T3 given the vapor 

degrease and FPL etch surface treatments. The results of liquid-solid contact 

angle measurements are summarized in Table 7. Contact angle measurements were 

conducted at 22°C in the B-100 environmental chamber of the NRL contact angle 

apparatus (Rame-Hart Inc.) using sessile drops. All liquids displayed stable 
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Fig. 21. SEM micrographs of an A1 2024-T3 - HT424 joint 
after fracture. SET = 0, BET - 0.
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Fig. 24. SEM micrographs of an A1 2024-T3 - HT424 joint after 
fracture. SET = 0, BET = 1000 hrs at 54°C. 95X R.H.



LA-B-L..E 1 Experimental Values of Liquid Surface Tension 

(ylv) and cosine of Liquid-Solid Contact Angle 

(cos 9) at 22°C 

Al 2024-T3 

Surface Treatment 
V.D. FPL 

Etch 
Plasma 

Test Liquid Y 

(dyn/cm) 
I 

water* 72.8 -.643 

(“0.94) 

.998 1.00 

glycerol 64.0 -.052 .998 0.98 

1-br-napthalene 44.6 .616 0.84 

tricresyl phosphate 40.9 .574 .996 0.99 

polyglycol 31.3 

PG-1200 
.829 .994 0.99 

* All liquid-solid interactions display time invarient contact 
angles from t < 10 sec to t ^ 10 min except water on surface 
treatments 1, 2, and 3 where t ** 10 sec values are without 
parenthesis and t > 10 min values are in parenthesis. 

turn 
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advancing contact angles over the time range t < 10 sec to t > 10 min except 

water on surface treatments 1, 2, and 3, as noted in Table 7. For the special 

case of water on surfaces 1, 2, and 3 one may suspect surface modification by 

interaction with water. The data of Tab’e 7 may be plotted as cos 0 versus 

When the data display a linear variation of cos e versus ylv an extrapolation 

to cos e = 1.0 identifies the critical surface tension yc for the solid surface 

as shown by Zisman and coworkers.^ 

These data may be further analyzed by a more detailed model for 

'•'torracc interactions discussed in Section II.B.6. To apply this model the 

measured values of ylv and cos ô reported in Table 7 are introduced into the 

standard Young equation Wa = ylv(1 + cos e) to provide nominal values for the 

work of adhesion Wa. Table 8 organizes these data into the format defined by 

Eq. 9 of Section II.B.6. which describes a linear function of Wa/2oL versus 

eL/\ whose intercept at (S./a ) = 0 is a. = (y^J* and whose slope is ß„ = 
( V U i bv s 
‘'SV'*’ 

Computed average values y^, y^, and y^ in conjunction with 

standard deviations ty , idp, and zi are summarized in Table 9 for the surface 

traatnents. The calculations exclude the parenthesized data of Table 7 and 

7abl° Quantitative conclusions concerning the effects of surface treatment 

on Ai 2024-T3 wettability are automatically restricted by the magnitudes of the 

standard deviations shown in Table 9. Qualitative ranking would suggest the 

etch to be the most wettable, followed by plasma treatment and then the 

vaonr degrease when ^ is used as a wettability index. The results of this 

initial wettability experiment showed that the surface energy analysis dis¬ 

cussed in Section II.B.6. was applicable to surface treated Al 2024-T3 plates. 

Wettability studies combined with surface energy analysis were 

subsequently carried out for the surfaces which form the interfacial bond 

between HT424 adhesive and sulphuric acid-chromate etched Al 2024-T3. Films 

of HT424 primer were deoosited from solution on glass microscope slides. 

^ncured primer films were dried, following manufacturer's recommendations, as 

follows: 5 

1) 30 min dry at 23°C, 

2) bO min dry at 66°C. 

Primor films were dried then cured as follows: 

1} 33 min dry at 23°C, 
2) 60 min dry at 66°C, 

3) 30 nin cure under dry N, at 171°C. 
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Mi.LE 8: Analysis of Liquid-Solid Interactions 

Al 2024-T3 

Surface Treatment 

YL 2aL SL/aL 

dyn/cm (dyn/cm)^ 

72.8 9.34 1.53 

64.0 11.66 .94 

44.6 13.36 0 

40.9 12.52 .21 

31.3 9.90 .53 

FPL Plasma 

Wa/2aL (dyn/cm)r 

2.78 15.6 _ 

5.20 n.o 10.9 

4.39 6.1 

5-14 6.50 6.5 

5-78 6.31 6.3 

—LE 9: Calculated Solid-Vapor Surface Tension Properties 

for Al 2024-T3 Surface Treatments by Application 

of the Determinant Method 

Surface 
Treatment 

FPL etch 

Plasma 

V.D. 

14.8 ± 5.2 

28.8 ± 6.0 

40.3 ± 6.8 

65.5 i 14.0 

35.5 ± 18 

4.3 ± 2.1 

YSV 1 6 

80.3 ± 9.4 

64.3 ± 12.7 

44.6 ± 8.8 
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Steps (1) and (2) above follow adhesive manufacturer's recommended procedure for 

drying of primer films. Step 3 above correlates with curing conditions recom¬ 

mended for HT424 adhesive bonding. This last step is conducted under dry N2 to 

minimize oxidative and hydrolytic degradation of the primer surface. Assuming 

the curing kinetics of HT424 primer follow results of prior curing studies 

of HT424 structural adhesive film, it follows that steps (1) + (2) complete 

solvent removal without substantial crosslinking and that step (3) substantially 

completes the chemical curing of the HT424 primer films. Liquid-solid contact 

angle measurements were conducted at 20°C in the B-100 Environmental Chamber of 

the NRL contact angle appa» .f. s (Rame-Hart Inc.) using sessile drops. The 

results of contact angle measurements, reported in terms of the cosine of the 

advancing liquid-solid angle e, are summarized in Table 10. When the data of 

Table 10 are plotted as cos e versus a linear variation of cos 0 versus 

Y|_y and extrapolation to cos 0 = 1.0 identifies the critical surface tension 

yc of the adhesive film (ref. 31). 

These data have also been further analyzed by a more detailed model 

for interface interactions discussed in Section II.B.6. To apply th<s model the 

measured values of and cos 0 reported in Table 10 are converted to values of 

nominal work of adhesion by application of the Young equation. Table 11 presents 

these data in the format described by Eq. 9 of Section II.B.6. 

Computed values of Y^y, Y<?y, and ^y in conjunction with standard 

deviations ±6 , ±6^, and ±6 obtained by a method of determinant calculations 

are summarized in Table 12. Both Table 11 and Table 12 indicate that the HT424 

primer displays a well resolved polar component yPu to its total surface tension 
dp.. 

YSV ~ YSV + YSV ^ a^so fivident that the dried and cured forms of HT424 
primer have essentially equivalent wettability and surface tension properties. 

Figure 25 illus .rates the wetting data in terms of cos 0 ys^ylv while Figure 26 

provides the experimental variation of :,Ja/2aL versus ßL/aL described by Eq. 9 of 

Section II.B.6. Earlier surface energy studies of HT424 structural adhesive 

film provide reference(34) values of y^ t 6d = 30.3 ± 4.5 dyn/cm, Y^y ± yP = 

12.0 ± 2.6 dyn/cm and ysv ± 6 = 42.3 ± 2.3 dyn/cm. A close similarity between 

these literature values ysv = Y^y + y£v for HT424 adhesive and the values 

reported for HT424 primer films in Table 12 is evident. 



JADLC 10: Cosine of Liquid-Sol id Contact Angles coso of Test 

Liquids on Dried and Cured r, 1ms of ill'A24 Primer 

HT-424 
Primer Film 

Test Liquid 

v/ater 

glycerol 

ethylene glycol 

tricrcsyl phosphate 

poly glycol P-1200 

(dyn/cn) 

72.8 

64.0 

48.3 

40.9 

31 .3 

Dried 

cos e 

0.276 

0.515 

0.743 

0.937 

0.981 

Cured 

cos o 

0.326 

0.469 

0.669 

0.982 

0.982 

—-A.J.l: Analysis f'f Liquid-Solid Interactions 

HT-424 
Primer 

Dried Cured 

YL ?\ 
dyn/ern (dyn/cm)^ 

72-3. 9.34 1.53 

01.0 11.66 .94 

<3.3 10.83 .81 

<0.9 12.52 .21 

01-3 9.90 .53 

V^L 
(dyn/cm)? 

9.94 

8.32 

7.77 

6.49 

6.26 

(dy.ï/cm)2 

10.33 

8.07 

7.44 

6.47 

6.26 

Ifi3.l-.CJ2: Calculated Solid-Vapor Sut face Tension's Profterties 

by the Determinant Method 

HI 4 24 
Primer 

YSV 

yJ: . 

YSV - ¿ 

Dried 

28.7 + 3.5 

10.3 ± 2.6 

39.0 ± 1.3 

Cured 

25.5 + 3.8 

11.7 .t 2.4 

37.2 ± 1.5 
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The results of the surface energy analysis for HT424 primer and 

the FPL etch 2024-T3 aluminum can be combined in a "wettability envelope" 

diagram as defined by Eq. 13 of Section II.B 6. The diagram in Fig. 27 reveals 

that the HT424 primer and adhesive fall well within the envelope for freshly 

etched aluminum and therefore should, by this criterion, form strong adhesive 

bonds. 

g. Joint Strengths 

The last column of Table 6 gives average (of õ bonds) bond 

strengths and the mean deviation from the mean, for comparison with surface 

preparation and surface character. The weakest bond results from the degrease 

only surface preparation. This preparation had the highest value of SPD, the 

lowest value of y<.y (lowest wettability) and the most contamination. These 

results suggest that the low bond strength for the vapor cegrease treatment 

results from a non-wettable weak boundary layer a', the oxide-primer interface. 

The bond strength for the FPL etch and plasma treated surfaces are nearly the 

same. Although AES measurements were not made on the plasma treated surface, 

ion bombardment is shown to remove contamination (chemical profile section) 

and surface contamination is expected to be low as for the FPL etch. There 

does not appear to be any correlation between film thickness and bond strength 

for these thin films. However, it will be shown that for thicker films a 

correlation does exist. 

h. Loci of Fracture 

The optical and SEM micrographs reveal that for each particular 

bond, failure occurs in a non-uniform manner. Failure appears to occur in 

the adhesive, in the glass carrier bundles, in the primer and at the metal 

surface. The spacial distribution of the areas of different failure modes 

are determined by the stress profile during fracture and the exposure con¬ 

dition of the metal surface prior to bonding or exposure condition of the bond. 

It is apparent that the surface after the FPL is not uniform in 

character and that surface aging accentuates this non-uniformity. Mapping of 

surfaces after surface treatment and aging reveals this to be true, as will 

be seen in the next section. It is clear that since failure occurs by dif¬ 

ferent modes at different loci on the surface, an investigation of the mechanisms 
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Fig. 27. Wettability envelope for freshly etched (FPL) Al 2024-T3. 
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of bond failure requires Identification of these various regions prior to and 

after bond fracture. Identification prior to bonding is done by mappirg the 

surface with respect to ellipsometry and SPD. Identification after fracture 

is done with a low power optical microscope. The area of regions that appeared 

to fail interfacially (at the metal-adhesive interface) are estimated by taking 

low power micrographs as in Fig. 16 but with about a factor of 10 larger 

magnification. A cellophane sheet with a grid (20 lines per inch) was placed 

over the photographs in order to keep track of each small area in the grid. 

An estimate of the fraction of each grid square that failed interfacially was 

recorded then the total fraction of the bond area that failed interfacially was 

computed and designated ¢^. The complimentary fraction is designated $ where 

^1 + *c = 'I* The average bond strength corresponding to these regions are 

designated Oj and ac. Alternative techniques for estimating ^ and ¢) were 

investigated and are reported in Appendix A. 

We have referred to interfacial failure as failure at the metal- 

adhesive interface. However, one cannot determine by visual observation 

whether fracture occurred in the primer very near the oxide surface, at the 

primer-oxide interface, in the oxide or at the metal-oxide interface. To 

determine which of these is the locus of failure for the FPL etch surfaces, 

ellipsometric measurements were performed on the samples prior to bonding and 

in areas of interfacial failure after bond fracture. If the interfacial failure 

occurred in the primer near the oxide interface or at the oxide interface, the 

effective film thickness should be greater or approximately the same as before 

bonding. The results in Table 13 indicate that in each case the thickness of 

the oxide after fracture was substantially less than before. It is concluded 

that the aged FPL etched surfaces with thick oxide layers ~ 500 A, fail 

in the oxide. It should be noted that solutions of n^, and d could not be 

found for the A and ÿ values, near nf = 1.7 and » 0.3 as for unaged FPL etch 

films. The values reported in Table 13 are the minimum values of n^ and 

that correlate with the a and <p values. This indicates that aging has caused 

a structural as well as thickness change in the oxide. 
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TABLE 13 

Oxide Thickness Before and After Fracture 

SET and BET were at 54°C, 95-100% R.H. 

X = 5461 A, Anqle of Incidence 70° 

Bond History 

Ä ti; n, Thickness 
f f (A) 

FPL etch ' 

SET 24 hr 

BET 264 hr^ 

Before bonding - 9*6 

After fracture -87.2 

21.2 2.4 0.3 623 

35.5 2.9 0.3 195 

FPL etch ^ Before bonding-108 

SET 

BET 

After fracture 6.8 

51.9 2.9 0.4 

19.8 2.9 0.3 

576 

433 

FPL etch 

SET 24 

BET 0 

Before bonding 

After fracture 

90.5 

88.0 

16.7 2.5 0.7 550 

35.9 2.5 0.3 273 
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2• Surface Aging Effects 

a. Effect of Hunidity 

For the aging experiments, samples were placed upright in a glass 

chamber which contained saturated K^SC^. The glass chamber was placed in an 

oven that had temperature control. However, it was observed that some conden¬ 

sation occurred at the side of the desiccator nearest the door of the oven. 

This suggested that the relative humidity was more near 100% for some of the 

sampler, than others. To check this hypothesis, samples were placed side by side 

as couoles at specific distances from the front of the desiccator to obtain a 

systematic gradient of R.H. and left for 23.6 hrs at 54°C. After SET the samples 

were characterized with respect to surface potential difference (SPD) and ellip- 

sometry, then bonded and fractured. 

The results in Table 14 show the effect of relative humidity 

(position in desiccator) on the surface characteristics as well as and the 

total bond strength ob. In Table 14, A and B refer to the two A1 samples that 

were adjacent to each other at the various positions. The results in Table 14 

also show that systematic trends in the surface characteristics exist as a 

function of relative humidity (position in the desiccator) between R.H. ~ 95 

and 100%. Figure 28 shows that a definite correlation exists between the 

surface characteristics, SPD and film thickness, and the fraction of the surface 

that failed cohesively. The solid points in Fig. 28 are for the A sample of the 

couple, and the open circles are for the B sample. The samples in position 1 

yielded ellipsometric values quite different from the other samples. No com¬ 

puter solution was found for sample A in position 1. The optical constants 

for sample B prove to be larger than for the other samples. This is probably 

due to the fact that condensation was observed to occur on the samples in 

position 1. 

Figure 29 shows that except for the couple in positions 1 and 5 

an excellent correlation exists between ob and The values of Oj and o 

obtained from the intercepts of the line through the points are 1700 and 3800 

psi, respectively. oc is close to the maximum value reported for the adhesive 

(3950 psi) by the manufacturer. Figures 28 and 29 show that a direct corre¬ 

lation exists between the i^rface characteristics and 4>c and thus the bond 

strength. The thicker the film the higher is the probability that fracture 
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Fig. 28. Plot of film thickness and SPD vs 
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' c 

Me;. ?.j. Plot of ob vs Pc for samples at various positions 
in the humidity chamber. 
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will occur at the interface. Figure 30 is a plot of SPD and film thickness vs 

Ojj, where is obtained from Fig. 29. 

Table 14 shows that except for bond 1, n^ and tend to increase 

as the film becomes thinner. The values of the optical constants are related 

to film structure and may indicate stronger films for higher values of n^ and 

k^. Even though samples from position 1 have thicker films and would thus, from 

the line in Fig. 29, be predicted to fail at lower o^, the values of n^. and 

are larger indicating stronger structure. This may account for the larger value 

of ob for position 1. The reason for the deviation from the line for the point 

for position 5 is not known. 

The straight line relationship in Fig. 29 indicates that films of 

approximately the same optical properties (structure) fail at the interface with 

about the same specific bond strength Oj. However, the fraction of the bond area 

that fails at the interface ij is related to film thickness. These results are 

in accord with the results of Table 13, for those areas that fail interfacially 

fracture probably occurs in the oxide film rather than at the oxide-primer inter¬ 

face or in the adhesive very near to the interface. 

b. Effect of Glow Discharge 

Plasma (glow discharge) treatment of surfaces may remove surface 

contamination and weak boundary layers. Experiments were carried out to dis¬ 

cover if plasma treated surfaces would produce better adhesive bonds. In order 

not to expose the plasma treated surfaces to air, the sealed plasma treating 

tube was opened in a glove box with controlled atmosphere. Five experiments 

were performed as follows: 

1. Three samples (3 bond couples) were degreased (TCE) primed and bonded. 

2. Twelve samples were plasma treated and immediately primed in the glove 

box. 

3. Six samples were plasma treated then exposed to 1 atm of pure oxygen 

in the plasma tube for 20 hrs, then primed in the glove box. 

4. Six samples were plasma treated then exposed exclusively to water vapor 

for 20 hrs oy opening a valve between the plasma tube and a bulb con¬ 

taining water but no air. 

5. Six samples were plasma treated then exposed to a mixture of pure 

oxygen and water vapor. 
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Fig. 30. Oxide Film Thickness and SPD vs bond strength. 
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The precise steps for these treatments are found in Table I. The results in 

Table 15 are plotted in Fig. Jl. Comparison of the average values of o. for 
b 

each treatment reveals that plasma-only yields the highest and plasma + H^O + 

02 yields the lowest. Note that at ec * 0.1 values of are above the line 

at the same position as for Fig. 29. That is, the and values are the 

same for samples exposed to water condensation at 54°C for 23 hrs and samples 

exposed to pure oxygen at RT after the plasma treatment. It can be concluded 

from Fig. 31 that except for the plasma + (open circles at lowest $c value) 

the strength of the oxide is o. « 1700 psi and the strength of the adhesive is 

1 3b00A as for the experiments recorded in Fig. 29. 

Figures 32 and 33 show plots of bond strength cb ys $c for various 

SET aging. When these experiments were performed the variation in humidity 

(see (Fig. 29) within the glass chamber had not been discovered. Consequently 

the RH probably varied between ~ 95; and 100-». but the position of the samples 

was not recorded. For the set of experiments presented in Fig. 32, inter¬ 

facial failure ($j) increases and bond strength decreases as SET increases to 

24 hrs, then îc and increase again. The fact that the data in Fig. 32 

cluster around a straight line indicates that for this set oc is approximately 

constant (~ 3800 psi) for cohesive failure and Oj is approximately constant 

but much lower (- 800 psi) than for the plasma experiments reported in Fig. 31, 

or those reported in Fig. 29. The experiments reported in Fig. 33 do not 

cluster around a straight line, indicating that for these experiments, although 

oc may approximate a constant, cjj does not. 

c- Surface Mapping 

Thus far we have reported average values for ^ and surface 

properties averaged over a small area of the sample. No attention has been 

paid to non-uniformity over the surfaces to be bonded. However, as pointed 

out .n Section III-A.l.e. the micrographs taken after fracture reveal that 

the mode of fracture is not uniform over the surface. The tendency to fail 

by a particular mode in a particular area must be built into the surface 

during the sample history, perhaps prior to bonding. It was thought that the 

scatter of the data in Fig. 33 may be related to non-uniformity. It follows 

that a map of the surface with respect to ellipsometry and SPD may reveal the 

areas of interfacial failure prior to bonding. To test this the following 

experiments were performed. Two A1 samples that were contaminated with 
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TABLE 15 

Effect of Plasma Treatment on Bond Strength, and ♦c 

Bond 
Couple Surface Treatment °b 

psi 

1 TCE 
2 only 
3 

0.40 
0.50 
0.70 

1 
2 
3 
4 
5 
6 

Plasma only 
Il II 

H II 

II 

II 

II 

II 

0.25 
0.35 
0.30 
0.45 
0.50 
0.20 

1 
2 
3 

Plasma + 0, 
I» II ¿ 

Il II 

0.90 
0.90 
0.80 

1 
2 
3 

Plasma + H90 vapor 
Il H ¿ il 

Il H II 

0.60 
0.60 
0.50 

1 
2 
3 

Plasma + H50 + 0, 
•i H ¿ li 

II H II 

0.85 
0.75 
0.75 

0.60 3000 
0.50 2650 
0.30 2710 

avg. 2790 ± 140 

0.75 
0.65 
0.70 
0.55 
0.50 
0.80 

3320 
2940 
3430 
2830 
2830 
3430 

avg. 3130 ± 263 

0.10 2540 
0.10 2560 
0.20 2490 

avg. 2530 ± 27 

0.40 2630 
0.40 2960 
0.50 2770 

avg. 2787 ± 116 

0.15 2140 
0.25 2330 
0.25 2370 

avg. 2280 ± 93 
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Fig. 31. Plot of ob vs <()c for plasma treated surfaces of Al 2024-T3. 
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Fig. 32. Plot of Ojj 4>c for various SET. 
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Fig. 33. Plot of o. vs <> for Al 2024-T3 after SET at 54°C .md 
95-100* R.H. 
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di chromate solution during aging at R.H. 95% at 54°C revealed stains at various 

positions across the areas to be bonded. Two other samples were aged with R.H. 

between 95 and 100« at 54°C for hrs. Each of these samples were bonded with 

a freshly prepared sample so that the interfacial fracture would only occur on 

the stained and aged samples. Prior to bonding the aged and stained samples 

were mapped in the bond region with ellipsometry and SPD. The samples were then 

bonded and fractured and ^ measured by photographing each map position under a 

low power microscope and counting interfacial fracture area squares with the 

cellophane grid. All of the bonds fractured at the aged and stained samples, 

as expected. The map positions are shown at the right of Fig. 34. Table 16 

gives the ellipsometric parameter L and as well as SPD and for the various 

sample positions. Samples 1 and 2 were the stained samples and 3 and 4 the aged 

samples. Figure 34 shows plots of ^ (solid lines) and 4 (dashed lines) as a 

function of position. At the right of Fig. 34 estimates of film thicknesses are 

given for each sample. Figure 34 dramatically demonstrates that mapping of the 

surfaces by ellipsometry prior to bonding allowed prediction of the trend in 

in every case. Again it is observed that increases with film thickness. 

Although the range of film thickness for all of the samples is about the sane 

(300-500 A) the large differences in û and ij/ for samples 1 and 2 as compared to 

3 and 4 is due to differences in optical constants for the two sets. The optical 

constants for samples 1 and 2 are about nf - 2.6, ~ 0 to 0.3, whereas for 

samnles 3 and 4, n^ — 1.8, " 0.1 to 0.3. Note that the negative values of 

a in Table 16 can be expressed as positive values by adding 360°. Table 16 

shows that a good correlation exists between SPD and for samples 1 and 2. 

The correlation is not as good for 3 and 4. 

d. Effect of Time 

Some of the aged samples were used to measure SPD and ellipsometry, 

others were used to measure contact angles, e, for water and tricresylphosphate 

(TCP) and others were used to make adhesive joints with HT424. Figure 35 is a 

plot of a and *, SPD and eH^0> eTCp with SET. 

It is apparent from Fig. 35 that all parameters level off in about 

20-30 hrs. The shape of curves SPD, ÿ and eTCp indicate that a different pro¬ 

cess is occurring in the first 10 hrs than is occurring after 10 hrs. A clue 

as to the process during the first 10 hrs is given by tne curve for ÿ and SPD. 

Computer calculations show that growth of an oxide film of constant optical 
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TABLE 16 

Mapoing of Surface Characteristics and Comparison with <t»j 

Position 

Sample *1 

1 
2 
7 

4 
5 
6 
7 
8 

A 

-260.8 
- 98.8 
- 18.0 
- 22.2 
-313.2 
- 52.4 
- 47.1 
- 32.0 

Sample -2 

1 -274.8 
2 -275.8 
3 . 
4 -107.6 
5 -275.8 
6 -278.0 
7 -145.0 
8 - 70.0 

Samóle =*3 

1 
2 
3 
4 
5 
6 
7 
8 

-281.2 
-282.0 
-285.3 
-285.6 
-281.4 
-281.6 
-280.0 
-282.0 

Sample #4 

1 
2 
3 
4 
5 
6 
7 
8 

-282.4 
-283.1 
-270.2 
-268.4 
-279.8 
-276.0 
-267.8 
-266.4 

SPD «.J ob 

(volts) (psi) 

58.4 
50.6 
11.5 
14.2 
70.2 
SO. 9 
14.3 
19.1 

-0.16 
-0.14 
+0.02 
+0.01 
-0.16 
-0.20 
-0.05 
-0.05 

0.65 
0.88 
0.97 
0.98 
0.68 
0.84 
0.99 
0,97 

avg. 0.87 2040 

39.0 
46.0 

71.8 
40.0 
45.5 
6.4 

38.0 

-0.07 
-0.07 
+0.02 
+0.06 
-0.04 
-0.04 
-0.01 
+0.04 

0.66 
0.83 
0.93 
0.77 
0.59 
0.68 
0.97 
0.99 

avg. 0.80 2500 

41.6 
45.1 
46.8 
41.8 
39.9 
44.9 
44.5 
46.8 

41.9 
44.1 
38.4 
39.0 
40.3 
38.6 
38.4 
37.6 

/ U 

+0.23 
+0.11 
+0.12 
+0.06 
+0.04 
-0.12 
-0.11 
-0.13 

-0f 27 
-0.28 
-0.29 
-0.26 
-0.24 
-0.27 
-0.28 
-0.27 

0.71 
0.70 
0.82 
0.78 
0.23 
0.49 
0.22 
0.92 

avg. 0.61 2770 

0.96 
0.98 
0.56 
0.47 
0.74 
0.74 
0.66 
0.65 

avg. 0.72 2110 



Fig. 35. Plot of A, SPD, 
54°C, 95* R.H. 6H20 and eTCP SET for Al 2024-T3 at 
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properties will cause both A and ÿ to decrease. The increase in ip with SET can 

be interpreted in two ways, v can increase if the oxide is being transformed to 

one with smaller absorption coefficient (^) and/or organic surface contamination 

is forming. The value of SPD in air 26 minutes after the dichromate treatment 

was 0.3 volts and 0.27 volts after 43 minutes. These two values are shown at 

SET = 0 in Fig. 35 and indicate that the initial process began before exposure 

to the humidity chamber. The results in Fig. 35 are best interpreted as oxide 

film transformation during the first 6 hrs, followed by organic contamination 

that continues to 20-30 hrs. The curve labeled "organic contamination is 

obtained from the ellipsometric data if one assumes that the total change in A 

and ij/ after 6 hrs is due to formation of an organic film with refractive index 
o 

1.5 on the transformed oxide film, 200 A thick with optical properties, nf = 1.7 
O ' 

and Kf. = 0.4. At about 30 hrs the contamination reaches about 25 A. The data 

between SET = 0 and 120 hrs can also be interpreted as transfcrration alone if 
O O 

the oxide changes from one of 195 A with n^ = 1.4, = 0.5 to 223 A with n^ = 

1.7, Kj. = 0.3. The data cannot be interpreted in terms of organic contamination 

alone. 

To estimate o,, it is assumed that c'{. is a constant and that the 

relation between Oj, and î. is 

'b = 'c c -’l l 

where = 1 - *>• Tnerefore 

(19) 

Figure 36 shows the average values of s^, Oj and plotted ys SET. As for 

surface properties in Fig. 35, all parameters level off in 20-30 hrs indicating 

the relationship between the bond character and tne surface characte1'-. Figure 

37 shows average curves for A, SPD and water contact angle for aging in 

laboratory air at room temperatures (' 23°C - 50% RH). The processes are 

probably the same as for the higher temperature, higher humidity experiment 

in Fig. 36 but slower, flote that ^ and SPD are still increasing at 300 hrs, 

as would be expected if they are both related to organic contamination. At 

this point it is uncertain as to which process, oxide transformation or con¬ 

tamination, degrades the adhesive bond. However, the results discussed under 

mapping tends to favor weak oxides and therefore oxide transformation. It 

should be noted that both c, and :r decrease (:, increases) with SET. 
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Fig. 36. Plot of ob, Oj and *c vs SET at 54°C, 95¾ R.H. 
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e' Effect of SET on Contact Angles 

Wettability measurements and analysis identified notable variations 

in the surface properties of the FPL etched 2024-T3 aluminum which are functions 

of surface exposure time (SET) at 24*C and 54»C. To further define this phenomena 

with regard to interfacial bonding properties between A1 2024 and HT424 adhesive, 

a special study was conducted for the effects of SET at 23°C and 50 t 5X R.h. 

The wettability measurement and surface energy analysis of Al 2024-T3 follow 

the methods already described for HT424 primer. Subsequent to the etching treat¬ 

ment the Al 2Q24-T3 specimens were stored under ambient laboratory air at 23°C 

and 50 î 5X R.H. while protected from dirt and dust by tissue paper covers. 

The results of contact angle measurements of five surface exposure 

times (SET) are summarized in Table 17. The results of analysis of liquid-solid 

interactions by Eq. 9 of Section II.B.6 are summarized in Table 18. Computed 

values of solid-vapor surface tension properties at various SET conditions are 

tabulated in Table 19. 

Plots of cos e versus ylv for various ambient SET conditions are 

shown in Figure 38. These curves show that increasing SET produces a dramatic 

reduction in cos e values for liquids of higher ylv which are characterized as 

polar in surface tension properties. Figure 39 displays the variation in U /20 

versus fiL/aL for SET of < 0.5 hr characteristic of a freshly etched surface*of L 

Al 2024-T3. The solid curve of Figure 39 represents the calculated values (see 

Table 19) of ysv = 14.8 dyn/cm and y<?v = 65.5 dyn/cm while the dashed curves 

represent the standard deviations from these calculated averages. It is evident 

that ambient SET conditions provide a major shift in both v?v and y!|v for the FPL 

etched surface of Al 2024-13, as indicated by Table 19 which exceed the uncer¬ 

tainties reflected in the standard deviations i6d *óp. Curves of average values 

of ysv and YPy versus ambient SET from the data of Table 19 are plotted in Fig 
A0. 

FPL etch treated Al 2024-T3 can be combined on a "wettability 

envelope" diagram, as defined by Eq. 13 of Section II.B.6, and shown in Fig. 41. 

The distance of Y^y and Y^y extending from the origin Yd s 0, yP * 0 to a par¬ 

ticular wettability envelope curve describes a condition of sprçîdlrg cos e = 

1.0 for the liquid on the solid surface. The avorage values of Yd «nd yP for 

HT424 primer, from Table 19, are represented in Figure 41. It may be noted 

that all the wettability envelopes for FPL etched Al 2024-T3 at 
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TADLE IZ- Cosint of Liquid-Solid Contact Angle 6 of Acid Etched 

AI-2024-T3 at various SET Conditions (23°C and 50±5X R.H.) 

Surface 
Time 

Test 

Liquid 

water 

glycerol 

ethylene 
glycol 

tricresyl 
phosphate 

poly glycol 
JM2U0 __ 

Exposure 
(hr) 

LV 
(dyn/cm) 

0 to 0.5 23 

cos e cos 0 

51 

COS 0 

126 

COS 0 

219 

cos 0 

72.8 

64.0 

48.3 

.99/6 

.9976 

.9998 

.9849 

.7880 

.9962 

.9455 

.9063 

.9986 

.500 

.2756 

.9903 

-0.1392 

-0.1737 

0.8660 

40.9 

31.3 

.9962 

.9945 

.9926 

.9877 

.9962 

.9926 

.9816 

.9816 

0.9848 

0.9659 

TACLE IS: Analysis of Liquid-Solid Interactions 
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TABLE 19: Calculated Soiid-Vapor Surface Tension Properties 
by the Determinant Method 

Surface Exposure 
time (hr) 

0 - 0.5 

23 

51 

126 

219 

14.8 i 5.2 

14.0 ± 5.6 

14.9 ± 5.2 

25.3 + 5.3 

47.7 ± 12.0 

65.5 ± 14.0 

59.1 ± 11.9 

58.0 ± 11.4 

20.4 i 8.0 

7.4 ± 2.4 

80.3 ± 9.4 

73.1 ± 6.5 

72.9 ± 6.6 

45.7 ± 3.7 

55.2 ± 12.0 
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Fig. 38. Variation of cos e vs ylv with StT for FPL etch Al 2024-T3. 
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Fig. 39. Variation in Wa/2aL vs ßL/aL for FPL etch Al 2024-T3 
with SET at 0 to 0.5 hr in ambient air. 
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mpppHMW PIPI 

Fig. 40. Effect of SET at 23°C and 50 ± 5X R.H. on calculated 
values for y$v and ysJ for FPL etch Al 2024-T3. 
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Fig. 41. Wettability envelopes for Al 2024-T3 with FPL etch and 
SET at 23°C, 50-60X R.H. 
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different ambient SET conditions enclose the surface tension properties of HT424 

primer. Since the wettability envelopes of Figure 41 are based upon the average 

values of and y^ from Table 19, the uncertainties inherently expressed by 

±6^ and ±6^ are not illustrated. 

These studies provide more detailed information than available pre¬ 

viously concerning the effects of surface exposure time under ambient air 

atmosphere upon the wettability and interfacial bonding properties of etched 

Al 2024-T3. Despite the obvious complexities introduced by micro-roughness, 

adsorption layers, and possible ionic-covalent mechanisms of bonding, it is 

evident that the analysis summarized in Section II.B.6 is capable of resolving 

significant changes in the surface energies and surface treated Al 2024-T3. 

A special set of integrated experiments were implemented to examine 

the relationship between metal surface properties and adhesive joint strength 

as a function of SET at 54°C and 95% R.H. The surface treatment applied to 

Al 2024-T3 is the FPL etch. Subsequent to the etching treatment the Al 2024-T3 

specimens were stored in a closed environment at 54°C and 95% R.H. for varying 

degrees of surface exposure time. 

After varying levels of SET at 54°C and 95% R.H. the Al 2024-T3 

samples were withdrawn to ambient atmospheric (23°C and 50 + 5% R.H.) conditions. 

A portion of these samples were utilized in wettability studies and surface 

energy analysis. The remainder were conditioned briefly under ambient atmosphere 

then spray coated with HT424 primer solution and dried according to manufacturer's 

recommendations as follows: 

1) 30 min dry at 23°C, 

2) 60 min dry at 66°C. 

The average thickness of the dried primer layer is 0.001. These primer coated 

surfaces were subsequently bonded into standard lap shear joints using HT424 
2 

structural adhesive film (0.135 Ib/ft ) and cured under 50 psi pressure for 

60 min at 171°C. 

Liquid-solid contact angles on the Al 2024-T3 samples after SET at 

54°C and 95% R.H. were conducted at 20°C in the B-100 Environmental Chamber of 

the NRL contact angle apparatus (Rame-Hart Inc.) using sessile drops. The 

results of contact angle measurements, reported in terms of the cosine of the 

advancing contact angle a, are summarized in Table 20. These data were converted 

to values for nominal work of adhesion and re-expressed in Table 21 in terms 
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Iibi.e-20: Cosine of the liquid-solid contact angle o of sulfuric-chrome 

etched A1-2024T3. at various SET conditions (55°C and 95% R.H.) 

Surface Exposure - I 
Time (hr) ^ j 2 

1 

C
SJ 

C
O

 92 

Test; v,w j 
Liquid (dyS/cm) cos0 | cos[l 

I 
COSO COSO cose 

glycerol 

ethylene 
glycol 

tricresyl 
phosphate 

polyglycol 
P-1200 

64.0 

48.3 

40.9 

31.3 

.9976 

.9998 

.9962 

.9945 

.2079 

.9205 

.9703 

.9816 

.3305 

.7772 

.9598 

.9744 

.4384 

.4540 

.9945 

.9782 

-.2079 

-.1219 

.6293 

.9744 

Table 21 : Analysis of Liquid-Solid Interactions 

Surface Exposure 
Time (hr) 

! 
0 1 2 8 

f 

21 
“1 

92 

ylv Wa/2a. (dyn/ cm)^ 

72.8 9.34 1.53 

64.0 11.66 .94 

48.3 10.83 .81 

40.9 12.52 .21 

31.3 9.90 .53 

15.57 

10.96 

8.92 

6.52 

6.31 

12.15 

6.63 

8.56 

6.44 

6.26 

6.84 

7.30 

7.93 

6.40 

6.24 

5.00 

7.90 

6.49 

6.52 

6.25 

3.55 

4.35 

3.92 

5.32 

6.24 



described by Eq. 9 of Section II.B.6. The results of determinant calculations 

which isolate averaged values of y<|u> and in conjunction with standar 

deviations from the mean ±5, ±6^, and ±6 are summarized in Table 22. 

Plots of cos e versus ylv for various SET conditions at 54°C and 

95% R.H. are shown in Figure 42. These curves illustrate that the polar liquids 

with (sL/aL) ^ 0*8 display the most pronounced shift in cos e with SET. In 

Table 21 this result is expressed as a decrease in calculated values of Wa/2oL 

with increased SET. The values of and y^y summarized in Table 22 are 

plotted versus SET in the curves of Figure 43. The curves of Figure 43 display 

an initial rapid increase in yj?v and concurrent decrease in y^y over the first 

8 hr. period of SET at 54°C and 95% R.H. similar to that for longer SET at 23°C 

and 50 ± 5% R.H. (see Figure 40). A direct correlation of these two experiments 

is obtained by the time ratio: 

. SET(23°C, 50% R.H.) a ,8 , 
TC SET(54°C, 95% R.H.) 

(21) 

where a-j-r is a dimensionless time shift factor that includes both the effects 

of increased temperature and humidity. 

Figure 44 illustrates the superposition of the values of y^y (upper 

curve) and y?v and y^y (lower curves) and an SET characteristic of ambient 

surface exposure at 23°C and 50 ± 5% R.H. The data points represent the averaged 

values of ysv, y^y, y£v and the vertical bars identify the uncertainty represented 

by ±4, rid, and ±6^, respectively. Figure 44 illustrates that Eq. 5 of Section 

II.B.6 provides an effective basis for representing SET effects over an extended 

time range at ambient aging conditions by shifting the data of Table 22 to longer 

times characteristic of slow aging at ambient SET. The reduced data represented 

in Figure 44 covers a time range 0.25 hr i SET (23°C, 50% R.H.) < 5250 hr (218 day). 

The "wettability envelopes" for Al 2024-T3 with FPL etch and SET 

at 54°C and 95% R.H. are shown in Figure 45. The distance of yjy and y£y extending 

from the origin yd = yP = 0 to a particular envelope describes a condition of 

spreading cos 8 = 1.0 for the liquid on the solid. The averaged values of y 

and y^ for uncured and cured HT424 primer fall within all of the wettability 

envelopes representing the SET conditions of Table 22. 

The results of this wettability study shows that the surface energy 

■'SV= YSV + YSV = 4 + 8S of FPL etched A1 2024-T3 surfaces undergoes a systematic 
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Table 22; Calculated Solid-Vapor Surface Tension Properties by 

the Determinant Method 

Surface Exposure 
Time (hr) 

0 

2 

8 

21 

92 

14.8 ± 5.2 

24.7 ± 5.0 

45.6 ± 7.8 

59.0 ± 17.1 

40.1 ± 7.4 

65.5 i 14 

25.6 ± 11.4 

2.6 ± 1.1 

7.2 ± 3.4 

5.6 i 2.7 

YSV 4 6 

80.3 ± 9.4 

50.3 ± 7.2 

48.2 ± 7.5 

66.2 ± 19.5 

45.7 ± 10.0 
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Fig. 42. Variation in cos 9 ylv with SET at 54°C, 95% R.H. 
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Fig. 43. Effect of SET et 54"C, 95* R.H. on calcul.ted aver.oe 
values of y$J and ysJ. 
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log (SET) (hr at 230C, 50ï R.M.) 

Fig. 44. Superposition of SET with v = 
(open points) and SET 540C,95X 
line shift factor aTc = 58.5. 

YSV + YSV at 23°c* 504 R-H- 
R.H. (solid points) by the 
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LIQUID POLAR PART (OTN/CM) 

Fig. 45. Wettability envelopes for Al 2024-T3 with FPL etch and 
SET at 54°C, 95* R.H. 
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shift with surface exposure time (SET). It is of interest to examine the conse¬ 

quences of this transition in the wettability and surface energy of Al 2024-T3 

as it relates to the mechanisms of interfacial bonding and fracture with the 

HT424 adhesive system utilized in lap shear tests for evaluation of performance 

and reliability. 

The average values of the surface energy properties for HT424 

(designated phase 1) and FPL etched Al 2024-T3 (designated phase 3) at varied 

conditions of SET are summarized in Table 23. The shift in the balance of 

versus s for Al 2024-T3 with increasing SET is illustrated in the diagram of 

Figure 46. It nay be noted in Figure 46 that all of the a^, data points are 

farther removed from the origin a=8=0 than the circled point for HT424 indicated 

as n^ = 5.21 (dyn/cm)* and = 3.31 (dyn/cm)^. Figure 46 provides a compact 

graohic statement of the experimental result that the calculated values of the 

interfacial work of adhesion between adhesive and adherend as defined by 

the following relation: 

= 2(aja- erg/cm^ (22) 

exceeds the work of cohesion for HT424 which is defined by the relation: 

Wn = 2(¾^ + 3^) = 76.2 erg/cm2 (23) 

Calculated values of are tabulated in the lower right columns of Table 23 

and graphed as a funct’on of SET at 540C and 95% R.H. in the upper curve of 

Figure 47. The reduced SET time scale for the upper curve of Figure 47 combines 

previously reported data for SET at 23°C and 50% R.H. and SET at 54°C and 95% 

R.H. One notes that the calculated values of diminish in a monotonie fashion 

with increasing SET over the first 10 hour period and then display an apparent 

time invariance. The lower curve of Figure 47 plots experimental data for the 

averaged values of lap shear bond strength as a function of SET time between 

FPL etch treatment and bond formation. It may be noted that the variation in 

cb with SET shows a close correspondence with the variation in W13 with SET as 

was noted in Figures 35 and 36 for other surface properties. 

Based upon the correlation demonstrated in Figure 47 between the 

nearly equivalent effects of surface exposure time (SET) upon interfacial work 

of adhesion W^, the lap shear bond strength and the interfacial bond strength 

Op the propositions outlined by Eq. 14 through Eq. 18 of Section II.B.6 were 

applied. While the modified Griffith failure criteria defined by Eq. 14 of 
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TAP’ E 23 

Surface Energy Analysis and Work of Adhesion Between 

HT424 (phase 1) and Sulfuric-Chromate Etched Al 2024-T3 

(phase 3) at Varied Surface Exposure Tires (SET) 

A: Adhesive Surface Properties: 

Material 

Uncured HT424 

Cured HT424 

al 
(dyn/cm) 

5.36 

5.05 

Averaged values: o1 = 5.21 

6 1 
(dyn/cm) 

3.21 

3.42 

81 = 3.31 

* 

B. Adherend Surface Properties and Work of Adhesion W,-, 
* I O 

SET (hr) 

(23°C-50% R.H.) 

0.25 ± .25 

23 

51 

126 

219 

Reduced SET(hr) 

54°C-95% R.H. 

.0043 

.39 

.87 

2.15 

3.74 

3.85 

3.74 

3.86 

5.03 

6.91 

8.09 

7.69 

7.62 

4.52 

2.72 

13 
(dyn/cm)^ (dyn/cm)* (erg/cm2) 

93.7 

89.9 

90.7 

82.3 

90.0 

SET (hr) 

(54°C-95X R.H.) 

0 

2 

8 

21 

92 

= 0 (.0043) 

2 

8 

21 
92 

3.85 

4.97 

6.75 

7.68 

6.33 

8.09 

5.06 

1.61 

2.68 

2.37 

93.7 

85.3 

81.0 

97.8 

81.6 
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and Al 2024-T3 adnerend (phase 3). 
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Wji (HT424 Adhesive) “ 76.2 erg/cm^ 

70 1-1-\_L 
o 20 40 60 80 100 120 

Reduced SET (hr) at 54°C and 95Ï R.H. 

Fig. 47. Dependence of interfacial work of adhesion W,. (upper curve) 

and lap shear bond strength (lower curve) at varied SET. 
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Section II.B.6 represents a highly idealized boundary failure criteria it makes 

a useful simplified basis for correlating fracture mechanics and surface energetic 

arguments. 

The averaged values of * 5.21 (dyn/cmj^ and ß1 * 3.31 (dyn/cm)* 

define the surface properties of HT424 primer as summarized in Table 12. For 

surface aged Al 2024-T3, surface energy analysis has defined the following 

values (see Tuble 23) as representing a fully aged surface at high SET: 

SET (hr) 

at 54°C and 95% R.H. 

21 

92 

averaged values: 

(dyn/cm) 

7.68 

6.33 

4 

= 7.00 

S3 

(dyn/cm) 

2.68 

2.37 

ß3 = 2.52 

* 

These surface energy parameters for HT424 and etched A1 2024 T3 are indicated 

in the a versus ß diagram of Figure 48 (left view). The points H = 6.11 and 

K = (^cm^ defined by Eq. 17 and Eq. 18 of Section II.B.6 represent the 

locus of the vectors R0, R(air) and R(H20) where for air (a2 = ß2 = 0) and for 

HgO [a2 = 4.67 (dyn/cm)^ and ß2 = 7.14 (dyn/cm)^] for interfacial failure, with 

*1 = 1_*c s 1,0 between HT424 «"d Al 2024-T3. The right view of Figure 48 

presents the function of «(«c)versus R which may be generated from Eq. 14 

of Section II.B.6 for the case where E, and c are assumed constant. The pre¬ 

diction from the Griffith surface energy analysis is that: 

oj (H20) 

(air) 0.644 (24) 

Equation 24 expresses the equilibrium ratio of Oj (HgOj/oj (e.ir)at exposure 

time t ■ • and therefore is a minimum expected value where other factors of 

Eq. 14 of Section II.B.6 'emain invariant. 

The critical Griffith stress dQ for cohesive failure in HT424, 

with $c ■ l-$j ■ 1.0, may also be made for air and water immersion in similar 

fashion. In this case where the locus of failure is within phase 1, we make 

“T “ a3 ° H * 5.21 (dyn/cm)* ß] ■ ß3 » K = 3.31 (dyn/cm)* with RQ » 0. The 

left view of Figure 49 shows the argument in terms of the a versus ß coordinates. 

The right view shows the simple linear form for the Griffith function generated 
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from Eq. 14 of Section II.B.6 for RQ = 0. 

calculated ratio is as follows: 

°c (»2°) _ 
\ (air) 

The close similarity between Eq. 24 and Eq. 25 indicates that a water environ¬ 

ment should not preferentially promote interfacial failure and that a distinc¬ 

tion cannot be made as to the expectation of interfacial vs cohesive failure 

from the wettability analysis. However, a comparison of predicted values of 

(H20)/o.(air) and oc(H20)/oc(air), calculated from the wettability analysis, 

can be compared with observed joint degradation in the next section. 

3. Joint Aging (BET) Effects 

Al 2024-T3 samples were given the FPL etch and bonded at SET = 0 and 

SET = 20 hrs. They were then fractured after various lengths of time in a 

humidity chamber at 95% R.H. and 54°C. The experimental results are given in 

Tables 24, 25 and 26, and the average values of ob and *c are plotted in Fig. 

50. The effect of bond exposure causes ob to decrease and then level off after 

about 200 hrs. At about 700 to 800 hrs ab decreases some more. Ihe ob values 

for SET = 20 hrs correspond to the lower values expected from Fig. 36. The 

fraction of the surface <fc that failed cohesively remains almost constant with 

BET and also shows the expected decrease at SET = 20 hrs (from Fig. 36). Since 

i*c remains almost constant at about 0.8, it is concluded that degradation during 

BET is mainly due to weakening of the adhesive rather than degradation at the 

interface. 

Finally, Fig. 51 shows a profile of the SET and BET response surface 

for lap shear bond strengths of 2024-T3 aluminum and HT424 adhesive. It should 

be noted that the initial and final values of BET, bond strengths ob % 3200 psi 

and ab = 2200 psi correlate closely with the work of others (see ref. 38, Table 

15, page 74) for the A1-HT424 system. 

It is interesting to note that the predicted ratio a(H20)/o(air) - 0.64 

for interfacial or cohesive degradation is in close agreement with the experimental 

ratio of ob at SET = 0 hr, BET = 0 hr, to that of ob at SET = 20 hr and BET = 

1000 hrs (Fig. 51) 
ab (20 hr SET, 1000 hr BET) 
-D __ _ 2250 psi _ n 

ab ( 0 hr SET, 0 hr BET) ^ 3250 psi ' 0,69 

For cohesive failure in HT424 the 

0.63 (25) 

(26) 
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3 
4 
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6 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
3 

TABLE_24: Compilation of Lap Shear Test Data for Sulfuric-Chromate Etched 
Al 2024-T3 with Bond Exposure Time (BET) at 54°C and 95* R H 
(all bonds fabricated with SET » 0 hr) 

°b 
(psi) 

3260 
3190 
3520 
3170 
3330 
3120 

2560 
2310 
2710 
2680 
2450 
2670 

2330 
2130 
2640 
2790 
2520 
2560 

2510 
2470 
2590 
2520 
2390 
2430 

2270 
1830 
2070 
2410 
2480 
2140 

2470 
2190 
2600 
2430 
1970 
1850 

.30 

.35 

.20 

.30 

.25 

.20 

.20 

.25 

.15 

.15 

.30 

.25 

.30 

.30 

.15 

.20 

.30 

.20 

.25 

.20 

.10 

.20 

.40 

.30 

.25 

.45 

.20 

.20 

.20 

.20 

.25 

.25 

.20 

.20 

.30 

.30 

.70 

.65 

.80 

.70 

.75 

.80 

.80 

.75 

.85 

.85 

.70 

.75 

.70 

.70 

.85 

.80 

.70 

.80 

.75 

.80 

.90 

.80 

.60 

.70 

.75 

.55 

.80 

.80 

.80 

.80 

.75 . 

.75 

.80 

.80 

.70 

.70 

V*I 

10867 
9114 

17600 
10567 
13320 
15600 

12800 
9240 

18066 
17866 
8167 

10680 

7767 
7100 

17600 
13950 
8400 

12800 

10040 
12350 
25900 
12600 
5975 
8100 

9080 
4066 

10350 
12050 
12400 
10700 

9880 
8760 

13000 
12150 
6567 
6166 

2.33 
1.86 
4.00 
2.33 
3.00 
4.00 

4.00 
3.00 
5.67 
5.67 
2.33 
3.00 

2.33 
2.33 
5.67 
4.00 
2.33 
4.00 

3.00 
4.00 
9.00 
4.00 
1.50 
2.33 

3.00 
1.22 
4.00 
4.00 
4.00 
4.00 

3.00 
3.00 
4.00 
4.00 
2.33 
2.33 

BET 

(hr) 

165 

449 

621 

808 

1023 
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..... .... 

IA-B-LE 25: of LaP Shear Test Data for Sulfuric-Chromate Etched 
Al 2024-T3 with Bond Exposure Time (BET) at 54°C and 95% R H 
(all bonds have 20 hr SET at 54°C and 95% R.H.) 

Test 
No. 

1 

2 

3 

4 

5 

6 

% *1 *c 
(psi) (visual) 

2920 .55 .45 

2700 .55 .45 

2790 .55 .45 

2970 .55 .45 

2600 .55 .45 

2950 .55 .45 

V*! 

5309 

4909 

5073 

5400 

4727 

5364 

0.82 

0.82 

0.82 

0.82 

0.82 

0.82 

BET 

(hr) 

0 

1 

2 

3 

4 

5 

6 

2500 .25 .75 

2150 .45 .55 

2310 .35 .65 

2160 .35 .65 

2270 .35 .65 

2180 .35 .65 

10040 

4778 

6600 

6170 

6486 

6229 

3.00 171 

1.22 

1.86 

1.86 

1.86 

1.86 

1 
2 

3 

4 

5 
6 

2520 .35 .65 
2250 .45 .55 

2480 .45 .55 

2170 .45 .55 

1940 .50 .50 
2400 .35 .65 

7200 
5000 

5511 

4822 

3880 
6857 

1.86 333 
1.22 
1.22 
1.22 
1.00 
1.86 

1 
2 
3 

4 

5 

6 

2200 .30 .70 
2240 .35 .65 
2250 .40 .60 

2230 .40 .60 

2290 .40 .60 

24.0 .35 .65 

7333 
6400 
5625 

5575 

5725 

6886 

2.33 669 
1.86 
1.50 

1.50 

1.50 

1.86 

1 
2 
3 

4 

5 

6 

2260 .40 .60 
2070 40 .60 
2440 .40 .60 

2030 .45 .55 

1940 .40 .60 

2220 .40 .60 

5650 
5175 
6100 

4511 

4850 

5550 

1.50 983 
1.50 
1.50 

1.22 
1.50 

1.50 
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TABLE 26: Brief Summary of SET and BET Effects at 54°C and 
95% R.H. Upon Lap Shear Bond Strenoth of HT424 

Adhesive and Etched A1-2024-T3 

SET 6ET °b * 

(hr) (hr) (psi) 

Number of 

Test Specimens 

0 0 

6 0 

20 0 

43 0 

119 0 

3250 ± 300 

2950 ± 47 

2780 ± 50 

2930 ± 180 

2830 ± 320 

3 

3 

3 

3 

3 

0 0 

2 0 
21 0 
48 0 

92 0 

3085 ± 250 

3120 ± 240 
2850 ± 170 
2740 ± 380 

2850 ± 180 

6 

6 
6 
6 

6 

0 

0 

0 

0 

0 

0 

0 

165 

449 

621 

808 

1023 

3263 ± 107 

2563 ± 123 

2495 ± 177 

2485 ± 55 

2200 ± 187 

2252 ± 248 

6 
6 

6 
6 
6 

6 

20 0 2822 ± 125 

20 171 2263 ± 100 

20 333 2293 ± 173 

20 669 2270 ± 53 

20 983 2162 ± 147 

6 

6 

6 

6 

6 

120 1009 2290 ± 123 6 
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Fig. 50. Plot of ob and è vs BET at 54#C, 95X R.H. SET « 0 and 
20 nrs • 

109 



Fig. 51. SET and BET response surface for lap shear bond strength for Al 2024-T3-HT424 

no 



B* TjLtoni> Adfi?rgAd¿ 

Surface Character vs. Joint Strength 

a* Ellipsometry 

Elllpsoflietry results for phosphete-fluorlde films on T1-6A1-4V 

are reported In Table 27. The values of nf and d on the right of Table 27 

are he refractive Index and film thickness computed for a range of values 

of the absorption coefficient For ion sputtering experiments the film 

is removed In about 12.5 minutes (see Table 28). Sputter removal for other 

oxides have proved to be about 10 to 15 A/min In our system. If the sputter 

T 'VI?6 f0r the PhOS‘’h*te-,1“or,de f1,m O" T'-6-< We film Is of the 
nr -Vn * Th'S ,a,ue corr*sPonds with the elllpsometer results If - - ■ ■ results 

¿.8, K - 0.1 (no solution was found for < = 0). Since the refractive 
. Of tl T.jinîijfn H i r* V i A* _ 

index of titanium dioxide is reported*181 to be about n. • 2.6 to 2 9 and 

*f " ° "V1"" V,,,“S 0f "f K5i ‘f = °-8 f°r 8 ~ 500 Â. seem to be 
unreasonable, a value of about 200 A may be more correct. To check the 

elllpsometer measurements, the thickness of the film was measured by means of 

reflection interference microscope. In this technique, the film was picke, 

(i °\ánn lí5 ?de ind eXan,,ned in renecti0" us1"9 » thallium light source 
,, 5400 A)- 0ne bMm is Tef'ected off the glass slide while the other is 

rCtrf the t0P °f the fi,m: the fHnge ^^1 moment in the image of the 
combined beams is a measure of the film thickness. Figure 52 shows a piece of 

s .LdtPoTrr,f/"m a 9'aSS S”de- The d1sp1acement due to the film 
-s about 0.2 of theofringe distance. Therefore, the film thickness is about 

0.2 X 5400/2 . 540 A. Since the interference microscope measurement is an 

absolute measurement, independent of the refractive index, it is concluded 

‘toThii'rrrfro"t,,e Ti‘6'4 and p,aced w a 8,ass sii8e ^ ind..d 
5A0 A but that the removal process has increased its thickness. This appears 

«ven more likely when considering the observations made during the film removal 

The film that is removed from T1-6-4 is yellow-brown with the oxidi 

*yr °P; Wh'n th1s fni" 1s washed wtth ««ter the yellow-brown layer appeal 
to dissolve leaving the oxide layer on the microscope slide. This same obser- 

™ade by Ham1't0" and L^^(,3) (Pocaonel communication). Two things 
make the oxide films appear too thick in the interference microscope, an 

a>r gap between the film and the slide, or some of the yellow-brown layer was 
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TABLE 27 

Ellipsometric Results for the Phosohate-Fluoride Film on Ti-6-4 

X = 6328 A, Angie of Incidence = 70°, n = 3.09 (1- i 1.11) 

4 iji 

72.24 27.86 

Computer Solutions 

K n d 

(A) 

.1 2.85 200 

.2 2.46 256 

.3 2.16 310 

.4 1.93 356 

.5 1.75 397 

.6 1.65 428 

.7 1.58 464 

.8 1.52 514 

Interference Microscope 540 

112 
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TABLE 28 

Ellipsometry and Sputter Time for T1-6A1-4V with Various 

Surface Treatments (Angle of Incidence 70°) 

Surface 
Treatment A û 

Phosohate-fluoride 6328 72.86 

Nitric Acid-flucride 5461 100.04 

TURCO 5461 88.10 

Film Sputter 
Thickness time 

'P <f Â min 

27.86 2.84 0.1 200 12.5 

30.38 2.10 0.0 130 10 

24.34 2.80 0.3 184 12.5 

Sputter 
rate 

A/min 

16 

13 

15 

113 



Fig. 52. Photograph from reflection interference microscope (x= 5400 A)



not removed by the water. As for the aluminum surface after the FPL etch the 

titanium surface after the phosphate-fluoride treatment is very rough. If the 

film is removed with the same topography as it has on the metal, the distance 

between a plane touching Points along the bottom of the film and a plane touching 

points along the top would be much larger than the actual film thickness. Aside 

from effects of roughness of an order much less than the wave length of the 

light used, ellipsometry does not suffer from this problem. Only light reflected 

from facets with the proper angle of incidence is accepted by the analyzer; 

light from all other facets of the rough surface are scattered away from the 

detector. It appears that the phosphate-fluoride films formed on Ti-6-4 by the 

Gillette researchers were quite different from ours. Their films were reported 

to be of the order of 3000 A as compared to our 200-500, their films were 

crystalline - ours amorphous and their films contained fluorine - ours may not 
have. 

It is believed that the differences may be due to the differences 

in phosphate-fluoride treatment used at Gillette as compared to that at the 

Science Center or to the oxide film removal process. Table I of Appendix B 

shows the step by step treatment at Gillette031 and General Dynamics'4'1 to 

compare with our Table 2. Although each process is referred to as the phosphate- 

fluoride process, each has slightly different conditions. In a recent report*421 

Alexander (at L.A. Div. of MI) points out the large effect slight differences 

in the detail steps can have. He used the Battelle formulation and found that 

80*F gave a completely different film (with respect to SEM) as compared to that 

found at !85°F. He also found that the rinse time was critical as to the film 

formed and the bonding characteristics. Both the Gillette workers and Alexander 

found fluorine in their films, whereas we found that if F was present it was 

masked by an Fe peak. This effect may be similar to our not observing chromium 

on FPL etched aluminum. A 24 hr period in our vacuum system may have removed 
the fluorine. 

b. Auger Spectroscopy 

Figure 53 1s an example of an Auger electron spectrogram for a 

T1-6A1-4V sample. The spectrogram was performed after the phosphate-fluoride 

treatment but prior to ion sputtering. The surface elements present are the 

alloy elements (see Table 4) Ti, Al, V, Fe, C, N and 0 as well as surface con. 

tamination P, Ni, S, and Cu. If F is present it is masked by the Fe (650 eV) 
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Fig. 53. AES for T1-6A1-4V after the phosphate-fluoride treatment. 
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peak. Figure 54 shows the AES after 40 minutes of Ar Ion sputtering. The 

surface contamination has been greatly reduced but of course the alloy elements 

are still present. The APPH values prior to ion bombardment for surfaces pre¬ 

pared by the phosphate-fluoride, nitric acid-fluoride and TURCO treatment are 

compared in Table 29. 

c. Chemical Profiles 

Figures 55, 56 and 57 are chemical profiles for films formed on 

TÍ-6A1-4V by the phosphate-fluoride, the nitric acid-fluoride and TURCO surface 

treatments, respectively. An interesting feature of Figures 55, 56 and 57 and 

Table 29 is that the surface phosphate-fluoride treatment with the least surface 

contamination produced the strongest bonds. In Figure 57 for TURCO treated 

TÍ-6A1-4V the oxygen APPH increases during the initial sputtering as the carbon 

contamination is removed. These chemical profiles give a qualitative analysis 

of the elements that are in the chemical films. 

d. Surface Potential Difference 

The SPD for three different surface treatments are recorded in 

Table 29. There seems to be no correlation between SPD and bond strength or 

any of the other surface parameters. 

6. Microscopy 

Figures 58 and 59 show SEM photographs at X1000 and X4000 for the 

phosphate-fluoride, TURCO, nitric acid-fluoride and PASA JELL surface treatment 

of TÍ-6A1-4V. The surfaces that result from the nitric acid-fluoride and the 

PASA JELL treatment (Fig. 59) look very much alike and are very similar to SEM 

pictures reported by Lively(43) at LTV Aerospace Corp. and Rauch and Reddy(44) 

at American Cyanimide. The SEM photographs for the TURCO treatment are quite 

different than for the nitric acid-fluoride or PASA JELL treatment and are 

similar to pictures reported by Alexander4^ at the Los Angeles Division of 

Rockwell International. 

The most controversial SEM results are for the phosphate-fluoride 

treatment. Alexander demonstrated that what was considered to be minor changes 

in the phosphate-fluoride procedure could cause dramatic changes in the surface 

morphology. Although for this report we used the NR phosphate-fluoride treat¬ 

ment (per ST0610LA0004, see Table 2) recommended by Alexander, our micrographs 
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Fig. 55. Chemical profile of film on T1-6A1-4V after the phosphate- 
fluoride treatment. K 
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Fig. 56. Chemical profile of film on TÍ-6A1-4V after the nitric 
acid-fluoride treatment. 
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(a) lOOOX Phosphate-fluoride Ti-6A1-4V (b) 4000X

.«*DS,-V ■ . 'V«-^ •

(c) lOOOX I urco Ti-6A1 -4v' (d) 4000X

Fig. 58. SEM of a T1-6A1-4V surface after the phosphate-fluoride 
(c and d) treatments.
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(a) lOOOX

0f>m d '^1 '
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Nitric acid-fluoride Ti-6A1-4V (b) 4000X

W. V K V

-v'

*■* idA V '

(c) lOOOX Pasa Jell Ti-6A1-4V (d) 4000X

Fig. 59. SEM of a Ti-6A1-4V surface after the nitric acid 
(a and b) and PASA JELL (c and d) treatments.



do not look like those reported by him^42^ for the same treatment. The SEM 

pictures for the phosphate-fluoride treatment in Fig. 58 look more like those 

reported by Alexander (ref. 42, Fig. 2) for the Battelle 185°F phosphate- 

fluoride treatment, but with less pronounced drystallite growth. There is some 

resemblance to the photographs reported by Hamilton and Lyerly^13^ which show 

sharp grain boundaries but much less crystallite growth. A comparison of the 

details for the phosphate-fluoride treatment is given in Appendix B. 

It will be observed that slight differences in procedure do exist and may 

account for the differences in SEM results. 

Microscopic examination of factored bonds for TÍ-6A1-4V and HT424 

adhesive, reveals the natural porosity of the adhesive as was found in the A1 

study. Figure 60a shows photographs of two halfs of a fractured bond that failed 

cohesively. About SOX of the bond area is void although a layer of adhesive is 

attached to the metal over the entire bond area. Figure 60b shows photographs 

of two matching halfs of a bond that failed interfacially in the center portion 

and cohesively at the top and bottom. The natural porosity is noticeable in the 

areas that failed cohesively. The picture on the right of Fig. 60b shows the 

oxide-primer interface between the glass fiber net. The picture on the left 

shows the matching adhesive surface. Contrary to photographs of Al 2024-T3 - 

HT424 fracture surfaces, the bright areas are adhesive surface, the dull metal- 

oxide surface. Although the distinction is not easily determined from the 

photographs, there is no question when observing under the microscope which area 

is adhesive and which is metal. 

The SEM photographs in Fig. 61 show fracture surfaces after a tensile 

test of a TÍ-6A1-4V - HT424 lap shear joint. Figure 61a is a low magnification 

picture (X20) showing the top of the adhesive (left side), glass fibers and 

metal-oxide Interface (central). Considerable adhesive or primer adheres to 

the oxide as seen in Figure 61b (X200). Figure 61c is a high magnification 

(X4000) of the oxide surface and Figure 61d is the mating adhesive surface 

which replicates the oxide. The oxide surface after bonding and fracture 

(Fig. 61c) is similar to that prior to bonding (Fig. 60b) except the surfaces 

in each grain appear more rounded. There does not appear to be any oxide par¬ 

ticles adhering to the adhesive surface in Fig. 61d, indicating failure to be 

at the primer-oxide Interfax in this region. 
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The film on a phosphate-fluoride treated sample of TÍ-6A1-4V was 
( 13) 

removed using the technique described by Hamilton and Lyerlyv in Gillette 

Research Institute Technical Report 4185. One segment of the film was examined 

in the Philips EM-300 electron microscope and another segment was examined with 

a Zeiss interference microscope. The transmission electron micrograph in Figure 

62 reveals that the film roughly reproduces the underlying metal structure and 
(13) 

is similar to that reported by Hamilton and Lyerly' ' (see their Fig. 8). There 

are regions 2-3 microns in diameter which likely are replications of primary 

alpha particles. In addition, there are many undulations in the film super¬ 

imposed upon this structure; these undulations are apparently characteristic 

of the film and not related to the microstructure of the Ti-6-4. 

A typical selected area electron diffraction pattern from the film 

is shown in Figure 63; the very diffuse rings indicate that the film is amorphous. 

In addition to the diffuse rings there are discrete reflections appearing faintly 

in Figure 63. Dark field electron microscopy (Fig. 64) show particles that give 

rise to the reflections in the diffraction pattern. The crystalline material 

(bright spots in Figure 64)represents less than 1% of the surface layer. A 

crystal pattern of the minute amount of crystalline material was not indexable 

as any form of titanium oxide and is probably due to impurity particles. Although 

Hamilton and Lyerly report that their removed phosphate-fluoride films were 
(431 

crystalline anatase. Lively' ' found theirs to be amorphous as we report 

here. 

f. Contact Angles 

Contact angle measurements and surface energy analysis were con¬ 

ducted on cast films of the BR-34 Primer and FM34B-32 Adhesive (Bloomingdale 

Div., American Cyanamide). Both primer and adhesive films were evaluated in 

the uncured and cured states. The steps in film preparation are detailed in 

Table 30. The film preparation steps outlined in Table 30 provide smooth and 

homogeneous surfaces of the polymeric phase of the polyimide adhesive bonding 

system for wettability study. Steps (4) and (5) of Table 30 utilize a dry Ng 

blanket over the specimen in order to minimize hydrolytic or oxidative degra¬ 

dation at the film free surfaces. The results of wettability measurements and 

surface energy analysis are compiled in Table 31 through Table 33. The typical 

Zisman plots of cosine of liquid-solid contact angle cos e versus liquid surface 

tensions ylv are graphed in the upper curves of Figure 65 through Figure 68. 
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TABLE 30: Film Preparation for Wettability Analysis 

BR-34 Primer 

1) 1 part primer diluted with 5 parts BR34-2 thinner. 

2) Coated on glass slide by dipping. 

3) 30 minute air dry. 

4) 30 minute oven cry at 104°C in dry atmosphere. 

5) 60 minute oven dry at 210°C in dry N2 atmosphere. 

6) Uncured samples given 20 hour air dry and 5 hour vacuum dry. 

FM 34B-32 Adhesive 

1) Fi1m dissol ved in MEK. 

2) Coated on glass slides. 

3) Given 2 hour vacuum dry. 

4) Cured for 90 minutes at BBO^F in dry N2 atmosphere. 

5) Uncured samples given only the vacuum dry. 



TABLE 31 : Cosine of Liquid-Solid Contact Angle of 

Test Liquids on Uncured and Cured Films 

of BR-34 Primer and FM 34-B32 Adhesive 

BR-34 Primer 

(l)uncured (2)cured 
Test Liquid 

water 

glycerol 

ethylene glycol 

l-br.-napthalene 

PG-E-200 

tricresyl phosphate 

hexadecanc 

FM 34B-32 Adhesive 

(3)uncured (4)cured 

LV 
(dyn/cm) 

72.8 

64.0 

48.3 

44.6 

43.5 

40.9 

27.6 

cos e 

-.0523 

.485 

.829 

.956 

.891 

.961 

cos e 

0.000 

.438 

.616 

.951 

.799 

.934 

.9994 

cos o 

.707 

.588 

.819 

.985 

.927 

.990 

.999 

cos e 

.574 

.629 

.755 

.998 

.982 

.990 

.999 

TABLE 32: Analysis of Liquid-Solid Interactions 

2a. 

(dyn/cm) (dyn/cm)^ 

6l/aL 0) (2) 

V2\ 
(3) (4) 

( dyn/cm )- 

72.8 9.34 

64.0 11.66 

48.3 10.83 

44.6 13.36 

43.5 10.62 

40.9 12.52 

27.6 10.51 

1.53 

.94 

.81 

0.0 

0.74 

.21 

0.0 

7.39 

8.15 

8.16 

6.53 

7.75 

6.41 

7.79 

7.90 

7.21 

6.51 

7.37 

6.32 

5.25 

13.31 12.27 

8.72 8.94 

8.11 7.83 

6.63 6.67 

7.89 8.12 

6.50 6.50 

5.25 5.25 
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TABLE 33: Calculated Solid-Vapor Surface Tension 

Properties by the Determinant Method 

BR-34 Primer 

1) uncured 49.7 ± 5.8 

2) cured 38.6 + 2.6 

± 6 P 

3.1 ± 0.8 

2.8 ± 0.7 

n 1 _34B-32 Adhesive 

3) uncurcd 29.1 ± 3.6 20.4 ±4.8 

4) cured 30.9 + 2.9 15.2+2.7 

52.8 ± 5.4 

41.4 ± 2.1 

49.5 ± 2.1 

I 
46.1 ± 1.2 
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Fig. 66. Wettability data for cured BR-34 primer. 
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Fig. 67. Wettability data for uncured FH34B-32 adhesive. 
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F g. 68. WettabllUy J¿t2 fer cured rM34B-32 adhesive. 
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The lower curves of Figure 65 through Figure 68 present the data In the format 

defined by Eq. 9 of Section II.B.6. The summary of solid surface tension pro¬ 

perties presented In Table 33 shows that adhesive primer BR-34 displays sig¬ 

nificantly higher values ysJ and lower values of y$Ç than the FM34B-32 adhesive 

in both the uncured and cured state. These results would imply that the BR-34 

primer and FM34B-32 display differences in surface chemistry and also that the 

interface between primer and adhesive will display non-optimum interfacial 

bonding. The wettability envelopes for BR-34 primer are shown in Figure 69. 

Wettability studies for TÍ-6A1-4V alloy were initiated using the surface 

treatments recommended by the adhesive manufacturer for the FM34B-32 adhesive 

system. Table 2 outlines the detailed steps f»>r the metal surface treatments 

utilized in these experiments. 

The predictions from Figure 69, is that poor bonding will result between 

the BR-34 primer «r.d the FM34B-32 adhesive. Figure 70 shows the wettability 

envelope for freshly prepared nitric acid-fluoride which is essentially identi¬ 

cal to the phosphate-rloride treated surfaces of TÍ-6A1-4V. The prediction is 

poor bonding between BR-34 primer and either of the treated surfaces. 

In order to test the predictions developed by the wettability envelope 

analysis of Figures 69 and 70 a series of lap shear joints were prepared and 

tested, as indicated in Table 34. These single lap shear bonds all showed low 

bond strength and dominant interfacial failure as preducted from the wettability 

envelope analysis. The lower set in Table 34 shows that low bond strength also 

result when no primer is used. 

To test whether extraneous stresses imposed by differential thermal expan¬ 

sion during cure, influence bond strength, a T1-6A1-4V bonding jig was con¬ 

structed to replace the A1 jig and applied in bonding studies for lap shear 

strength of T1-6A1-4V adherends primed with BR34B-32 primer and bonded with 

FM34B-32 adhesive. In this experiment three sets of six adhesive joints were 

prepared using a different metal surface treatment for each set of six bonds. 

The results of these experiments are summarized in Table 35. 
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Fig. 69. Wettability envelopes for uncured and cured BR-34 
primer. 
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Fig. 70. Wettability envelopes for Nitric Acid-fluor1de and 
Phosphate-fluoride Treatment of T1-6A1-4V. 

BR-34 Primer Old Uncured □ 

Cured ■ 
New Uncured A 

Cured ▲ 
FM34B-32 Old Uncured O 

Cured # 

New Uncured O 

Cured # 

Uncured ^ 
Cured ^ 

HT424 Primer Uncured Q 
Cured a 
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TABLE 34; Results of Preliminary Study of Lap Shear Tests 

metal = TÍ-6A1-4V 

primer = Br-34 (American Cyanimid) 

adhesive = FM-34B-32 " 

Bond # 

Surface 

Treatment 

°b 
Bond 

Strength average type of failure 

1 

2 

3 

4 

5 

6 » i- 

¡ 1 ) Alkaline cleaned 

2) Br-34 Primered i 
(Primer tended to 

bead up) 

1052 psi 

728 

604 

908 

652 

1288 

872 ± 211 psi 

i 

~ 95% interfacial 

1 
1 
\ 1 

! 2 

! 3 
1 4 

! 5 
i - 

6 
1 — 

1) Alkaline cleaned 

2) HNO3-HF etched 

3) Br-34 Prinered 

(primer tended 
to bead up) 

1 

870 

1070 

broke in jig 970 ± 100 ~ 95% interfacial 

! 1 
2 

3 

4 

i 
1) Alkaline cleaned! 

2) HNO3-HF etched ! 

3) PASA Jell 107 
treated 

4) No primer 

930 

1030 

460 

broke in jig 

807 ± 231 

~ 50% interfacial 
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TABLE 35: Summary of Simple Lap Shear Bond Tests of 
BR-34B-32 Primer/FM-34B-32 Adhesive to Surface 
Treated TÍ-6A1-4V Adherends Using a TÍ-6A1-4V 
Bonding Jig and Tested at 23±1°C and 50 ±5% R.H. 

1) PASA-JELL Treatment 

Bond 

No. 

1 

2 

3 

4 

5 

6 

Qb 
(psi) 

1220 

1300 

1970 

2000 

70 

1960 

ave. a. 

1420 

ave. dev. 

± 557 

Type of Failure 

~ 50-100% at 
primer-metal 

interface 

2) TURCO Titanium Treatment 

Bond 

No. 

1 

2 

3 

4 

5 

6 

°b 
(psi ) 

840 

460 

2020 

1540 

1300 

1510 

ave. ot 

(psi) 

1278 

ave. dev. 

(psi) 

± 419 

Type of Failure 

100% at 
primer-metal 

interface 

3) Phosphate-Fluoride Treatment 

Bond 

No. 

1 
2 
3 

4 

5 
6 

°b 
(psi) 

1960 
1970 
1760 

2200 

1900 
2000 

ave. a. 

(psi) 

1965 

ave. dev. 

(psi) 

± 92 

Type of Failure 

~ 75% at 
primer-metal 

interface 
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The low values of lap shear strength reported in Table 35 for several 

standard surface treatments for TÍ-6A1-4V using the TÍ-6A1-4V alignment jig 

tend to reinforce the conclusion that poor wetting between BR34B-32 primer 

and adhesive or primer and TÍ-6A1-4V described by the wettability envelopes 

of Figures 69 and 70 is the primary cause of low joint strength. 

Experimental observations show that the BR34-32 thinner supplied by 

American Cyanamide-Bloomingdale Division for use with BR34B-32 primer produced 

an autophobic reaction to surface treated TÍ-6A1-4V adherends. This phenomena 

is characterized by initial wetting and spreading, followed by spontaneous re¬ 

traction of the liquid film to form drops of finite liquid-solid contact angles 

BR34-32 thinner shows a^tophobic effect with contact angle going from e = 0 

degree to « = 12 degrees in 10 to 20 seconds after contact with phosphate- 

fluoride etched TÍ-6A1-4V as monitored in the NRL goniometer at 23 ± 1°C. Fig¬ 

ure 71a shews the riverlet pattern produced on HNO^/HF etched TÍ-6A1-4V by the 

dried film of BR34B-32 primer as a consequence of the autoplobic wetting effect 

which leaves an uneven distribution of primer on the metal surface. Figure 71b 

shows the two fracture surfaces from the lap shear joint prepared from these 

incompletely primed surfaces in which substantial failure is evidenced at the 

primer-adhesive interface as predicted by the wettability study. It was con- 

concluded that the BR-34B-32 primer was from a bad lot and a new supply of pri¬ 

mer and adhesive were purchased. Figure 72 shows the wettability envelopes for 

the new BR34B-32 primer. The wettability parameters for the FM34B-32 adhesive 

falls within the envelope for the uncured primer. Figure 70 shows that 

the parameters for the new adhesive and primer fell within the envelopes for 

the metal surface. It is predicted that strong bonds will result between the 

new primer, adhesive and TÍ-6A1-4V adherends. 

The bond strengths for five lap shear joints with the new adhesive and 

primer are reported in Table 36. The bond strength values fall within the 

range reported by the manufacturer for this system and correlate well within 

the average value of 3121 psi reported by Lively^. The primer did not bead up 

and form a riverlet pattern as in Figure 71a. It is concluded that the first 

batch of primer was bad and that the wellability analysis revealed the fault. 
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Fig. 72. Wettability Envelopes for New BR34-32 Primer, Uncured (Solid Line) 
Cured (Dashed Line). 
New FM34B-32 Adhesive Uncured O 

Cured • 
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TABLE 36^ Adhesive Bonding of TÍ-6A1-4V (phosphate-fluoride) 

with a new batch of FM34B-32 adhesive and BR-34B-32 

primer. Lap shear joint. 

Sample Bond Strength 

_ES-T 

3500 

2440 

2940 

3080 

3380 

Avg 3068 ± 300 
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The surface tension properties of HT424 adhesive and primer fall well 

within the wettability envelope in Figure 70. Strong bonds are expected from 

the wettability analysis. The bond strengths reported for 7Í-6A1-4V-HT424 

system in Table 37 average 3358 ± 352 psi and in Table 38 they average 3143 ± 

533 psi for TURCO treatment, in accordance with the wettability analysis. 

2. Surface Aging Effects 

a. Effect of Humidity and lime 

Figure 73 shows ys^ *c for various SET aging experiments. 

Although tnere is large scatter due to an unknown uncontrolled parameter, the 

trend is towards aj « 0 and o. 5000 psi. These results are interpreted as 

failure of a weak boundary layer (oj ~ 0) at the oxide primer interface (as 

concluded from the SEM study) and failure in the adhesive of o ~ 5000 psi. 
c 

The average values of $c and (fc and õ^) ^or six bonds at each of the various 

values of SET are given in Table 47 and plotted in Figure 74. Within experi¬ 

mental scatter it appears that surface aging of the TÍ-6A1-4V at 54°C and 95% 

R.H. has no effect upon either or El 1ipsometric measurement of unbonded 

side of the samples after fracture revealed that negligible changes had occurred 

during SET (a = 72.5 ± 0.8, ÿ = 29.6 ± 0.8 after SET as compared to 4 = 72.9, 

ip = 27.9 prior to SET). 

b. Effect of SET on Contact Angles 

Samples of TÍ-6A1-4V sheet 0.063" x 1" x 2" were given the nitric 

acid-fluoride surface treatment. Wettability experiments were conducted on 

these etched surfaces subsequent to increasing surface exposure time (SET) at 

23°C and 50 ± 5% R.H. The results are compiled in Table 39 for the contact 

angle 9 measurements with test liquids of varied surface tension at four 

levels of ambient SET = 2.5 hr to 35 hr. Figure 75 shows the downward shift 

in cos e versus which results from increasing ambient SET from 2.5 hr to 

35 hr and represents diminished wettability with increased SET. These results 

of one surface treatment of TÍ-6A1-4V alloy display the same trends shown by 

earlier studies of Al 2024-T3 subsequent to the FPL etch treatment. The 

initial exploratory results were reconfirmed in more detailed studies involving 

the same surface treatment followed by seven levels of ambient SET (23 ± 0.5°C, 

50 r 5% R.H.). 
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TABLE 37: Preliminary Examination of 
Phosphate-Fluoride Treatment of TÍ-6A1-4V 

Phosphate-Fluoride Treatment 

metal = T1-6A1-4V 

primer = HT-424 parts A&B (American Cyanimid) 

adhesive = HT-424 

Results: (single lap shear bond strength) 

Bond # 

1 

2 

3 

4 

5 

6 

°b 

3550 psi 

3030 

3040 

2760 

3220 

3750 

average 

3358 

average 
deviation 

± 352 psi 

TABLE 38: Preliminary Examination 
of TURCO Treatment for TÍ-6A1-4V 

- TURCO Treatment 

metal = TÍ-6A1-4V 

primer = HT-424 parts A & B (American Cyanimid) 

adhesive = HT-424 

Results: (single lap shear bond strength) 

Bond # 

1 

2 

3 

4 

5 

6 

°b 

3710 psi 

2720 

3730 

2320 

2790 

3590 

average 

3143 

average 
deviation 

± 533 psi 
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Fig. 73. Plot of ab ys^ tc for SET, 54°C, 95% R.H., phosphate- 

fluoride treated T1-6A1-4V - HT424. 
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Fig. 74. Plot of õb and ♦ vs SET at 54°C, 95¾ R.H., for 
TÍ-6A1-4V - HT424 with phosphate-fluoride treatment. 

151 



TABLE 39: Cosine of Liquid-Solid Contact Angle 0 

of Acid-Etched TÍ-4V-6A1 (nitric acid- 

fluoride) at various SET conditions 

(23°C and 50 ± 5% R.H.) 

SET (hr) 

Test Liquid 

water 

glycerol 

formamide 

ethylene glycol 

1-br. napthalene 

P.G. E-200 

tricresy phosphate 

P.G. P-1200 

hexadicanc 

'LV 

(dyn/oTi) 

72.8 

64.0 

58.3 

43.3 

¿4.6 

43.5 

40.9 

31.3 

27.6 

2.5 

COS 6 

.839 

.839 

.974 

1.00 

1.00 

1.00 

1.00 

.999 

1.00 

5.0 

COS 0 

.848 

.788 

.875 

.921 

1.00 

.777 

.990 

.996 

1.00 

23 

cos e 

.454 

.755 

.809 

.857 

1.00 

.985 

.996 

.992 

1.00 

35 

COSO 

.438 

.438 

.875 

.731 

.996 

.927 

.996 

.992 

1.00 
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Fig. 75. Effects of SET (230C, 50 ± 5¾ RH) upon the values of cos 
Ylv for acid etched TÍ-6A1-4V 
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The results of this more detailed study, increasing ambient SET 

upon measured values of advancing liquid-solid contact angle, on HN03/HF treated 

TÍ-6A1-4V are summarized in Table 40. Liquid-solid interactions which pro¬ 

vided e > 0 and cos 0 < 1.0 were further analyzed by the dispersion-polar 

interaction relations. The summary results of this surface energy analysis as 

provided by the determinant calculation for mean values of dispersion and 

polar ysÇ components of solid-vapor surface tension = y^ + y^ and the 

respective standard deviations ±6d, ±6P, and ±6 are presented in Table 41. 

The data of Table 41 indirate that surface energy analysis provides a signifi¬ 

cant resolution of uno.,..it SET effects upon the dispersion and polar character 

of the surface treated TÍ-6A1-4V alloy. Figure 76 presents the mean values of 

YSV’ YSV and YSV Plotted as functions of SET. The curves of Figure 76 show that 

HNO^/HF etched TÍ-6A1-4V alloy displays a regular time dependent transition in 

surface properties with major changes during initial surface aging at SET = 0 - 

24 hr at 23°C and 50 ± 5¾ R.H. 

The results shown in Figure 76 for surface treated TÍ-6A1-4V may 

be compared with those previously reported for the FPL etched Al 2024-T3 in 

Figure 42. Whereas Al 2024-T3 showed approximately stable surface properties 

from SET = 0 to 50 hr at 23°C and 50 ± 1% R.H., followed by changes to 

~ 300 hrs, it is evident that immediate changes occur with surface treated 

TÍ-6A1-4V alloy. This initial instability prevented meaningful wettability 

measurements on surface treated TÍ-6A1-4V at times where SET < 2.5 hr. The 

net effects of SET in reducing y^ and increasing y^ are similar for both 

TÍ-6A1-4V and Al 2024-T3 surfaces. The consistent shift of the values of 

as = YSV * versus 8s = YSV ^ Parties of HN03/HF treated TÍ-5A1-4V are 

shown in Figure 77 and these closely follow similar plots shown previously for 

the FPL etched Al 2024-T3 (Figure 48). 

The wettability envelope for the HN03/HF etched TÍ-6A1-4V surfaces 

at varied levels of ambient SET covered by Table 40 and Table 41 are displayed 

by the curves of Figure 78. It may be recalled that if the surface tension 
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TABLE 40: Effects of ambit it surface exposure time (SET) 

at 23°C and 50 + 5¾ R.H. on the wettability of 

HNOyHF acid etched TÍ-6A1-4V at 20°C 

— 

SET (hr) 

Test Liquid 

-.r-6 J. 1.113. J_.!e J J.2 

water 

glycerol 

formamide 

ethylene glycol 

u-bromonapthalene 

polyglycol E-200 

tricresyl phosphate 

polyglycol P-1200 

hexadecane 

L 

33 

33 

13 

0 

0 

0 

0 

3 

0 

Advancing Contact Angle fi 

32 

38 

29 

23 

0 

39 

8 

5 

0 

63 

41 

36 

31 

0 

10 

5 

7 

0 

64 

64 

29 

43 

5 

22 

5 

7 

0 

74 

59 

29 

41 

5 

29 

5 

5 

0 

144 192 

** - r * ixjc-j\ 

65 

57 

40 

34 

16 

31 

10 

5 

0 

Tv 

69 

52 

40 Î 
\ 

38 
r 
s 

7 Í 

17 i 
5 

7 

0 

(dyn/cm; 

72.8 

64 0 

58.3 

48.3 

44.6 

43.6 

40.9 

31.3 

27. t 



TABLE 41: Surface Energy Analysis for Ambient SET 

Effects (23°C and 50 ± 5% R.H.) on 

HN03/HF Etched TÍ-6A1-4V at 20°C 

SET 

(hr) 

2.5 

5 

23 

Yd d 
Ysv - 6 

yP + 
Ysv 1 6 

(dyn/cm) (dyn/cm) 

7.18 ± 3.1 69.8 ± 11.2 

15.9 ± 4.3 47.6 ± 8.0 

27.3 ± 4.0 22.9 ± 5.9 

ysv * 4 
(dyn/cm) (dyn/cm) 

77.0 ± 8.6 

63.5 ± 3.9 

50.1 ± 2.9 

4 

2.68 

3.99 

5.22 

ßs 

(dyn/cm) 

8.35 

6.90 

4.79 

4 

48 31.9 ± 3.6 15.1 ± 4.4 47.0 ± 2.6 5.65 3.89 

72 

144 

192 

36.5 ± 3.9 11.5 ± 4.3 

31.2 ± 2.9 13.6 ± 3.0 

34.0 ± 2.9 12.4 ± 3.2 

47.9 ± 3.3 

44.8 ± 1.4 

46.4 ± 1.4 

6.04 

5.59 

5.83 

3.39 

3.69 

3.52 
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Fig. 76. Effect of ambient SET at 23“C. 50 ± 5* R.H. on calculated 

average values of rsv. YjJ and for HNOj/HF etched T1-6A1-4V. 
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Fig. 77. Effects of increased ambient SET upon a, = (y vs 
/ s sv — 

SS = on HN03 " HF etched TÍ-6A1-4V. 
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Fig. 78. Wettability envelopes for HNCk/HF etched TÍ-6A1-4V 
various SET. J at 
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properties of a simple liquid or adhesive material fall within the region be¬ 

tween the origin = y^ = 0 and the curve defining the wettability envelope 

spontaneous spreading is predicted in the absence of rheological restraints. 

The data points on Figure 78 represent the surface tension properties of the 

bad batch of polyimide primer BR-34 and adhesive FM-34B-32. It is seen in 

Figure 78 that SET can only make a bad situation even worse as far as bond- 

ability is concerned. Table 42 gives contact angle data for the phosphate- 

fluoride treatment of TÍ-6A1-4V. Table 43 presents the analysis of liquid- 

solid interactions. Table 44 summarizes the results of calculations for 

average values of y^, y^, y^ and the respective standard deviations ±6d, 

tS*5, ¿6 based on the determinant method. The experimental variation in 

versus is shown by the data points of Figure 79 for phosphate-fluoride 

treated TÍ-6A1-4V with SET <0.5 hr. The linear solid curve of Figure 79 

represents the average values y^ = 28.4 dyn/cm and y^ = 35.3 dyn/cm while 

the dashed curves represent the uncertainties defined by = ± 3.6 dyn/cm and 

6^= í 6.8 dyn/cm. 

The plots of YSy and y^ shown in Figure 80 indicate that y^ 

appear to maximize at SET = hr while y^ minimizes at SET = 20 to 30 hr. 

These results differ from and y^ data for HNO^/HF etched TÍ-6A1-4V shown 

previously in Figure 76. These results of surface energy analysis of the 

phosphate-fluoride treated TÍ-6A1-4V panels do indicate that ambient SET 

effects at short times SET = 0 to 24 hr produce significant variations in 

wettability and should effect adherence to polymeric adhesives. 

The wettability envelopes for phosphate-fluoride treated TÍ-6A1-4V 

developed from the y^^ and y^ values tabulated in Table 44 are displayed in 

Figure 81. It may be recalled from Eq. 13 of Section II.8.6 that if the sur¬ 

face tension properties of a simple liquid or adhesive material fall within 

the region between the origin y^ = vLÇ = 0 and curve defining the wettability 

envelope spontaneous spreading is predicted in the absence of rheological 

restraints. The surface tension properties of uncured and cured HT424 adhesive 

are seen to fall well within the wettability envelopes for phosphate-fluoride 
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TABLE 42 

Cosine of Liquid-Solid Contact Angle e of Phosphate-Fluoride 

Treated TÍ-6A1-4V at Various SET Conditions (23° and 50 ± 5% R.H.) 
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TABLE 43 

Analysis of Liquid-Solid Interactions 

I- 
Surface Exposure Time (hr) 0 r 

LV 

72.8 

48.3 

9.34 

64.0 11.66 

10.83 

! 43.5 10.62 
» 

I 40.9 12.52 

^ 44.6 13.36 

! 27.6 10.51 

J_ 

1C > 25 J 30 
-L_L 

52 



TABLE 44 

Calculated Solid-Vapor Surface Tension 

Properties by the Determinant Method 

Surface Exposure 

time (hr) 

0 - 0.5 

8 

16 

25 

30 

52 

(dyn/cm) 

28.4 ± 3.6 

31.4 ± 3.1 

52.4 ± 9.5 

40.3 ± 2.6 

37.9 ± 2.4 

31.7 ± 3.2 

(dyn/cm) 

35.3 ± 6.8 

15.3 ± 3.2 

5.6 ± 1.8 

3.2 ± 0.9 

3.1 ± 0.9 

12.8 ± 5.6 

(dyn/cm) 

63.7 ± 4.0 

46.6 ± 1.6 

58.0 ± 10.9 

43.5 ± 2.0 

41.1 ± 1.9 

44.5 ± 4.1 
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Fig. 79. Variation in Wa/2aL versus ß/a, for phosphate-fluoride 

treated T1-6A1-4V with 0 to 0.5 SET 1n ambient air. 
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Fig. 80. Effect of ambient SET at 23“C, 50 t 5Ï R.H. on calculated 

treated TfieAl-dv" YSV for P^phate-fluoride 
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Fig. 81. Wettability envelopes for TÍ-6A1-4V, phosphate-fluoride 
treated and SET 23°Cf 50 ± 5% R.H. ambient air. 
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treated TÍ-6A1-4V for ambient SET * < 0.5 hr, 8 hr, and 16 hr and to fall near 

the boundary of the envelopes for SET = 25 hr and 30 hr. As seen In Figure 74 

the average bond strength remains high to SET = 21 hr in accord with the wett¬ 

ability analysis. 

Wettability measurements and surface energy analysis methods were 

applied to a detailed study of phosphate-fluoride treated surfaces of T1-6A1-4V 

under accelerated aging conditions of 54 ± 1°C and 95% R.H. surface exposure. 

Subsequent to surface treatment the surface exposure condition (SET) at 54 ± 

TC and 95% R.H. was applied for varied periods and the surfaces characterized 

by wettability measurements with the test liquids identified in Table 45. The 

measured values of contact angle 9 for five test liquids and 12 levels of sur¬ 

face exposure time (SET) are compiled in Table 45. 

The results of the standard determinant analysis of wettability 

data is presented in Table 46 which tabulates the calculated average values of 
dp ’ 

YSV’ YSV’ YSV and the associated standard deviations 6P, 6. The curves of 

Figure 82 illustrate the rapid degradation of surface energy properties for 

phosphate-fluoride treated TÍ-6A1-4V due to SET effects. Figure 83 presents 

related information on surface energy degradation in terms of the rapidly d«rnin- 

ishing wettability envelopes with increased SET. Inspection of Figure 83 

the wettability envelopes for TÍ-6A1-4V enclose the surface energy properties 

of uncured and cured HT424 epoxy-phenolic adhesive for all SET conditions cover¬ 

ing SET = 0 to 24 hr indicative of a wettable surface. The wettability analysis 

indicates that weak bonds should result for SET > 24 hrs. 

The averaged values of ysJ, for phosphate-fluoride treated 

Ti- 6A1-4V at SET (23°C, 50% R.H.) and SET (54°C, 95% R.H.) are combined on 

a single master curve in Figure 84. A dimensionless time-humidity shift factor: 

- SET (23°C, 50% R.H.) 

aTC " SET (54°C, 95% R.H.) * 3*5 
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TABLE 4b: Contact anqles e of test liquids on phosphate- 
fluoride etched TÍ-6A1-4V at various SET 
conditions (54 ± 1°C and 95% R.H.) 

Surface Exposure 
time (SET) hr 

Test 

Liquid 

0 

yLV 0 
(dyn/cm) 

.25 .75 1 .12 1.83 3.33 

e e e e e 

water 72.8 

glycerol 64.0 

ethylene-glycol 48.3 

polyglycol E-200 43.5 

1-bromonapthalene 44.6 

tricresyl phosphate 40.9 

2 10 47 

4 14 41 

3 4 12 

7 5 6 

1 2 2 

6 7 7 

43 50 60 

45 41 55 

14 18 15 

6 6 9 

2 2 3 

7 7 6 

SET (hr) 

ylv (dyn/cm) 

~ 72.8 

64.0 

48.3 

43.5 

44.6 

40.9 

5.37 7.47 

9 9 

75 73 

56 66 

31 34 

7 9 

4 5 

7 9 

10.47 12.97 

e e 

83 84 

62 70 

49 44 

12 18 

4 5 

10 8 

23.6 47.5 

0 8 

96 97 

77 79 

56 61 

30 38 

4 4 

8 6 
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TABLE 46 ; Calculated solid-vapor surface tension properties 

by the determinant method for 54 ± 1°C and 95% RH SET 

SET (hr) YSJ ± 6d 

(dyn/cm) 
YSV 1 sP 
(dyn/cm) 

Ysv * 4 
(dyn/cm) 

0 

.25 

.75 

1.12 

1.83 

3.33 

5.37 

7.47 

10.47 

12.97 

23.6 

47.5 

28.7 ± 5.0 

28.6 ± 5.0 

32.0 ± 3.7 

30.7 ± 4.3 

32.8 ± 3.4 

34.6 ± 3.0 

40.7 ± 1.4 

37.5 ± 2.5 

42.2 ± 2.0 

41.4 ± 2.0 

44.9 ± 2.5 

43.6 ± 1.9 

37.3 ± 9.0 

36.4 ± 8.8 

19.6 ± 3.7 

22.1 ± 5.0 

17.8 ± 3.2 

12.4 ± 2.1 

5.7 ± 0.7 

6.4 ± 1.2 

3.0 ± 0.7 

2.7 ± 0.7 

0.8 ± 0.4 

0.4 ± 0.2 

66.0 ± 4.8 

65.0 ± 4.6 

51.7 ± 1.4 

52.8 ± 1.7 

50.6 ± 1.3 

47.1 ± 1.2 

46.4 ± 0.8 

43.9 ± 1.5 

45.2 ± 1.6 

44.0 ± 1.7 

45.6 ± 2.5 

44.0 ± 1.8 
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Fig. 82. Effect of SET^at 54 ± 1°C, 95¾ R.H. on calculated average 

values for ysv, y<.Ç and y«.» for phosphate-fluoride treated 
TÍ-6A1-4V. ^ 
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64.00, 

56.00 

48.00 - 

1-I 
T1-6-4 P-F TREAT 

40.00 

32.00 

24.00 

16.00 

Surface Exposure 
Time (SET) 

0 hrs 

8.00 — 

0.00 
0.00 0.00 16.00 24.00 32.00 40.00 48.00 

LIQUID POLAR PART (dyn/cm) 

Fig. 83. Wettability envelopes for TÍ-6A1-4V 
SET 54°C, 95* R.H. phosphate-fluoride. 
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is applied to the surface energy data of Table 44 and Table 46 to achieve the 

master curves of Figure 84. The earlier discussion of SET effects on the sur 

face properties of the FPL etched Al 2024-T3 provides a substantially higher 

time shift factor: 

SET (23°C, 50% R.H.) 
a - ---- s 58.5 

TC SET (55°C, 95% R.H.) 

The master curves of ysv = + shown by Figure 84 provide a compact 

means of combining the effects of time, temperature, and humidity effects. 

The surface energy diagram of Figure 85 illustrates the shift in 

dispersion (a) versus polar (ß) components which are displayed by phosphate- 

fluoride treated TÍ-6A1-4V with surface exposure time SET. The averaged sur¬ 

face energy properties of HT424 (a^ = 5.21, = 3.31) are included in Figure 

85. 

3. Joint Aging (BET) Effects 

Figure 86 shows the bond strength ob versus $c for bond exposure times 

(BET) from 0 to 1016 hrs at 54°C and 95% R.H., Figure 87 is for SET = 21 hrs. 

The dashed lines in Figures 86 and 87 have the same slope and intercept as for 

Figure 73. The average values of $c and (^c and õ^) at a particular value 

of SET and BET are plotted in Figures 88 and 89. As for the SET data, BET has 

little effect on J but contrary to the SET data BET causes degradation of 

bond strength 0^. 

Table 47 gives the average values of and $c for various BET and 

SET conditions and these data are plotted as a SET ys^BET resoonse surface in 

Figure 90. 

The modified Griffith failure criteria defined by Eq. 14 through Eq. 

18 of SectionII.B.6 can be applied to evaluate water immersion effects on the 

critical failure stress oT of the HT424 to TÍ-6A1-4V interfacial,bond. The 
* J 

surface properties of HT424 are represented by a.| = 5.21 (dyn/cm) and 
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Fig. b4. Combined master curve for average values of Y-P and ycu 

ÍSd fS^^c!"«*0^* tr##ted T1'6A1‘4V* SET 23°C, 50* R.«! 
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8 1- 
TÍ-6A1-4V 
Aged Surface 

4 - 

2 - 

^ce a ■ 
/V 9ing 

HT424 ? 

<0 

TÍ-6A1-4V— 
Fresh Surface 

0 = (YSÇ) (dyn/cm)^ 

Fig. 85. Effects of SET on the shift of aç vs 8C for phosphate 
fluoride treated TÍ-6A1-4V. 5 ^ 
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Fig. 86. Plot of ob vs * for BET 54°C, 95% R.H., phosphace- 
fluoride treated T1-6A1-4V - HT424. 
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Fig. 87. Plot of ob vs for SET = 21 hrs and BET 55°C, 
95X R.H. phosphate-fluoride treated TÍ-6A1-4V - HT424. 
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Fig. 88. Plot of 5h and vs BET at 54#C, 95* R.H. for 
T1-6A1-4V - HT424. 
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Fig. 89. Plot of 5b and ic vs BET at 54°C. 95* R.H. for 
T1-6A1-4V - HT424 with SET « 21 hrs. 
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TABLE 47: Brief Summary of Combined SET - BET Effects at 54°C 

and 95% R.H. upon lap shear strength of HT424 

adhesive and phosphate-fluoride etched TÍ-6A1-4V 

SET BET 

(hr) (hr) 

ó. i 6. $ Number of 
c test specimen 

0 0 

C.5 0 

1.0 0 

2.5 0 

5.0 0 

10 0 

21 0 

3333 ± 387 0.70 

3438 ± 432 0.70 

3572 i 384 0.60 

3412 ± 425 0.75 

3557 t 332 0.70 

3610 t 493 0.75 

3547 ± 414 0.70 

6 

6 

6 

6 

6 

6 

6 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

6 

24 

47 

99 

194 

374 

670 

1016 

3882 i 412 0.50 

3210 ± 163 0.70 

3030 t 367 0.75 

2980 ± 380 0.70 

2937 i 371 0.70 

2677 ± 508 0.60 

2758 ± 449 0.70 

2340 ± 393 0.67 

2490 t 330 0.70 

6 

6 

6 

6 

6 

6 

6 

6 

6 

21 

21 

21 

21 

21 

21 

0 

24 

46 

142 

303 

591 

3777 ± 471 0.75 6 

2880 ± 477 0.60 6 

3243 ± 80 0.75 6 

2435 ± 747 0.60 6 

2653 ± 396 0.64 6 

2922 ± 274 0.80 6 
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ß-| = 3.31 (dyn/cm) . The surface properties of surface aged phosphate-fluoride 

etched TÍ-6A1-4V are represented by - 6.61 (dyn/cm) and ß3 = 0.60 (dyn/cm) 

as described by averaged values for SET = 23.6 hr and 47.5 hr in Table 46 char¬ 

acteristic of long term surface exposure. These surface energy values for 

HT424 and TÍ-6A1-4V are indicated in the a vs ß diagram of Figure 91. The 

point H = 5.91 and K = 1.96 (dyn/cm) defined by Eq. 17 and Eq. 18 of Section 

II.B.6 provides the locus for the vectors Ro> R(air), and R(H20) where cu = 

ß2 = 0 for air and a2 = 4.67 (dyn/cm) and ß2 = 7.14 (dyn/cm) for H20. The 

right view of Figure 91 presents the function of yg (« o )versus R for inter¬ 

facial failure, where <pj = (1-<1>C) = 1.0, between HT424 and TÍ-6A1-4V. The 

prediction from the Griffith analysis is that: 

OjiM) 
- = 0.84 
Oj(air) 

A previous calculation for the effect of water immersion on the critical 

Griffith stress ratio for cohesive failure of HT424 provided a ratio: 

(H?0) 
-- = 0.63 

°c(air) 

Inspection of the SET vs BET response surface in Figure 90 yields: 

ob (1000 hr BET) 

ab (0 hr SET, BET) 

2500 
3ÜÜÕ “ 0.63 

in good agreement with the Griffith critical stress ratio for cohesive failure. 

This indicates that aging of TÍ-6A1-4V-HT424 joints causes degradation mostly 

in the adhesive rather than at the interface. 
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4. Surface Mapping 

We have prepared Ti-6-4 adhesive couples with the phosphate fluoride 

surface treatment, followed by deliberate contamination in certain areas. This 

was done to see if the contaminated areas could be detected by mapping with 

respect to surface potential difference (SPD) and ellipsometry and the effect 

contamination would have on bond strength. It was demonstrated that failure 

areas on A1 caused by humidity aging could be predicted in advance of bonding. 

It is demonstrated here that failure areas caused by contamination can be pre¬ 

dicted in advance for Ti-6-4. 

Table 48 gives the ellipsometric parameters û and ^as a function of 

position on various samples prior to bonding. Table 49 gives the SPD map of 

the samples prior to bonding and Table 50 gives the map after bonding 

fracture. 

Figures 92, 93 and 94 are maps of ellipsometric parameters A and ip, and 

surface potential difference (SPD) that were made after the phosphate-fluoride 

treatment but prior to bonding Ti-6-4 couples with HT424 adhesive. The map 

position along the abscissa corresponds with the position indicated on the 

schematic representation of the samples. After bonding and tests to failure 

on an Instron tensile tester the surfaces were examined under a low power micro¬ 

scope to estimate the fraction of each map position square that failed at 

the metal-adhesive interface. Values of are also mapped in the figures. 

Figures 92, 93 and 94 are control experiments for which no contamination 

was introduced. Values of A and SPD are fairly constant with the respect to 

position indicating films of constant thickness and outer surface dielectric 

properties. The average value of aís 71.1 + 1.6, ^ = 28.3 +0.9 and SPD is 

0.06 + 0.04 volts. Values of and 4-j show unrelated patterns with respect 

to position. Variations of ÿ probably reflect slight changes in substrate or 

film optical properties due to sample preparation. Interfacial failure, 4>j, 

proves to be essentially zero for positions 1, 2, 3 and 4 (the outer edge) but 

increases to about 0.3 for positions 5, 6, 7 and 8 (inner adhesive zone). The 
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1 1 umPf.. ..PMIIPIRR 

Sample 

\ 1161A 

1161B 

1162A 

1162B 

1163A 

1163B 

1164A 

1164B 

1165A 

1165B 

1166A 

1166B 

75.2 
28.Ü 

75.4 
26.7 

73.5 
27.0 

51.5 
41.0 

74.2 
27.5 

69.8 
27.5 

71.2 
27.9 

77.7 
26.4 

71.2 
28.3 

74.2 
28.2 

66.8 
30.5 

71.1 
29.0 

TABLE 48 El 1ipsometric Mapping of Ti-6-4 Prior to Bonding 

à = 6328 Á Angle of Incidence 70° 

Position on Sample 

65.0 
34.1 

66.8 
33.6 

66.5 
32.8 

61.5 
33.9 

72.6 
27.0 

73.0 
27.7 

61.0 
39.2 

75.5 
28.4 

3.7 
26.0 

55.2 
32.9 

68.7 
27.9 

71.0 
26.1 

70.0 
28.4 

71.8 
26.8 

75.8 
25.3 

74.5 
25.9 

67.0 
28.7 

68.6 
27.9 

70.4 
28.6 

73.2 
28.4 

71.9 
30.3 

69.6 
30.4 

73.7 
28.9 

72.3 
28.4 

73.5 
28.1 

71.8 
28.1 

58.0 
31.7 

72.6 
27.8 

67.7 
29.6 

21.3 
25.8 

70.7 
27.0 

74.4 
25.6 

68.5 
27.0 

69.3 
27.3 

68.0 
28.0 

71.4 
27.4 

5 

72.7 
27.9 

69.3 
34.9 

66.8 
34.2 

74.2 
28.0 

66.6 
31.8 

65.9 
31.2 

58.0 
33.0 

68.9 
27.9 

68.4 
27.2 

70.2 
29.2 

69.3 
29.6 

54.8 
39.3 

71.2 
28.8 

2.7 
24.6 

1.4 
23.3 

69.8 
27.4 

70.7 
27.6 

72.7 
28.0 

71.9 
27.6 

70.4 
28.4 

68.6 
28.7 

69.2 
26.1 

69.0 
26.1 

74.4 
26.4 

67.7 
28.7 

67.2 
29.9 

66.8 
29.8 

68.8 
29.3 

71.0 
29.5 

73.7 
28.1 

65.7 
29.4 

71.7 
31.1 

72.3 
32.2 

72.0 
27.4 

72.2 
29.7 

74.4 
29.2 

73.7 
27.9 

70.4 
27.5 

67.8 
28.6 

68.8 
39.4 

69.7 
28.3 

73.8 
27.2 

70.6 
28.5 

74.0 
27.9 

68.0 
28.5 

73.4 
28.3 

74.4 
28.0 

71.4 
30.8 
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Sample 

TABLE 49 Surface Potential Difference 

Mapping of Ti-6-4 Prior to Bonding 

SPD (volts) 
_Position on Sample_ 

1161A +.162 +.36 

1161B +.17 +.395 

1162A +.145 +.13 

litKl +.438 +.405 

1163A +.162 +.343 

1163B +.085 +.04 

1163B +.0135 -.038 

1164A +.11 +.05 

116^8 +.162 +.13 

1165A +.021 -.034 

1165B +.085 +.08 

1166A +.09 +.065 

11666 +.125 +.1 

+.336 +.175 +.12 

+.395 +.215 +.15 

+.185 +.27 +.245 

+.11 +.08 +.055 

+.38 +.2 +.325 

+.037 +.35 +.025 

-.05 +.32 -.045 

+.06 +.05 +.06 

+.162 +.14 +.395 

-.025 -.019 -.085 

-.005 -.13 -.11 

+.042 +.019 +.019 

+.075 +.065 +.05 

+.325 +.3 +.044 

+.36 +.34 +.075 

+.055 +.045 +.05 

+.07 +.265 +.375 

+.481 +.415 +.065 

-.075 -.08 -.02 

-.105 -.11 -.17 

+.12 +.11 +.05 

+.41 +.235 +.195 

-.13 -.15 -.12 

-.04 -.038 +.02 

+.022 +.016 +.034 

+.05 +.035 +.034 
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IMüLi0 Mapping of Ti-6-4 With Respect to 

After Bonding and Fracture 
I 

Sample 1 2 

1161A. .02 .08 

1161B 0.02 0 

1162A 0.1 0.03 

1162B 0.0 0.1 

1163A 0.2 0.3 

1163B 0.2 0 

1164A 0 0 

1164B 0 0 

1165A 0 0 

1165B 0 0 

1166A 0.02 0.02 

1166B 0.05 0.05 

Position on Sample 

3 4 5 

.02 .01 0.5 

.02 .02 0.2 

0.1 0.1 0.2 

0.1 0.07 0.2 

0.3 0.6 0.2 

0 0.7 0.4 

0 0 0.3 

0 0 0.3 

0 0 0.2 

0 0 0.3 

0 0.02 0.3 

0.05 0 0.2 

6 7 8 

0.6 .3 ,2 

0.4 0.2 .1 

0.0 0.0 0.0 

0.2 0.2 0 

0.8 0.8 0.3 

0.2 0.2 0.2 

0.3 0.3 0.2 

0.3 0.3 0.2 

0.4 0.5 0.5 

0.6 0.6 0.6 

0.2 0.3 0.1 

0.3 0.3 0.2 
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Fig. 92. Prebond surface character map. A, SPD as compared 
to post bond map for control test bond, 1164. 
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higher values of in zone 5-8 are not caused by variations in surface pro¬ 

perties but are caused by higher stress levels in zone 5 to 8 as the lap shear 

jo.nts tend to bend slightly in tension (see Figure 18). 

Figure 94 is a map for specimens that were deliberately contaminated, 

by a finger print after wetting the finger with sweat from the forehead, in the 

areas indicated by the hatch (position 1, 2 for 1162A and 1, 2, 7, 8 for 1162B). 

A map of the contaminated areas is indicated at the top of the figure by giving 

a value of 1 for contamination and zero for no contamination. Values of 

for sample 1162 shows that interfacial failure was greater at the contaminated 

outer edge (position 1-4) and that in each case A, * and SPD reflect the ^ 

curve. The finger print map at the top of Figure 95 for 11628 is identified 

by A, ij; and SPD and show that for 11628 contamination is much greater in the 

areas that were deliberately contaminated, but <»j for both 1162A and 8 indicate 

that contamination has spread to the other areas. 

Figure 96 shows the position of contaminants for 1161A and 8 and 

1163A and 8. Samples 1161A and 8 were contaminated by a dry finger. Samples 

1163A and 8 were contaminated by smearing vacuum grease on a finger, rubbing 

the grease off and then pressing the finger on the sample. Figure 97 shows 

that the dry finger print is clearly identified by A, i|» and SP21 and that 

increased above the average control values, except for positions 2 and 3 of 

11618. Figure 98 shows that the grease smudges are identified in the extreme 

by a, * and SPD. Note that the pattern of * is inverted from that for other 

contamination (Figures 95-97). This indicates that ellipsometry can be used to 

identify the type of contamination as well as its degree. The values of 4>j are 

much larger in the contaminated areas. The dashed SPD line for 11638 shows the 

reproducibility of the SPD scan. Average values of A, ^ and SPD (Ã, ¢, SPD) 

corresponding to different average values of <j>j (^) from Tables 48, 49 and 50 

are plotted in Figure 99. A correlation exists between SÏÏD, Ã and ^ does 

not show the same correlation because of the different types of contamination. 
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Fig. 94. Prebond surface character map, A, SPD as compared 
to post bond 4>j map for control test bond, 1166. 
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Fig. 95. Prebond surface character map, a, SPD as compared 
to post bond map for a T1-6A1-4V contaminated 
sample 1162. 1 
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Dry Dry 

Fig. 96. Prebond surface character nap, A, 4», SPD as conpared to 
post bond <|>j map for a TÍ-6A1-4V contaminated sample. 
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Fig. 97. Prebond surf 
post bond 4>j 

ace character map, ¿ 
map for a TÍ-6A1-4V » ¢, SPD as compared to 

contaminated sample 1161. 
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Fig. 98. Prebond surface character map, A, SPD as compared to 
post bond map for a T1-6A1-4V contaminated sample 1163. 
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Fig. 99. Plot of SPD, A and ip vs^ 
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Table 51 is a table of bond strength and values of ^ for each bond 

couple. Comparison of average bond strength ob, <£j and for different contam¬ 

ination reveals that the dry finger print bond is about the same as the control 

bonds even though the print could be detected by the surface tools. The grease 

smudge produced more interfacial failure and lower bond strength than the con¬ 

trols. Surprisingly, although the sweat finger print gave the lowest value of 

it also gave the lowest bond strengths. It is concluded that either SPD or 

ellipjometry could be used to locate inadvertent contamination of TÍ-6A1-4V 

surfaces after preparation but prior to bonding. 

C. Summary of Results 

With respect to the Al 2024-T3-HT424 and TÍ-6A1-4V-HT424 systems, the fol¬ 

lowing important observations have been made: 

1. After súrtase preparation of Al 2024-T3 with the FPL etch.ellipsometry 

reveals that the oxide film varies in thickness and structure across the sur- 
0 

face. The average thickness is of the order of 200A with refractive index of 

n^ ~ 1.8 close to that for a alumina (n^. ~ 1.7) but with an effective absorp¬ 

tion index much larger (<f - 0.3) than for a alumina (Kf ~ 0). The effective 

absorption index may be related to the surface roughness as well as the true 

absorption index. After surface preparation of TÍ-6A1-4V with the phosphate 

fluoride treatment, the oxide is rather uniform across the surface. The average 

thickness is also about 200A with nf =¾ 2.8 close to Ti02 (nf 2.85) but with 

effective absorption index also larger (nf *= 0.1) than the bulk oxide ~ 0). 

Ellipsometry of FPL etch surfaces prior to and after bonding and fracture in¬ 

dicates that interfacial failure is in the oxide film. 

2. Auger spectroscopy and ion-sputter-etching give semi-qualitative 

chemical profiles of the films formed during surface preparation. Other than 

the aluminum and oxygen,Cu, C and S were detected on the 2024-T3 aluminum after 

the FPL etch. If chromium was present it was removed by the vacuum system be¬ 

fore analysis was begun. Iron segregates to the outer surface of the oxide. 

Copper segregates into the oxide with a maximun concentration near the central 

region of the oxide. Nickel segregates to higher concentration in the oxide 

than in the metal. Silicon is not observed in the FPL etch surface but was 

markedly noticeable in an area of interfacial fracture. Auger analysis on the 
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Sample 
Couple 

1166A-B 

1165A-B 

1164A-B 

1161A-B 

1163A-B 

1162A-B 

up 

TABLE 51: Bond Strength and Average 

and for Ti-6-4 (HT-424 Adhesive) 

Contamination 
ab 

(psi) 

non 

non 

non 

Dry Finger Print 

Grease Smudge 

Sweat Finger Print 

4040 0.13 0.87 

3220 0.23 0.77 

3800 0.14 0.86 

3800 0.16 0.84 

2780 0.34 0.66 

2600 0.08 0.92 
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adhesive surface that had mated with the FPL etch oxide revealed a large carbon 

peak as expected but also revealed Al, 0, N, Cu and traces of Fe and Mg also 

indicating transfer of oxide to the adhesive and thus failure in the oxide. 

Auger analysis and profiles of TÍ-6A1-4V with the phosphate-fluoride 

treatment revealed Ti, A1, V, Fe, C, N and 0 as well as surface contamination 

P, Ni, S and Cu. If F is present it is masked by one of the Fe peaks. The 

concentration of 0, Cu, Ni, Fe, S and C is larger in the oxide than in the metal. 

The concentration of Ti, A1 and V are lower in the oxide than the metal. 

3. Microscopy reveals that the FPL etch leaves an aluminum surface with 

very high density of pit holes with a large spectrum of dimensions. Primer 

flows into these holes and probably increases adhesion by the hook and latch 

effect. Failure is observed in the adhesive, in the glass carrier, in the 

primer and in the primer-metal interface (shown to be in the oxide). Consid¬ 

erable natural porosity is observed in the adhesive. 

Similar failure modes are observed for Ti-6A1-4V-HT424 with the ex¬ 

ception that interfacial fai1ure appears to occur at the oxide-primer interface. 

These observation indicate that the bond strength for a lap shear joint is 

the sum of the strengths in particular areas, i.e. the surface is not of uniform 
strength. 

Aluminum oxide film formed by the FPL etch could not successfully be removed 

but titanium oxide film from the phosphate-fluoride treatment could. The oxide 

film from the phosphate-fluoride proved to be amorphous with maximum thickness 

" 540A- The larger thickness measurement for the removed oxide (measured by 

interferometry) with respect to the insitu film (measured by ellipsometry) is 

probably due to the very rough nature the film must have (revealed by SEM). 

4. Contact angle measurements provide data for wettability envelopes, 

which showed that freshly etched 2024-T3 aluminum alloy and the phosphate- 

fluoride TÍ-6A1-4V are wettable by the HT424 adhesive and primer. Aging these 
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surfaces in humidity chambers reducesthe wettability but not sufficent to 

cause weak bonds. One batch of FM34B-32 adhesive and BR-34 primer had wetta¬ 

bility parameters that indicated non wetting of the TÍ-6A1-4V with varying sur¬ 

face preparations and therefore formed weak bonds. A new batch of FM34B-32 and 

primer proved to have proper wettability parameters and did form strong bonds. 

It is apparent that the wettability parameters, vnz the polar part of the solid 

surface tension yp and the dispersion part relate directly to the thermo¬ 

dynamic ability of the surface to form strong or weak bonds. Although one 

would expect these parameters to be related to the state of the surface with 

respect to organic contamination, they may also be related to the physical and 

chemical nature of the oxide film. These relationships have yet to be explored. 

5. Surface mapping of 2024-T3 aluminum and TÍ-6A1-4V with respect to 

ellipsometry and SPD have revealed that these instruments can be used as non 

destructive testing tools to predict the probable loci of weak bonding prior to 

the bonding process. 

6. Surface aging of 2024-T3 aluminum in humidity chambers causes degra¬ 

dation of the surface (oxide growth and contamination) with associated changes 

in the ellipsometry, SPD and wettability parameters. The surface degradation 

results in bond strength degradation. This fraction of the total bond area 

($j) increases and the associated bond strength Oj decreases with SET. Sur¬ 

face aging of TÍ-6A1-4V with the phosphate-fluoride treatment does not affect 

the oxide thickness and negligible changes in ellipsometry parameters are 

noted. The fraction of the surface that fails at the interface remains essen¬ 

tially constant with SET as does the bond strength. The wettability parameters 

do degrade with SET but not sufficient to cause weak bonds. 

7. Joint exposure in a humidity chamber causes degradation of the HT424 

adhesive and therefore degradation of bonds for 2024-T3 aluminum HT424 and 

TÍ-6A1-4V-HT424 joints. The Griffith critical stress analysis from the contact 

angle and wettability parameters, faithfully predicted that joint exposure in a 

humidity chamber will cause degradation of the adhesive and interface for the 

aluminum system but only the adhesive for the titanium system. 
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Section IV 

DISCUSSION AND CONCLUSIONS 

To improve adhesive joints, the investigator concentrates his efforts 
on the weakest link. If failure occurs primarily in the adhesive, 

emphasis is placed on a search for a stronger adhesive. If failure 

occurs primarily at a weak boundary layer due to contamination or in the 

oxide, emphasis is placed on cleanliness or surface preparations. Since 

new applications demand stronger and stronger adhesive joints, the tendency 

will be to continue improvement of the weakest link as it shifts from 

one locus to another. It is concluded, therefore, that the development 

of tools, such as described in this report, for identifying the weak 

regions is of importance now and will continue to be of prime importance 
in the development of stronger adhesive joints. 

The most significant results of this research impacts on two important 

areas, one has to do with nondestructive testing (NDT) of surfaces prior 

to bonding, the other has to do with understanding failure mechanisms 
in the Al 2024-T3-HT424 and TÍ-6A1-4V-HT424 systems. 

It has been demonstrated that surface regions that will result in a 

poor adhesive bond can be identified prior to bonding by ellipsometry 

and/or SPD. The potential of such NDT techniques is most significant 

for two reasons. First, suppose a completely satisfactory adhesive 

bonding procedure is developed in the laboratory for a particular appli¬ 

cation, inadvertant problems can arise on a factory assembly line that 

may cause deviations from the necessary processing parameters. Examples 

of these problems include contaminated processing solutions, contamin¬ 

ation of atmospheric ambient, malfunction of process equipment, etc. 
Even though it may be impractical to survey every part or every region 

of every part by the NDT equipment, spot checks could be valuable for 

taking corrective action on the assembly line before too many parts 

had been bonded. Second, to improve on a given adhesive system, it is 

necessary to identify those parameters that are causing weakness. 
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Comparison of surface properties for various surface 

treatments, with bond strengths, as in Tables 6 and 29, does not reveal 

conclusive correlations. Proper surface preparations yield strong 

bonds with mostly cohesive failure as for the FPL etch and plasma 

treatment in Table 6 and for the phosphate-fluoride and TURCO process 

in Table 29. The low bond strengths for the vapor degrease process in 

Table 6 may relate to the large carbon contaminant revealed In the Auger 

analysis and the resultant low wettability revealed by the low solid 

surface tension ysv* Table 29 reveals that high bond strengths are 

obtained with the phosphate-fluoride and TURCO treatments but that low 

bond strengths result from the nitric acid fluoride treatment. The only 

surface properties for the nitric acid-fluoride treatment that differ 

from both the TURCO and the phosphate fluoride treatments (see Table 29j 

are the larger concentration of copper within the oxide film and the 

smaller film thickness. In fact, there is almost a linear relation 

between film thickness and bond strength in Table 29. It is believed 

that this relationship is only coincidental or indirect in nature. The 

SEM pictures (Figs. 58 and 59) show that the surface roughness increases 

in the same order as the bond strength, i.e. nitric acid-fluoride, TURCO 

and phosphate fluoride. For a properly prepared surface, (uncontaminated), 

the effect of surface treatment to bond strength is probably mechanical, 

by increasing surface area and/or producing a hook and latch property. 

However, this report demonstrates that there is a relationship between 

physical and chemical surface properties and bond strength for aged 

or contaminated surfaces. 

A. A1uminum 

Failure of an adhesive joint between Al 2024-T3 and HT424 can occur 

at the metal-oxide interface, in the oxide layer, in the primer or 

adhesive, at voids between primer and adhesive, or in the glass carrier. 

A schematic representation of half of a bond is given in Fig.ioo. The 

area of any given bond can be subdivided into small regions or patches 

that have failed in one of the above mentioned loci. The dashed line 
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Fig. 100. Schematic representation of bond region 
fracture line. 
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in Fig. 100represents the line of fracture that might occur. In spite 

of the attempt to prepare surfaces with uniform character, the result 

was always a nonuni form surface with respect to surface properties and 

localized bond failure mode. Let the fraction of the surface that failed 

at the interface be and the corresponding average bond strength be oj, 

the fraction that failed in voids between primer and adhesive be $ (o *0), 

the fraction that failed in the adhesive be with corresponding 

average bond strength and the fraction that failed in the glass be 

with Og. The total bond strength can be expressed 

°h !S: T + tf’/.'0,.1* ¢ 0 b II c c g g 

where 

*! + V + V*g = 1 

Then 

°b "ÍC,(0C,‘°I) + aI(1“VV + y g 

Except in a few instances (such as for Fig. 19) fracture in the glass 

was cohesive and since the glass matrix was always the same ¢ and o 

are constants with estimated to be about 0.3. If for a set of 9 

experiments Oj, oc', $v and $g are constants, then plots of o. vs_ $ ' 

will yield a straight line with ob = + y at = 0 Sind 

ab = ac' at y ’ 1 • If however any of the parameters o , oj, a ',<> and ^ 

are not constant a straight line will not result from a plot of 9 

°b vs *c'. In our experiments we have made the approximation that 

°g "" 0c' and ^v % 0 50 that E(l* 34 educes to a form of Eg. 19, 

°b Sfc ^c^c-0!^ + aI * (35) 
Where ♦j. = + ♦i 

though considerable number of data cluster around a straight line as 

in Figs. 31 and 32, it is not surprising that there is large scatter 

such as in Fig. 33. If oc is constant but Oj or is not constant for 

(32) 

(3.3) 

(34) 
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a set of experiments, then a plot of cb vs *c will not fall on a straight 

line but will fan out from *c = 1,0^ 3800 psi, as observed in Fig. 33. 

Values of oj can be calculated with Eg. 35 for each set of values of o. and 

*c as seen in Fig. 36. It becomes obvious that results from the cormion 

practice of measuring cb as a function of experimental variables such as 

humidity, temperature time, etc. is difficult to interpret in terms of 

physical characteristics and mechanisms unless the various parameters 

V* V °I» *g *c and *v are separated. Each of these parameters 

may relate in a different way to a physical characteristic, such as oxide 

film thickness, oxide optical constants, work function (SPD) or chemical 

composition. Figures 16 and 17 also reveal that for lap shear joints the 

stress is not constant over the bond area. Failure tends to occur as 

shown in Fig. 19 from a paper by Bolger/38^ 

In spite of all of these unknowns we have demonstrated that in cer¬ 

tain circumstances (Figs. 28, 29 & 30) *c and cj are related to the 

oxide thickness and optical properties. As the oxide thickens the work 

function increases as reflected in the SPD. The increase in interfacial 

failure with oxide thickness is shown to be failure in the oxide and 

is interpreted in the simple terms, that the probability of the presence 

of a defect that can propagate under stress is directly proportional to 

the quantity of oxide (i.e. oxide thickness). The strength of the oxide 

cj is related to the oxide structure and is reflected in the optical 

properties. It follows that to discover more about the mechanism of 

bond failure for a particular adhesive system it is necessary to measure 

°I’ *1’ V V V °g and *g in order to discover the relation between 
these variables and the physical and chemical properties within the bond. 

For example, chemical analysis by Auger spectroscopy has revealed that 

silicon contamination is in the oxide in the region of oxide failure but 

is not present in the oxide in the non bonded region. This indicates 

that in addition to regions of the thicker oxide the surface that was 

contaminated with silicones or glass may also produce weakened areas. 
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Aging surfaces at various temperatures and relative humidity (SET) 

degrades the bond. The change in the physical and chemical properties 

associated with this degradation are not fully understood as yet, but 

U is clear that further research with ellipsometry, SPD, Auger spectro¬ 

scopy, SEM and electron diffraction is likely to reveal the details. 

Thus far it appears that during aging (SET) a structural transformation 

occurs in the oxide that is produced by the FPL etch. This is reflected 

in the optical properties. Simultaneous with oxide growth and structural 

transformation surface contamination may occur with resultant decrease 

in the polar nature (wettability) of the surface. Figures 21 and 28 show 

that at 95?b RH and 54°C both Oj and $c decrease during SET whereas o 

remains essentially constant. On the other hand, during BET degradation 

is mostly restricted to the adhesive. During BET ^ (and ¢.) remain 

essentially constant and o decreases 
c 

B. Titanium 

As for aluminum, titanium fails via the various modes illustrated 

m Fig. 100 for the lap shear joint. However, interfacial failure proves 

to be at the oxide-primer interface rather than in the oxide. 

The phosphate-fluoride treated titanium does degrade with 

respect to wettability, probably due to surface contamination. Degrad¬ 

ation of the adhesive,and thus bond-strength,will occur when exposed 

to humidity chambers as for aluminum. 

C. Conclusions 

The original purpose of this study has been fulfilled in that a 

better understanding of the physical and chemical properties of surfaces 

after various surface preparations has been obtained; the various 

fracture modes have been revealed and the important parameters of Eg. 34 

are separated. It has been demonstrated in the case of FPL etched 

aluminum that Oj and ^ are related to oxide thickness and structure 

(optical properties). Further study of the relationship between fracture 

parameters, oj, ifj, oc, <tc etc. and physical and chemical properties will 
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be useful and hopefully will lead to an understanding of those properties 

that must be designed into surface preparations, primers and adhesives 
to obtain high strength and durable joints. 
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APPENDIX A 

Determination of Adhesive/Cohesive Failure Areas 

Although <¡>j can be estimated by visual observation, a more quanti¬ 

tative estimate is needed. The most quantitative estimate thus far is 

made by photographing the fracture bonds and placing a fine grid (20 lines 

per inch) on cellophane over the bond area. The grid squares that cover 

the area that broke interfacially (metal color) were counted. The top 

lines of Table 1A compare the visual estimate of observer (a) with the 

photographic technique (observer b). The mean percent deviation of the 

visual values from the photo values is 55¾. The second set of observations 

compares the photo-technique by observer (b) with the same technique by 

observer (c). The mean percent deviation of the values obtained by (b) 

from those by (c) is 12¾. A third set of observations by observer b was 

made visually and photographically, however, the visual observations 

were made by comparing the specimen with three samples that had been 

estimated by the photographic technique for comparison standards. By 

using the standards the mean percent deviation of the visual observations 

from the photo-observations is 4¾ in the region of 70°C 80% adhesive 

failure. 

It would be advantageous if a technique could be found for measuring 

directly that would be rapid and accurate. A number of electrical 

methods were attempted. Measurement of the capacitance of the samples 

after putting lacquer on all areas except the bond area, proved useless 

in that no reproducible result could be obtained; both sodium chloride 

aqueous solution and mercury were used. The last set of values in Table 1A 

shows the estimates of ¢. by measuring the hydrogen evolution current, 

with a potentiostat, at a fixed time interval after placing a constant 

voltage between the sample and a reference electrode in a 3% sodium 

chloride solution. Ihis technique does give a correlation between 1^ 

and 4-j estimated by the photo-technique as seen in Fig. 1A, but the mean 

deviation of the electrochemical from the photo-technique is 34%. The 
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fractional value of «fj was obtained for the electrochemical measurement 

by dividing the current for a given specimen that had not been bonded 

but was masked except for the area where the bond would be (i.e. 0.5 sq 

inches). To see if a correlation exists between bond strength a. and 

cohesive failure areas as determined by the electrochemical technique 

cb is Plotted vs ic in Fig. 2A. Since the scatter is worse than that 
determined by the photo-technique (see Fig. 32) the electrochemical 

technique was abandoned. 
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TABLE 1A 

Comparison of Estimates of t¡ by Various Techniques 

a Visual 0.16 

b Photo 0.15 

h Photo 0.01 

c Photo 0.01 

b Photo 0.72 

b Visual 0.70 

b Photo 0.18 

d Electro 0.11 

0-18 0.18 0.24 

°-25 Ojo 0.20 

0.03 0,09 0.13 

0.03 0.12 0.17 

0.76 0.74 0.75 

0.70 0.75 0.76 

0.10 0.25 0.24 

0.20 0.16 0.37 

0.24 0.25 0.28 

0.40 0.35 0.60 

0.25 0.35 0.43 

0.34 0.41 0.51 

0.76 0.81 

0.80 0.80 

0.49 0.39 0.45 

0.33 0.52 0.21 

% 

0.39 0.45 55 

0.65 0.70 

0.77 0.78 12 

0.77 0.78 

4 

0.97 0.97 

0.76 1.3 34 
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Fig. 1A. Plot of hydrogen current IH vs the fraction of the bond 
2 

area that failed interfacially <jij. 
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Fig. 2A. Plot of ob ys $c> $c determined with the electrochemical 
technique. 
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APPENDIX B 

Gillette 

Bell process FW-4352, Rev. E, Phosphate-Fluoride Treatment 

1) Degrease. 

2) Aik. clean 5-15 min. 140-180°F. 

3) Rinse. 

4) Pickle - 2.0-3 oz/gal HF 

40-50 oz/gal HN03 

5) Rinse. 

6) Phosphate-Fluoride 2 min max, RT 

6.5 - 7.0 oz/gal Na^O^ 

2.5 - 3 oz/gal KF 

2.2 - 2.5 fluid oz/gal (70%) HF 

7) Rinse RT 

8) Hot water soak 145-155°F 15 min. 

9) Final rinse (quick spray) RT - 160°F .3 to 1 min. 

10) Dry air RT - 160°F. 

General Dynamics (Battelle formulation) 

1) Methyl ethyl ketone wipe. 

2) Trichloroethylene-vapor degrease. 

3) Pickle in the following water solution at room temperature 

for 30 sec: 

Nitric acid - 15 percent by volume of 70 percent HNO^ solution 

Hydrofluoric acid - 3 percent by volume of 50 percent HF 

solution. 

4) Rinse in tap water at room temperature. 

5) Immerse in the following water solution at room temperature 

for 2 min: 

Trisodium phosphate - 50 grams/liter of solution 

Potassium fluoride - 20 grams/liter of solution 

Hydrofluoric acid (50 percent solution) - 26 milliliters/liter 
of solution 

*This bath composition was developed at the Battelle Memorial Institute 
and is protected by U.S. Patent 2,864,732. Licensing arrangements can 

be obtained from the Battelle Development Corporation, Columbus, Ohio. 
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6) Rinse in tap water at room temperature. 

7) Soak in 150°F tap water for 15 min. 

8) Spray with distilled water and air-dry. 
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