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FOREWORD

This Final Technical Report was prepared by Lockheed-Georgia Company, a Division of
Lockheed Aircraft Corporation, Marietta, Georgia, under contract No. F33615-71-C-1716,
entitled “Weldbond Flight Component Design/Manufacturing Program”. The report presents
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work consisted of development of an optimized weldbond process to installation of a
weldbonded fuselage component on an operational C-130 aircraft for flight demonstration
and evaluation. The contract was accomplished in five tasks and was conducted under
co-sponsorship of the Air Force Flight Dynamics Laboratory and the Air Force Materials
Laboratory, Wright-Patterson Air Force Base, Ohio. Work was initiated under AFFDL
Project 1368, Task 136802 and AFML Project 834-1. Installation of the weldbonded
fuselage component on a C-130H aircraft was accomplished through an engineering change
proposal approved by the C-130 Systems Project Office, Aeronautical Systems Division,
Wright-Patterson Air Force Base, Ohio.
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and Mr. Charles L. Ramsey (AFFDL/FBS) was the Air Force Flight Dynamics Laboratory
Project Manager. Mr. J. A. Kizer was the Lockheed-Georgia Program Manager.
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ABSTRACT

This report describes the weldbond process developments, component analyses, and tests
that led to the design and manufacture of a C-130H weldbonded fuselage component. The
weldbonded fuselage component was installed on C-130H Serial No. AF73-01592 for flight
evaluation. This development program was accomplished in five tasks; namely, process
development, engineering data development and component design, component fabrication,
structural testing and qualification, and component installation. During the course of the
program, fourteen surface preparations and seventeen candidate adhesives were evaluated
for selection of the weidbond process used in fabrication of the test specimens, test
components, and the flight component. Weldbonded elemental specimens and sub-scale
components were fabricated and tested for static strength, fatigue strength, strength after
environmental exposures, crippling strength, shear and compression stability, and sonic
fatigue. In addition, a full-scale weldbonded fuselage component assembled into a test
specimen in conjunction with two standard production fuselage components was
comparative strength tested. Also, nondestructive inspection methods for weldbonded joints
and cost data were developed.
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SUMMARY

The Weldbond Flight Component Design/Manufacturing development program conducted
by the Lockheed-Georgia Company for the Air Force under Contract F336156-71-C-1716,
has demonstrated that the weldbond process can be applied effectively in the design and
fabrication of primary aircraft structural components. The program constituted the first
application of the weldbond process in the design and fabrication of a major (approximately
9 feet by 10 feet) primary fuselage coi \ponent.

The major program goals have been achieved. Static and fatigue tests in conjunction with
theoretical analyses have demonstrated adequate structural integrity and endurance for
evaluation of the weldbonded fuselage component in an operational aircraft. Compressive
stability, shear stability, and sonic fatigue tests of sub-scale weldbonded components have
given results that are equivalent to or better than comparable riveted component tests.

This development program included the design, fabrication and test of a C-130 weldbonded
fuselage component, and the fabrication and installation of a second weldbonded fuselage for
installation on a production C-130H aircraft. Installation of the weldbonded fuselage
component was accomplished by modification of a larger production fuselage side panel
followed by installation of the modified fuselage side panel on the C-130 production line.
The modified fuselage side panel was installed on C-130H serial number 4557.

During the course of the program, several tasks were accomplished in support of the design
of the C-130 weldbonded fuselage components. These tasks included preparation of
materials and process specifications, engineering design data including static and fatigue
joint strengths, development of internal joint stress distributions, and cost comparison
investigations. In the early portion of the program, efforts were directed toward
development of an optimum weldbond process which would satisfy weldability, corrosion,
and mechanical property requirements. Those efforts culminated in the selection of an
epoxy paste adhesive applied to a spot-weld etch prepared aluminum alloy. During the
process development tasks, various adhesive forms, surface preparation processes, and
adhesive application methods were evaluated.

Several inspection techniques were investigated for use in inspection of weldbonded joints.
The basic techniques investigated were radiography for the spot-welds and ultrasonics for
the adhesive bondlines. It was demonstrated that TV x-rays could be applied in a production
environment for rapid assessment of spot-weld quality in weldbonded joints and contact
ultrasonics was the best inspection technique for the adhesive bondlines.
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The successful completion of this program has demonstrated that the weldbond process can
be applied in the design and fabrication of selected airframe assemblies for operational
military aircraft. The following conclusions can be drawn.

Adequate structural design data are available for weldbonded structures having
adherends thicknesses varying from 0.020 inches to 0.090 inches.

Fabrication costs are competitive with automatic riveting and significant
savings can be realized over adhesive bonding and hand riveting.

Production applications can be achieved and schedule milestones accomplished.

Sealing of joints is automatically achieved in weldbonded joints while in
mechanically fastened joints sealing is an additional operation.

Adherend stresses in weldbonded joints are lower and more uniform than
comparable spot-welded or mechanically fastened joints.

Weldbonding also provides a human factor advantage over drilling and riveting
operations in a production facility because of the much lesser noise levels.

This report summarizes the work accomplished under Contract F33615-71-C-1716 during
the period from July 1971 to July 1974,
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SECTION |

INTRODUCTION AND BACKGROUND

1.1, Introduction

Resistance spot-welding has long been recognized as a means of low-cost metal joining. In
addition to being a readily automated process, this joining method eliminates valuable small
parts procurement and inventory attendant to conventional fastening methods. However,
its relatively poor joint fatigue characteristics have seriously limited its structural
application. A modification of spot-welding, that was initially used in Europe and Russia,
makes use of an adhesive in the joint through which the spot-welds are formed. This process
has been termed “‘weldbond’’ and typically consists of a fabrication sequence involving part
detail pre-fit and surface preparation, adhesive application to the faying surfaces,
spot-welding through the uncured adhesive and adhesive cure. This process results in a joint
exhibiting many of the load transfer advantages of adhesive bonded joints while reducing
the fabrication costs incurred through the tooling requirements of bonded structure.

1.2 Background

Although originally conceived and applied by European and Russian aircraft fabricators,
weldbond has been under evaluation as a metal joining process in this country since the
middle 1960’s. Developmental work conducted since that time has proceeded successfully
through feasibility studies to establish weldbonding as a potentially reliable manufacturing
process. This early work also established the potential structural advantages of weldbonding
over conventional metal joining methods. Specifically, it was demonstrated that
weldbonded joints show both high and low cycle fatigue endurance in excess of many
fastening systems and static strength superior to most fastening systems. The fatigue and
static strength of weldbond joints was shown significantly superior to spot-welded joints in
this early development.

1.2.1  Program Overview

At this point, the further development of the weldbond joining method pointed in the
direction of process refinement and possible improvement, the establishment of pertinent
engineering data for weldbonding, and the devetopment of weldbond-related non-destructive
inspection (NDI) techniques. The final goal of these advancements was the actual design,
fabrication, structural test, installation and planned in-service flight evaluation of a
significant aircraft component using weldbonding as the primary joining medium. Related
areas, such as weldbond cost projections and comparisons, weldbond joint internal stress
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studies, potential adhesive application methods, and weldbond joint repair considerations
were also considered essential to a complete understanding of the weldbond joining method.
In order to accomplish these objectives, Lockheed-Georgia Company has performed a five
(5) task program covering the above areas. This program addressed 2000 and 7000 series
aluminum alloy and progressed generally through process development, the establishment of
engineering data, NDI method development, and component design, fabrication, test and
installation on an operational aircraft,

Initial efforts conducted under this contract were concerned primarily with the
development of improved surface preparations and adhesives for weldbonding. The first
step to this end was to conduct two concurrent evaluations — one involving a constant
surface preparation and various adhesives and the other holding a constant adhesive while
varying surface preparations — to initially screen candidate improvements. As candidate
surface preparations and adhesives satisfied requirements during these studies, they were
combined for further evaluation. The areas addressed during this testing were weld quality,
initial bondline strength and bondline strength retention after exposure to aggressive
environment. After adjustments necessitated by adaptations to production line facilities,
the results of these evaluations were used during the remainder of the program. This was
accomplished through material and process specifications generated under this contract.
Although not implemented within this program, various automated adhesive application
methods were studied and are discussed within this report.

The second task conducted under this program primarily addressed the generation of
engineering design data and the C-130 fuselage panel design and stress analysis. A
photograph showing the location and relative size of this component is shown in Figure .
Weldbond design data in the form of static and fatigue joint properties, engineering design

- limits, panel stability data and sonic fatigue properties were developed. These data

concentrated on structure in the adherend thickness range 0.020"" to 0.090"". The C-130
fuselage panel was designed during this task to take advantage of weldbonding. Certain part
configuration, attach point and spot-weld machine throat depth limitations restricted, to
some degree, the full realization of weldbonding advantages. However, within these
restrictions, weldbonding was effectively used on this panel. Stress analyses conducted
during this task indicated all positive margins for the weldbonded fuselage panel. Internal
weldbond joint stress analysis were conducted to provide a better understanding of the
weld/adhesive bond roles in joint load transfer and to further substantiate weldbond
fuselage joint designs.

The third task of this program covered the fabrication of the weldbond panel static test,
fatigue test and flight evaluation articles. Qualification of these articles demanded the
satisfaction of weldbond process specification requirements. This included non-destructive
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inspection (NDI) of the weldbonded panels through the NDT methods assigned to
weldbonded structure under this program. During this and previous tasks, cost analyses for
weldbond fabrication and comparisons with riveted structure were performed. In addition,
under this task, two (2) panels of conventional riveted construction were modified for use in

the static test arrangement.

The next task involved the actual testing of the static and fatigue test articles. These tests
were conducted to structurally qualify the flight evaluation panel for installation on an
operational aircraft. Additional supporting internal weldbond joint stress analyses were
conducted to substantiate the fatigue test arrangement and external loading.

The fifth and last task on this program addressed the development of a flight demonstration
plan and the installation of the flight article on an operational C-130 aircraft. Included in
the demonstration plan were repair procedures for weldbonded joints. The installation of
the in-flight article concluded the program.

Lockheed-Georgia Company has successfully completed the five (5} task program outlined
above. Details of the accomplishments of this program and insights into the weldbond
process gained through conducting these evaluations are given in the following sections.
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SECTION I

WELDBOND PROCESS DEVELOPMENT

2.1 Adhesive Evaluations

Four(4) general forms of modified epoxy adhesive were investigated under this contract.
These were semisolid bulk, paste, liquid and powder adhesives. The bulk systems were
actually tested in an unsupported film form to approximate the final adhesive state, prior to
welding and bonding, in a hot spread adhesive application sequence for weldbonding. In
addition, with the intention of later combining them with adhesive systems, liquid primer
systems were included in the early sequences of this testing. A summary of systems
evaluated for weldbonding under this contract along with their suppliers and form is
tabulated in Table I. All initial adhesive evaluations were performed using the standard
spot-weld etch surface preparation for bare aluminum alloys (See Table 1).

2.1.1 Initial Weld Strength Tests-Adhesives

For three of these svstems — semisolid bulk, paste and powder —, the initial evaluation
performed was a weld feasibility check. Candidate adhesive primer systems were also
checked for welding compatibility. This was conducted by cleaning the adherend surface
and applying the adhesive or primer and then welding a six-specimen panel. Upon apparent
successful welding, these specimens were tested, with the adhesive uncured, in the
conventional tensile shear mode and visually inspected after test. The liquid adhesive
systems were considered only for the capillary adhesive application technique in which the
adhesive is applied to the joint after welding. Therefore, no weld tests were conducted on
liquid systems.

The results of these weld tests showed that the powdered system, both with and without
primer, was unweldable, as no welds could be formed through this system. The
unsupported films, representing the semi-solid bulk systems, were weldable but only after
application of local heat to flow the adhesive in the weld area. The paste systems were
found to be weldable as applied. The results of the weld strength tests for paste systems
ranged from 715 pounds to 1020 pounds while the results from room temperature tests on
the unsupported films, heated for welding, ranged from 910 pounds to 1085 pounds. On
visual inspection of the failed unsupported film weld test specimens, bond failures
indicating a contribution from the adhesive toward specimen strength were found. Since
the objective of these tests was to isolate and assess the weld, further tests above the
adhesive flow temperature were conducted at 200°F. This reduced the indicated weld
strength range to 730-760 pounds and eliminated the significant adhesive strength
contribution.



TABLE |

SYSTEM

XA3435
XA3435 with XC3924
M6800
A1340B
CS4742
CS4740
A1357B
XB66
XB66
' XB66

XB66 with XC3924

XC3700
| XC3700 with XC3924
4
| ADX-59
? PA3921
0500PE28

SUPPLIER

3M Company

3M Company

Whittaker Corp.

B.F. Goodrich

B.F. Goodrich

B.F. Goodrich

B.F. Goodrich

3M Company

3M Company

3M Company

3M Company

3M Company

3M Company

Hysol

3M Company

B.F. Goodrich

— SUMMARY OF ADHESIVE SYSTEMS

FORM

Paste

Paste with Primer

Paste

Paste

Paste

Paste (high viscosity)
Unsupported Film (.045 nsf)
Unsupported Film (.030 psf)
Unsupported Film (.045 psf)
Unsupported Film (.060 psf)
Unsupported Film (.060 psf) with Primer
Powder

Powder with Primer

Liquid

Liquid Primer

Liquid Primer ]




The two corrosion inhibiting primer systems listed in Table | were also checked for weld
process compatibility. Welding through one of these (PA3921) produced low strength,
non-uniform weld nuggets and caused primer wash-out in the nugget area. |t was dropped
from further consideration. The second of these (O500PE28) was indicated to be
compatible with welding op:ration exhibiting weld strength of from 855 pounds to 930
pounds. This system wads retained on a welding compatibility basis but subsequently
dropped when further corrosion resistance evaluations conducted by the supplier showed no
significant advantage to the inclusion of this system.

2.1.2 Adhesive Bond Strength Tests

Out of a total of fifteen (15) initial systems evaluated for weld quality, seven (7) candidates
were retained for further evaluation of adhesive properties. Tests specimens used to
evaluate each system included both “‘adhesive only’* and weldbonded coupons. As
mentioned earlier, ‘‘adhesive only" coupons were machined from weldbonded test panels by

eliminating the spot-welds from the test section. The test specimens and conditions
included in this evaluation were:

(1)  “Adhesive only’’ lap shear specimens with overlaps of one inch tested at -67°F, room
temperature and 160°F,

(2) “Adhesive only’’ lap shear specimens with overlaps of two inches tested at -67°F and
room temperature,

(3) Weldbonded lap shear specimens with overlaps of one inch tested at room
temperature and 160°F,

(4) ‘‘Adhesive only” lap shear specimens with overlaps of one inch tested for creep
rupture at room temperature and 160°F, and

(5) ‘‘Adhesive only” metal-to-metal peel specimens tested at -67°F, room temperature
and 160°F.

The seven (7) adhesive systems retained from weld feasibility checks are listed below:
(1) Unsupported film (.045 psf) A1357B (B.F. Goodrich)
(2) Unsupported film (.030 psf) XB66 (3M Company)

(3) Paste XA3435 (3M Company)

(4) Paste XA3435 with primer XC3924 (3M Company)




(5) Paste M6800 (Whittaker Corporation)

(6) Paste A1340B (B.F. Goodrich)
(7) Paste CS4742 (B.F. Goodrich)

The eighth and last system under evaluation at this time in the program was the liquid
adhesive (ADX-59) intended for the capillary adhesive application technique. Under
evaluation, this system exhibited unacceptable handling characteristics which resulted in its
elimination from the program early in the adhesive evaluation. 1t was found, however, that
one of the seven (7) above systems, CS4742, could be used as a capillary application
system. As a result, some tests were conducted on both chromic anodized and
non-anodized surfaces with this adhesive applied through the capillary method.

Test panels were fabricated using 7075-76 bare aluminum alloy sheets. After surface
treatment, each adhesive system was hand applied to its panel details and then welded with
its established weld schedule. The capillary application candidate adhesive was also applied
subsequent to spot-welding. The adhesives were all cured for 60 minutes minimum at 2560
10°F. After the panels were cured, test specimens were then machined from the panels and
tested in accordance with their prescribed schedule. The results of these tests are shown in
Figure 2 through Figure 8 and in Tables Il, Ii1, and V. Based on the data generated
from adhesive mechanical property tests, three (3) of the above seven (7) systems were
eliminated leaving the following systems:

(a)  Whittaker Corp. — M6800 Adhesive
(b) B.F.Goodrich — A1357B Adhesive
(c) 3M — XB66 Adhesive

(d) B.F.Goodrich — CS 4742 Adhesive

This selection resulted in two semi-solid bulk (unsupported film) epoxy adhesive systems
and two epoxy paste systems (one of which could be used in capillary applications) retained
for further evaluation after combining these with improved surface preparations.

2.1.3 Adhesive Application Method Studies

Within the forms of epoxy adhesives evaluated, a variety of potential automated application
methods were found to be possible. Specifically, the semi-solid bulk system may use a roller
coater, may be extruded and spread over the bond area or may even be considered in a film
form and employ a tape laying machine for adhesive application. Similarly, the paste
systems may be applied through roller coating or the extrude/spread method and may also
be applied through capillary action after welding. Electrostatic spray was considered as the
applicable method for the powder adhesive system. Liquids were limited to application by
post-welding capillary action.
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TABLE Il — WELDBOND TEST RESULTS — LAP SHEAR (psi)
(Adhesive Evaluation)

Maximum/
Adhesive Systems Temperature Average Minimum
A1357B
Room 4600 4800/4500
160°F 3850 4000/3740
XA3435 W/XC3924 Primer
Room 2800 2960/2570
160°F 2090 2400/1620
XA3435
Room 3300 3600/3000
160°F 3620 3840/3470
XB66, 0.030 psf !
Room 4030 4330/3030
160°F 3490 4100/2200
M6800
Room 2800 2900/2710
160°F 3050 3400/2490
CS4742
g (Capiltary) Room 3300 3800/2700
E (Capillary) 160°F 3100 3370/2850
3 (Capillary-Chromic
Anodize) Room 4300 4500/4100 1
' (Hand Application) Room 3500 3900/2200
A1340B
’ Room 1660 1880/1440
160°F 1880 3300/1410
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Adhesive Systems

A 1357B

XA3435/XC3924 Primer

XA3435

XB66, 0.030 psf

CS4742

(Capillary)

A1340B

TABLE 11

e

P NI e e angy

— CREEP DATA (mils)

Maximum/
Temperature Average Minimum

Room 0.4 0.6/0
160°F 0.6 1.9/0.1
Room 0.6 1.0/0.5
160°F 1.0 1.6/0.4
Room 0.4 0.8/0
160°F 0.3 0.6/0
Room 1.3 1.3/1.2°
160°F 0.7 1.1/0.4
Room 0.7 1.7/0.2
160°F 0.7 1.5/0.2
Room 0.5 0.9/0
160°F 1.0 2.0/0.4
Room 0.4 0.5/0.4
160°F 0.1 0.4/0

B = i Beogt dl S B S i o
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TABLE IV —METAL-TO-METAL PEEL TEST RESULTS (piw)

Adhesive Systems

A13578B

XA3435 W/XC 3924 Primer

XA3435

XB66, 0.030 psf

X6800

CS4742

(Capillary)

(Capillary)

(Capillary)

(Capillary—Chromic
Anodize)

{Hand Application)

A13408

Temperature

-67°F
Room
160°F

-679F
Room
160°F

-67°F
Room
160°F

-67°F
Room
160°F

-67°F
Room
160°F

-67°F
Room
160°F

Room
Room

-67°F
Room
160°F

18

Average

10.6
10.8
9.6

5.1
5.5
4.6

4.4
5.5
5.4

5.1
32.0
156.8

3.9
78
10.6

6.3
14.0
10.4

29.1
10.0

49
3.5
39

Maximum/
Minimum

16.6/4.8
14.8/6.8
10.4/8.6

6.9/2.7
6.6/4.8
7.2/2.6

10.6/0.6
7.2/16
7.3/4.4

6.8/2.8
35.1/28.4
23.0/5.1

5.4/3.1
9.8/5.5
14.6/7.8

7.7/3.8
17.6/8.8
14.8/7.0

32.1/24.6
10.8/9.4

5.9/3.4
4.7/1.8
5.6/2.4
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For specific applications, such as long floor panels involving continuous bondlines, the
automated roller coating and capillary action methods show some advantages. However,
these are severely limited in the most common structural configurations, where
stringer-rib-intersections, variable bondline widths and changes in joining media are
frequent. For the purpose of selecting the most universal application method, the
extrusion/spread method was isolated for further study. The electrostatic spray method
involved powder adhesive systems was dropped from further consideration when the
adhesive proved to be unweldable. Although not evaluated in detail as an automated
method, the capillary application method for paste adhesives and the roller coating method
and direct film lay-up for semi-solid bulk systems were considered logical alternatives for
certain structural configurations. An optimum fabrication plan for weldbonding would
probably use combinations of these methods.

The extrusion/spread application method may use either paste or hot spread adhesive.
Extruding heads may dispense adhesive in a single bead or in several beads. The equipment
would be stationary and part conveyance would be required. The extruding heads may be
solonoid controlled to dispense and stop as desired. These would be heated for the hot
spread systems. Varying bondline widths present some problems, but these can be
overcome using tandem beads of varying widths. The applied adhesive beads would be
followed by a hot *’knife’’ or spreader to spread the beads into a full film coating. Currently
available hot spread adhesive application systems demonstrate the feasibility of such a
system. However, equipment capable of handling the structural adhesives under
consideration, would have to be designed. Features such as cartridge loading, would be
required to prevent over age of the adhesive at temperature, and to avoid major clean up
problems of unused adhesive.

2.2 Surface Preparation Evaluation

Within the program, fourteen (14) surface treatments methods intended for the preparation
of aluminum alloy for weldbonding were evaluated. As in the parallel adhesive evaluation
under which the surface treatment was held constant, in order to minimize adhesive effects,
a common adhesive was used throughout this initial testing. The adhesive used was EC2214
Hi-Flex (3M Company) epoxy paste which had been proved feasible for weldbonding under
previous contracts. This evaluation proceeded through initial weld strength tests into
adhesive bond strength determinations at low temperature and at room temperature after
exposure to aggressive environments.

22.1 Candidate Surface Preparation Definitions

The fourteen (14) surface treatment methods evaluated for use in weldbonding are defined
in Table V. The individual steps within these sequences are defined as follows:
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SURFACE PREPARATION
STEP

Akaline Clean

Spray Rinse

Spot-Weld Acid Eich

Metal Bond Etcn

Nitric Acid Etch

Phosphoric-Dischromate Etch

Phosphoric-Chromic Acid Etch

Spray Rinse

Akaline Etch

Nitric Acid Etch

Spray Rinse

Spot-Weld Acid Etch

Phosphoric-Dischromate Etch

Spray Rinse

Coupling Agent Bath (L-10)

Coupling Agent Bath (A-1100)

Spray Rinse

Hot Air Day

Cold Water Spray into Bondline

Chromic Acid Anodize
Hot Air Dry

Spot-Weld Panel
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Aklaline Clean —

Spray Rinse —

Spot-weld Acid Etch —

Metal Bond Etch —

Nitric Acid Etch —

Phosphoric — Dichromate Etch —

Phosphoric - Chromic Acid Etch —

Alkaline Etch —

6-8 oz. of Wyandotte Altrex Cleaner per gallon

of tap water
Solution temperature, 170* 10°F

Tap water
Temperature, ambient

9-12 oz. of Suluric Acid (1.828 Specify Gravity),
5.3 — 7.4 oz. of Sodium Dichromate and

0.14 — 0.28 0z. of Ammonium Bifluoride per
gallon of tap water

Solution temperature, ambient

29-37 oz. of Sulfuric Acid (1.828 Specific Gravity),
and 3.4 — 12.7 oz. of Sodium Dichromate per gallon
of tap water

Solution temperature , 145°F to 160°F

12 oz. of 25% Nitric Acid per gallon of tap water
Solution temperature, ambient

12 oz. of 85% Phosphoric Acid and 0.2 oz.

of Potassium Dichromate per gallon of tap water
Note: This process step is electrochemical and was
conducted in this program using a stainless steel
container in electrical contact with the specimens
being treated.

Solution temperature, ambient

7.7 oz. of 85% Phosphoric Acid and 2.7 oz. of
Chromic Oxide per gailon of tap water
Solution temperature, 180°F

1-6 oz. of Sodium Hydroxide per galion of

tap water with Sodium Gluconate added as an
inhibitor. The Sodium Gluconate concentration
was 1 part to every 100 parts of Sodium Hydroxide.
The aluminum build-up in this solution was kept

to 1 oz./gal. below that of the Sodium Hydroxide.
Solution temperature, ambient
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Coupling Agent Bath — L-10(% oz./gal. of soluble chromates and 1%
by volume of A-1100) or A-1100 (1% by volume),
as noted, in tap water solution.
Solution temperature, ambient.

Chromic Acid Anodize — Anodize at a minimum current density of 1 ampere
per square foot and a minimum steady voltage of
38 volts in a Federal Specification O-C-303
Chromic Acid and Tap water solution. The time in
solution was 45 to 50 minutes.
No Sodium Dichromate or Nickel Acetate Seal.
Solution temperature, 90 to 95°F

Cold Water Spray into Bondline — High pressure spray into bondline in order to
flush chromic acid solution out of bondline.

2.2.2 Initial Weld Strength Tests - Surface Preparations

The last surface preparation evaluated (metal bond etch with the reduced time L-10
coupling agent bath) was an adjustment to the metal bond etch with ten (10} minute L-10
bath method conceived later in the program to alleviate welding problems. As such, it was
not investigated in the initial studies. With the exception of this and of the treatment
method intended for capillary action adhesive application (spot-weld etch for bare alloys
and chromic acid anodize after spot-welding), the remaining twelve (12) surface preparation
methods were initially tested for weld feasibility. These tests were conducted to determine
spot-weld strengths on single overlap, .063-inch thick aluminum alloy adherends by testing
in a tensile shear mode with the adhesive in the uncured condition.

The results of the initial spot-weld strength testing are shown in Table VI.  Using the
MIL-W-6858C average and minimum (840 pounds and 670 pounds, respectively) weld
strength requirements for .063-inch thick adherends, a review of these results showed that
the metal bond etch with A-1100 coupling agent, the phosphoric-chromic acid etch with
A-1100 coupling agent and the spot-weld etch for clad aluminum alloy with both A-1100
and L-10 coupling agents failed to meet these requirements for at least one data set. In
addition, in these cases, the corresponding standard deviations for these data sets are
relatively high. Weld strength data for the remaining surface treatments were considered
adequate to show weld feasibility.
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TABLE VI — INITIAL SPOT-WELD STRENGTH RESULTS
VS. CANDIDATE SURFACE TREATMENTS

Surface Treatment Aluminum Specimen Spot-weld Strength (pounds)
Alloy Quantity | Max Ave. |Min. |[Std. Dev.
Spot-weld Etch for
Bare Aluminum Alloy 7075-T6 Bare 42 1240 1114 | 980 716
Metal Bond Etch for 7075-T6 Bare 30 1030 948 | 740 79.1
Bare or Clad Aluminum 7075-T6 Bare 12 1060 922 | 730 | 129.7
Alloy 7075-T6 Clad 10 950 903 | 810 39.5
2024-T3 Clad 10 920 869 | 805 39.4
Russian Procedure 7075-T6 Bare 30 1070 982 | 810 69.9
Modified Russian Procedure 7075-T6 Bare 30 1030 961 | 880 36.1
Spot-weld Etch for Bare
Aluminum Alloy with 7075-T6 Bare 41 1150 1068 |1000 34.0
A-1100 Coupling Agent Bath
Metal Bond Etch for Bare 7075-T6 Bare 30 1010 973 | 920 21.9
or Clad Aluminum Alloy 7075-T6 Bare 12 1060 1021 | 930 25.0
with A-1100 Coupling Agent 7075-T6 Clad 10 990 960 | 930 23.6
Bath 2024-T3 Clad 12 985 832 | 665 92.2
23
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TABLE VI — INITIAL SPOT-WELD STRENGTH RESULTS
VS. CANDIDATE SURFACE TREATMENTS (CONT'D.)

Sy

Surface Treatment Aluminum Specimen Spot-weld Strength (pounds)
Alloy Quantity Max. Ave. Min. Std. Dev.

Phosphoric-Chromic

Acid Etch with A-100

Coupling Agent Bath 7075-T6 Bare 30 995 859 475 167.5

Spot-weld Etch for

Clad Aluminum Alloy 2024-T3 Clad 12 995 905 830 40.9

Spot-weld Etch for Clad

Aluminum Alloy with

A-1100 Coupling Agent

Bath 7075-T6 Clad 15 975 876 655 100.9

Spot-weld Etch for Bare

Aluminum Alloy with

L-10 Coupling Agent 7075-T6 Bare 24 1090 1033 950 41.8

Bath 7075-T6 Bare 30 1070 1005 930 34.2

Spot-weld Etch for Clad

Aluminum Alloy with

L-10 Coupling Agent

Bath 7075-T6 Clad 24 995 795 530 118.6

Metal Bond Etch for Bare

or Clad Aluminum Alloy

with L-10 Coupling 7075-T6 Bare 29 1020 947 870 38,5

Agent Bath 7075-T6 Clad 30 965 903 730 50.7
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223 Adhesive Bond Strength Tests

Through conventional lap shear, metal-to-metal peel and environmental wedge specimen
testing, eight (8) candidate surface treatments were further evaluated for bond strength and
permanence. These consisted of the following:

o Spot-weld Etch for Bare Aluminum Alloys
o Metal Bond Etch for Bare or Clad Aluminum Alloys
‘ o Russian Surface Preparation Method
o Modified Russian Surface Preparation Method
o] Spot-weld Etch for Bare Aluminum Alloys with A-1 100 Coupling Agent Bath

o Metal Bond Etch for Bare or Clad Aluminum Alloys with A-1100 Coupling
Agent Bath

o Phosphoric — Chromic Acid Etch with A-1100 Coupling Agent Bath
o] Spot-weld Etch for Bare Aluminum Alloys with L-10 Coupling Agent Bath

This selection permitted the evaluation of the totally new surface treatments defined under
this program, i.e.,

o Russian Surface Preparation Method
o Modified Russian Surface Preparation Method
o Phosphoric — Chromic Acid Etch with A-1100 Coupling Agent Bath ]

and the Spot-weld Etch for Bare Aluminum Alloy and the Metal Bond Etch for Bare or Clad
Aluminum Alloy and their derivatives involving the A-1100 and L-10 coupling agents.
Throughout these tests, both strength and failure mode were recorded and, in frequent
instances, the failure mode was the overriding factor in determining the acceptability of
surface preparation response to test.

For instance, as shown in Figure9, average initial bond strength on specimens without
spot-welds ranged in room temperature strength from 2950 psi (for Spot-weld Etch for Bare
Aluminum Alloys with L-10 Coupling Agent Bath) to 3780 psi (for Metal Bond Etch for
Bare and Clad Aluminum Alloys). These closely approximated typical bond strengths for
similar one inch overlap specimens with .063-inch thick 7075-T6 bare adherends :
experienced in earlier programs. Furthermore, the mode of failure for these specimens was
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FIGURE 9 — ADHESIVE LAP SHEAR TEST RESULTS (ROOM TEMPERATURE)
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essentially cohesive so that it was concluded that all candidate treatments were at least
initially capable of developing the strength of the bondline adhesive at room temperature.

Environmental test data in the form of results from lap shear tests after fifteen (15)
temperature — humidity cycles and the results from wedge tests in a high humidity
environment are shown in Figure 10 and Table VII, respectively. |n general, these two (2)
sets of data correlated well with the exception of the phosphoric-chromic acid etch with
A-1100 coupling agent prepared specimen results. These data show that the spot-weld etch
for bare aluminum alloys without coupling agent and with both A-1100 and L-10 coupling
agents and the metal bond etch for bare and clad aluminum alloys without coupling agent
and with A-1100 coupling agent resisted environmental degradation to a satisfactory degree.

Temperature-humidity lap shear specimen test results were greater than ninety-three (93)
percent of the control values, and wedge test durations exceeded twenty (20) days with the
exception of one (1) specimen for these surface treatments. These tests also concurrently
showed excessive environmental degradation of the Russian procedure and the modified
Russian procedure prepared specimens with greater tha * twenty-five (25) percent reduction
from control in temperature-humidity lap shear specimen tests and wedge test durations of
less than one (1) day.

Further tests of "‘adhesive only’* lap shear specimens at -67°F, of weldbonded lap shear
specimens at room temperature and of ““adhesive only’’ metal-to-metal peel specimens at
67°F and room temperature were conducted. In general, the specimen failure modes
exhibited in these tests were cohesive and the strength values were sufficient to preclude
chiminaiion of candidate surface preparations through these tests. A summary of data for
this testing is shown in Figures 11, 12, 13 and 14.

After review of the above mechanical test data, especially with respect to weld quality and
environmental testing, it was apparent that the best of the candidate systems was to be from
among the spot-weld etch for bare aluminum alloys or the metal bond etch for bare or clad
aluminum alloys or their derivatives involving coupling agents.

2.2.4 Surface Preparation-Salt Spray Evaluation
The candidate coupling agents were further evaluated for their effectiveness in protecting

the metal surface against salt spray corrosion. 7075-T6 aluminum panels were cleaned by
the metal bond etch procedure and were then given the following surface treatments:

27



Shear Strength (psi)

4000 A

3000 +

2000 <

1000 +

(01)

(02)

(03)

(

%

LEGEND

Maximum

Average

Minimum
) — Surface
Treatment

(04)

(05) A

(07)

(1)

- Specimen B (Figure A-2)

- Test at room temperature
after fifteen (15) tempera-
ture - humidity cycles

(06)

FIGURE 10 — ADHESIVE LAP SHEAR TEST RESULTS (WEATHERED SPECIMENS)
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TABLE VII — WEDGE TEST DATA

Surface Preparation

umidity (Days)

Duration in High H
Specimen No.

1

2

Spot-weld Etch for Bare
Aluminum Alloys

Metal Bond Etch for Bare
and Clad Aluminum Alloys

Russian Surface Preparation
Method

Modified Russian Surface

| Preparation Method

Spot-weld Etch for Bare
Aluminum Alloys with
A-1100 Coupling Agent
Bath

Metal Bond Etch for Bare
and Clad Aluminum Alloys
with A-1100 Coupling
Agent Bath

Phosphoric-Chromic Acid
Etch with A-1100 Coupling
Agent Bath

Spot-weld Etch for Bare
Aluminum Alloys with
L-10 Coupling Agent
Bath

All less than 1 day

All less than 1 day

All less than 1 day

20

50

35

22

23

56

21

36

36

27

62

56

42

64
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FIGURE 12 — WELDBOND LAP SHEAR TEST RESULTS
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(1)  Alodine 1200

(2) A-1100 Coupling Agent

(3)  L-10 Coupling Agent (10 minute immersion)
(4)  L-10 Coupling Agent (5 minute immersion)
() EC3926 Adhesive Primer

The test panels were scribed to increase the susceptibility to corrosion and were placed in a
salt fog cabinet for 88 hours. Figure 15 is a photograph made of the panels after the
environmental exposure. The control panel and the panel with A-1 100 were badly
corroded. The panels treated with L-10 were just beginning to show signs of corrosion with
only slight differences between the 10-minute immersion panel and the 5-minute immersion
panel. The panels treated with Alodine 1200 and EC3926 showed no signs of corrosion.
However, Alodine 1200 and EC3926 form high resistance films which are not compatible
with the welding process. With these and earlier results, it was apparent that the L-10
treatment gave the best available balance of corrosion resistance and compatibility with the
welding process.

Using the results of the previous weld, adhesive bond and surface corrosion tests, the
candidate systems were reduced to

o Spot-weld Etch for Bare Aluminum Alloys with L-10 Coupling Agent Bath, and
o Spot-weld Etch for Clad Aluminum Alloys with L-10 Coupling Agent Bath, or

o Metal Bond Etch for Bare or Clad Aluminum Alloys with L-10 Coupling Agent
Bath

23 Initial Weldbond Adhesive/Surface Preparation Selection

With the adhesive candidate systems reduced to two (2) epoxy paste systems and two (2)
epoxy semi-solid bulk (or unsupported film) systems, i.e.,

M6800 paste, Whitaker,
CS4742 paste, B.F. Goodrich,
A1357B film, B.F. Goodrich, or
XB66 film, 3M Company,

0O 0O O ©

and the surface preparation candidates reduced to

o Spot-weld Etch for Bare Aluminum Alloys with L-10 Coupling Agent Bath, and

o Spot-weld Etch for Clad Aluminum Alloys with L-10 Coupling Agent Bath, or
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o Metal Bond Etch for Bare or Clad Aluminum Alloys with L-10 Coupling Agent
Bath.

further weld quality tests involving combinations of these three (3) candidate surface
preparations and four (4) adhesives were conducted. These involved lap shear tests of both
cured and uncured specimens, and x-ray and visual inspection for spot-weld porosity, metal
expulsion and cracks, and for small or irreqular spot-welds. Generally, forty-eight (48)
specimens per combination were fabricated and tested.

The results of these tests, particularly the x-ray inspection, showed a substantial increase in
weld defects in clad specimens relative to those found in bare specimens. Moreover, greater
difficulties were encountered in welding the spot-weld etched with L-10 coupling agent
prepared clad specimens than with the metal bond etched with L-10 coupling agent
prepared clad specimens. As a result of these tests, the metal bond etch plus L-10 coupling
agent surface preparation was selected for further investigation. Further testing on
specimens prepared with variable L-10 bath times indicated an advantage in reducing this
time from ten (10) minutes to five(5) minutes. At this time in the program, the selected
weldbond surface preparation was defined as:

Surface Preparation Step Nominal Time in Solution (min.)

Alkaline Clean 15

Spray Rinse 35

Metal Bond Etch 8-10

Spray Rinse 35

Coupling Agent (L-10) 4-6

Spray Rinse 3-5

Hot Air Dry Until Dry

At this point, a test program was defined to evaluate combinations of the four (4) remaining
adhesive candidates and the selected surface preparation. Additional weld quality tests,
adhesive lap shear tests both after and prior to exposure to aggressive environment and




metal-to-metal adhesive peel tests at -67°F and room temperature were conducted.
Adherends .063 inch thick of 7075-T6 and 2024-T3 aluminum alloys both bare and clad
were used during this testing. Additional adhesive tests were included using the chromic
acid anodize — capillary fabrication method and CS 4742 adhesive with 7075-T6 bare

adherends.

On the four primary systems, weld evaluations were conducted which included weld
strength tests following x-ray inspection. The results of the x-ray inspection are shown in
Table VIII.

Table Vili— X-Ray Inspection Results

Number of Defects
Cracks & Metal
Adherend Adbhesive _N_ Expulsion Cracks

7075-T6 bare A1357B 30 - 15
7075-T6 clad A1357B 30 19 -
2024-T3 bare A1357B 20 - 2
2024-T3 clad A1357B 20 - 20
7075-T6 bare XB66 30 - 1"
7075-T6 bare M6800 30 1 -
2024-T3 clad CS4742 20 5 -
2024-T3 bare CS4742 20 - -
7075-T6 clad CS4742 30 9 -
7075-T6 bare CS4742 30 1 -

Weld strength data on these specimens are given in Table IX.

Table IX —Weld Strength Results

Weld Strength (ib.)
Adherend Adhesive N Minimum| Average | Maximum
7075-T6 bare A13578 30 895 1020 1150
7075-T6 clad A1357B 30 615 960 1750
2024-T3 bare A13578B 20 805 936 1085
2024-T3 clad A1357B 20 460 870 1080
7075-T6 bare XB66 30 725 1006 1180
7075-T6 bare M6800 30 815 1023 1285
2024-T3 clad CS4742 20 525 886 1050
2024-T3 bare CS4742 20 805 870 995
7075-T6 clad Cs4742 30 630 988 1225
7075-T6 bare CS4742 30 605 929 1175
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The subsequent adhesive tests on 7075-T6 bare adherends consisted of lap shear control, lap
shear tests after exposure to aggressive environments such as JP-4 fuel, hydraulic oil,
temperature — humidity cycling and salt spray, and metal-to-metal peel tests at room
temperature and at-67°F.

The results of these tests are given in Tables X!, XII, XIIl, and XIV.

Additional testing of panels which were treated with the conventional spot-weld etch
procedure, welded, and chromic acid anodized and cold water rinsed after welding was
conducted. After this surface preparation, CS4742 epoxy paste adhesive was applied to the
bondline through capillary action and cured. These tests consisted of lap shear controls and
after exposure to salt spray and to temperature-humidity cycling and metal-to-metal peel at
.67°F and at room temperature. As in the previous tests, the substrate adherends were
7075-T6 bare aluminum alloy. These results are shown in Table X.

Table X —CS4742 Adhesive Bond Test Results (Capillary Application)

Prior Strength (Lap Shear in psi, Typical
Test Environment

Maximum| Average | Minimum

Peel in Ib./inch width) Failure Mode

Lap Shear None 4100 3300 2500 0% Coh., 100% A
(Room Temperature)| 30 day salt spray 2200 1500 1000 0-5% Coh.,
95-100% A
15 Temp.-humidity
cycles 2700 2300 1500 0% Coh., 100% A
Metal-to-Metal None 2.7 2.2 1.8 0% Coh., 100% A
Peel
(Room Temperature)
Metal-to-Metal None 3.7 3.2 3.1 0% Coh,, 100% A
Peel
(-67°F)
Coh. — Cohesive
A — Adhesive-to-Anodize
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Table X| — A1357B Adhesive Bond Test Resuits

Prior \Strength {Lap Shear in psi, Peel in Ib/inch width) Typical
Test Environment Failure Mode
Maximum Average Minimum
Lap Shear None 4800 4760 4700 60-70% Coh,,
30-40% Am
20-40% Am
15 temp.-humidity 4600 4500 4400 60-70% Coh.,
cycles 30-40%Am
7 day hydraulic oil 4600 4500 4300 80-90% Coh,,
10-20% Am
7 day JP-4 fuel 4600 4600 4600 80% Coh.,
20% Am
Metal-to-Metal None 52.7 48.6 42.5 100% Coh.,
Peel 0% Am
(Room Temp.)
Metal-to-Metal None 50.7 44.8 36.9 90-100% Coh.,
Peel 0-10% Am
(-67°F)
Coh., - Cohesive
Am - Adhesive-to-Metal




Table XIl — XB66 Adhesive Bond Test Results

Prior Strength (Lap Shear in psi, Peel in Ib/inch width) |  Typical
Test Environment Failure Mode
Maximum Aver-ge Minimum
Lap Shear None 4900 4400 3700 40-80% Coh.,
20-30%Am
{(Room Temp.) 30 day salt spray 4700 4600 4500 50-40% Coh.,
60-95%Am
15 temp.-humidity
cycles 4600 4200 3900 40-80% Coh.,
20-60%Am
7 day hydraulic oil 4700 4560 4500 80% Coh.,
20%Am
7 day JP-4 fuel 4900 4700 4500 70-80% Coh.,
20-30%Am
Metal-to-Metal None 50.3 45.8 41.3 100% Coh.,
Peel 0%Am
(Room Temp.)
Metal-to-Metal None 23.8 20.5 16.2 100% Coh.,
Peel 0%Am
(-67°F)
Coh. - Cohesive
Am — Adhesive-to-Metal




Table X111 — M6800 Adhesive Bond Test Results

|
Strength (Lap Shear in psi, Peel in Ib/inch width) Typical

Prior
Test Environment Failure Mode
Maximum Average Minimum
Lap Shear None 4300 3900 3200 80-95% Coh.,
5-20%Am
(Room Temp.) 30 day salt spray 4700 4200 3600 90-95% Coh,,
5-10% Am
15 temp-humidity
cycles 4400 3900 3400 70100% Coh.,,
-0-30% Am
7 day hydraulic oil 3900 3700 3000 100% Coh.,
0% Am
7 day JP-4 fuel 4100 3760 3100 100% Coh.,
0% Am
Metal-to-Metal None 11.8 9.7 7.8 100% Coh.,
Peel 0% Am
(Room Temp.)
Metal-to-Metal None 13.0 79 3.6 100% Coh.,
Peel 0% Am
(-67°F)
Coh. — Cohesive
Am —~ Adhesive-to-Metal
41
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Table X1V — -C$4742 Adhesive Bond Test Results

1
Strength (Lap Shear in psi, Peel in Ib/inch width)  Typical

Prior
Test Environment Failure Mode
Maximum Average Minimum
Lap Shear None 3600 3300 3000 80-90% Coh.,
10-20% Am
(Room Temp.) 30 day salt spray 3500 3100 2800 0-5% Coh.,
95-100% Am
15 temp.-humidity
cycles 3400 3280 3000 10% Coh.,
90% Am
7 day hydraulic oil 3900 3300 2700 0% Coh.,
100% Am
7 day JP-4 fuel 3700 3000 2700 0-10% Coh.,
90-100% Am
Metal-to-Metal None 9.2 5.6 3.7 0% Conh.,
Peel 100% Am
(Room Temp.)
Metal-to-metal None 14.5 10.3 7.6 0% Coh.,
Peel 100% Am
(-67°F)
Coh. - Cohesive
Am — Adhesive-to-Metal
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Since preliminary tests indicated that consistent, acceptable quality, welds could not be
formed through two of the candidate adhesive (A1357B. and XB66) without heating the
bondline prior to welding, these 'adhesives were manually heated to 200°F before welding.
The remaining candidates were welded without prior heating. The x-ray inspection results
of these tests as shown in Table VIII indicate a distinct advantage in welding the two paste
systems (M6800 and CS4742). Specifically, out of thirty (30) tests on .063, 7075-T6 bare
specimens, the paste systems had one (1) defect each while the hot spread systems showed
fifteen (15) and eleven (11) defects for a 1357B and XB66, respectively. The minimization
of these defects, in the form of cracks and metal expulsion, for the final process was
considered essential. In addition to yielding the above comparison, this data shows the
increased difficulty in welding clad materials over that encountered in the welding of bare

alloys.

A review of the weld strength data in Table IX is not as conclusive as the above ND! data.
No real advantage in static weld strength is indicated for pastes over hot spread systems.
However, it should be noted that the M6800 adhesive data showed the highest average weld
strength. Comparison of this mechanical test data and the previous ND! evaluation shows
the absence of a relationship between static weld strength and the presence of cracks and
metal expulsion in the weld.

Reviewing the weld-through weldbond systems results, all adhesives tested showed
acceptable initial lap shear strength values and only slight (nine (9) percent maximum)
reductions in lap shear strength due to aggressive environments. The average initial strengths
of the two hot spread systems were greater than 4000 psi while the average initial strength
of the M6800 paste was 3900 psi and the average initial strength of the CS 4742 paste was
3300 psi. The failure modes on the first three of these systems (A1357B, XB66 and
M6800) were predominantly cohesive while the failure mode on the CS 4742 system was
mostly adhesive-to-metal.

The metal-to-metal peel results showed high strength with cohesive failures for the A13578
system, high-room temperature strength and intermediate .67°F strength with cohesive
failure for the XB66 system, low strength with cohesive failure for the MG80O system, and
low strength with adhesive-to-metal failures for the CS 4742 system. Considering these
along with the previous lap shear data, a ranking of candidate systems based solely on
adhesive properties was (1) A13578B, (2) XB66, (3) M6800 and (4) CS4742.

In order to select the primary system for weldbonding, considerations of both weld quality
and adhesive characteristics were made. Although the two hot spread systems showed
superior adhesive characteristics, the weld data, specifically the NDI results, showed
excessive weld defects for these systems. In future weldbond developments, this may be at
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least partially correctable through the use of a pre-heat control built into the welding
machine and controlled through the weld schedule. This was not attempted on this program
and, as a result of the poor weld quality, these systems were eliminated from further
evaluation on this program.

Eliminating the hot spread systems left the two paste systems for further consideration.
Both of these systems were considered equivalent with respect to weld quality. When the
adhesive characteristics of each were considered, it was seen that the M6800 paste system
was the better of the two. The essential undesirable characteristic of the CS 4742 system
was the predominance of adhesive-to-metal failure, especially in the peel tests conducted.

With this reasoning, the primary weldbond system was, at this time, defined as the metal
bond etch and L-10 coupling agent surface preparation with M6800 paste adhesive cured at
250°F for one hour.

Due to the limitations of a capillary system regarding improbable universal usage for all
structural configurations such as bondline width limitations and general fay surface
inaccessibility, the capillary action method of adhesive application was considered as a
possible secondary method to complement the primary system chosen above. With this
method, weld quality was not an area for investigation since welding was done through a
spot-weld etch prepared surface with no adhesive in the bondline at the time of welding.
Historically, this has been an acceptable surface for spot-welding. Adhesive test data on this
system is shown in Tab'e X.  These data show a problem with this system in that the
failure modes were typically one hundred (100) percent adhesive-to-anodize. This is an
undesirable system characteristic and different from test results previously obtained on this
system. The problem may be traceable to either the particular adhesive batch used or some
change in the method of anodizing. In any event, no further work was performed relative to
the capillary application method on this contract.

2.4 Subsequent Weldbond Revisions and Adjustments

After conducting weldbond process development per contract requirements as defined
earlier, further weld quality tests on specimens prepared using production solutions and
equipment were conducted. The tests addressed adherends with thicknesses over the 0.020
inch to 0.090 inch thickness range and showed a higi: frequency of weld defects at the
extreme thicknesses. Specifically, welding through the 0.020 inch to 0.020 inch 7075-T6
bare aluminum alloy combination resulted in low inconsistent weld strengths with
approximately ten (10) percent of the results showing a “no weld”’ or "“dud” condition.
Meanwhile, welding through the 0.090 inch to 0.090 inch 7075-T6 bare combination
resulted in more than one-half of thirty (30) welds cracked. Since the ability to consistently
produce high-quality welds at these thicknesses was necessary to the performance of this
contract, adjustments and revisions to the previously defined surface preparation were

made.
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24.1 Elimination of the L-10 Coupling Agent-Metal Bond Etch Evaluation

In order to alleviate the weld defect problem, the initial adjustment made was to eliminate
the L-10 coupling agent. At this point, with the weldbond surface preparation redefined as
the metal bond etch process, further problems involving weld cracking and metal expulsion
into the adhesive bondline were encountered. In the light of previous successes involving
welding through surfaces prepared by the metal bond etch procedure with and without the
L-10 coupling agent, the coincident change from laboratory to the production line became a
prime area of concern.

The metal bond etch tank used in the fabrication of these weldbonded specimens was
maintained by production control and it was chemically analyzed at a standard frequency
for sulfuric acid and sodium dichromate contents, and the resulting data was recorded. A
review of these data indicated a steady increase in the sodium dichromate content over the
time period that it was in use by this program for preparation of weldbond test specimens.
However, this increase was well within the specified control limits for the process tank. At
this stage of the spot-weld expulsion problem, no correlation was achieved between
increased dichromate content and frequency of occurrence of spot-weld expulsions. This
investigation prompted the initiation of an experimental program for determination of
surface resistivity measurements of test specimen details cleaned in the production metal
bond etch tank. The high surface resistance measurements and accompanying spot-weld
expulsions experienced with aluminum alloy test specimen details prepared in the
production metal bond etch tank led to the conclusion that the metal bond etch tank
solution could be contaminated. This conclusion further led to investigations for trivalent
chrome content in the etch tank, an independent investigation by the Lockheed Missiles and
Space Company (LMSC), and a chemical analysis of the expelled material.

Upon investigation, no correlation could be established relative to trivalent chrome content
in the production metal bond etch solution and the occurrence of spot-weld expulsions.

In order to eliminate any possible equipment or instrumentation problems, an independent
investigation was conducted at LMSC. All test specimen details in this investigation were
prepared by the metal bond etch procedure using a newly prepared solution in a volume of
twenty-two (22) gallons. Test specimens were fabricated from both 7075-T6 bare and clad
aluminum alloy sheet materials using the M6800 epoxy adhesive. The aluminum alloy sheet
thicknesses used ranged from 0.020 inches to 0.090 inches. Test panels were weldbonded in
four inch widths and then individual one inch wide test specimens were machined from each
panel. Each individual test specimen contained a single spot-weld. Electrical surface
resistance measurements were made on each pair of test panels prior to adhesive
application. The results from the test specimens in this program are shown in Table XV.




Table XV - Summary of Spot-Weld Expulsion
Investigation Results from LMSC

Program

Material Thickness Cleaning Percentage of Electrical Sur-

and Alloy Procedure Defective Welds Face Resistivity
0.020’* 7075-T6 Bare MBE, 10 Min. Etch 8.0 18 to 56
0.050" 7075-T6 Bare MBE, 10 Min. Etch 8.0 32 to 132
0.050"" 7075-T6 Bare MBE, 5 Min. Etch 12.0 20 to 220
0.050" 7075-T6 Clad MBE, 10 Min. Etch 12.0 25 to 52
0.050"” 7075-T6 Clad MBE, 5 Min. Etch 40.0 26 to 180
0.090"" 7075-T6 Bare MBE, 10 Min. Etch 72.0 33 t0 47

NOTE:
MBE in the above table is the abbreviation for metal bond etch, and the time specified immediately following

MBE is the time that the aluminum details are immersed in the etchant solution.

Again, no definite conclusion could be drawn relative to the specific cause of spot-weld
expulsion and a method for its elimination. This program did reflect, for the first time, that
the metal bond etch solution would reduce the surface resistivity to levels comparable to
those gained by cleaning with the spot-weld etch strface preparation procedure.

In order to gain a further insight into the spot-weld expulsion problem, a chemical analysis )

.‘ was performed on a sample of the expelled material from a failed test specimen. An |
emission analysis confirmed that the expelled material contained aluminum and )
magnesium. Optical emission, infrared and microscopic analyses indicated that the sample
of expelled material contained fine aluminum particles dispersed in the epoxy adhesive.

. Also, no carbon was present which indicated an absence of charring. Furthermore, infrared :
analysis indicated that the adhesive had not been degraded.

An additional investigation whose aim was establishing the source(s) of the spot-weld
expulsion problem was initiated. The variables considered were adherend thickness, etch
time, surface preparation procedures, and adhesives. Lap shear tests were conducted on
butt lap shear specimens which were fabricated considering the aforementioned variables. "\

46 i




s e i aundee. i
¢

- ':;!‘

B

The test panels were fabricated in two thicknesses, 0.050 inches and 0.071 inches. Each
panel consisted of two (2) butt lap shear specimens. After weldbonding, the specimens were
machined from the panel resulting in two specimens 3 inches wide and 12 inches long.
Forth-five (45) panels were fabricated for each of the two thicknesses. Following the
spot-weld machine weld schedule development, in-process inspections were performed
during the test specimen fabrication including surface resistivity measurements prior to
applying the adhesive. All test specimens were radiographically inspected prior to structural
testing. The test specimens were tested to failure and visual inspections made on the failed
specimens. The results of this investigation are listed in Table XVI.

Table XV — Summary of Spot-Weld Expulsion
Investigation Results

Material Cleaning Percentage of | Electrical Surface
Thickness Procedure Adhesive Defective Welds Resistivity -
(Micro-OHMS)
0.050 MBE, 5 Min. Etch M6800, Lot 107 375 1200
0.050 MBE, 8 Min. Etch M6800, Lot 107 45.0 2500
0.050 MBE, 10 Min. Etch M6800, Lot 107 55.0 . 1200
0.071 MBE, 5 Min. Etch M6800, Lot 107 375 1250
0.071 MBE, 8 Min. Etch M6800, Lot 107 40.0 1500
0.071 MBE, 10 Min. Etch M6800, Lot 107 375 1500
0.050 DMBE, 5 Min. Etch M6800, Lot 107 60.0 1600
0.050 DMBE, B Min. Etch M6800, Lot 107 60.0 2000
0.050 DMBE, 10 Min. Etch M6B00, Lot 107 775 1700
0.071 DMBE, 5 Min. Etch M6800, Lot 107 45.0 1300
0.071 DMBE, B Min. Etch M6800, Lot 107 425 1600
0.071 DMBE, 10 Min. Etch M6800, Lot 107 375 1400
0.050 Spot-Weld Etch M6B00, Lot 107 0 BO
0.050 Spot-Weld Etch M6BO00, Lot 106 0 80
0.050 Spot-Weld Etch EC 2214 0 60
0.071 Spot-Weld Etch M6800, Lot 107 0 BO
0.071 Spot-Weld Etch M6800, Lot 106 0 40
0.071 Spot-Weld Etch EC 2214 0 75
NOTE:

MBE in the above table is the abbreviation for metal bond etch and
DMBE is the abbreviation for the metal bond etch procedure with
a deoxidizer step added to the processing sequence prior to the
MBE acid etch step.

Upon analyzing the results of spot-weld expulsions listed in Table XV, none of the variables
introduced into the weldbond systems study could be singled out as the contributing factor
for high surface resistivity and high frequency of spot-weld expulsions except the metal
bond etch tank solution.
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The next phase of the spot-weld expulsion investigation was to determine the effect of the
variation of both sulfuric acid and sodium dichromate concentration within the tank control
limits. Electrical surface resistivity measurements were made on 7075-T6 bare aluminum
test panels that were prepared using the metal bond etch solution which had varying
concentrations of sulfuric acid and sodium dichromate dihydrate. Electrical surface
resistivity measurements corresponding to sulfuric acid and dichromate concentrations are
given below. Three sets of test panels were prepared for each sulfuric acid to sodium
dichromate dihydrate ratio.

Sulfuric Dichromate Electrical Sur-

Panel No. Acid Conc. Concentration Face Resistivity

L-1 34 3.0 78-56-70

L-2 34 4.8 140-180-192

L-3 34 7.2 290-390-850

L-4 34 9.6 200-270-290

L-5 36 3.0 96-56-30

L-6 36 4.8 96-110-124

L-7 36 7.2 220-480-560

L-8 36 9.6 465-480-485

L-9 38 3.0 20-40-82

L-10 38 4.8 220-240-240

L-11 38 7.2 140-120-250

L-12 38 9.6 500-480-625

The above sulfuric acid and sodium dichromate concentrations are in ounces per gallon of
solution with balance of solution being clean water. The electrical surface resistivity is
recorded in micro-ohms for 36 panels.

A sample of the production metal bond etch solution was used to clean three test panels. A
portion of the sample solution was adjusted (by adding sulfuric acid to achieve an
acid/sodium dichromate ratio of 10) and three panels were cleaned with this solution.
Surface resistivity was measured on each with the following results.

Electrical Surface

Panel Etch Solution Resistivity
P-1 Production Solution 500-620-340
P-2 Adjusted Solution 47-17-127
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These data indicate that the electrical surface resistivity of cleaned aluminum parts is
directly related to the sodium dichromate content. Also, these data indicate that the etch
solution can be brought into tolerance with respect to electrical surface resistance by
adjustment of the sulfuric acid/sodium dichromate ratio.

Earlier investigations indicated that low electrical surface resistivities (less than 200
micro-ohms) yielded quality spot-welds. Furthermore, surface films containing chromate
resulted in poor quality spot-welds. In order to establish the metal bond etch cleaning
procedure as a workable surface preparation, the ratio of the sulfuric acid content to sodium
dichromate content was varied from 7 to 50. The lower ratios had given high percentages of
spot-weld expulsions. It was reasoned that higher ratios might yield acceptable quality welds
and yet maintain a corrosion resistance level nearly that of the metal bond etch. Evaluations
of the metal bond etch solution with sulfuric acid content to sodium dichromate content
ratios of 7, 10, 15, 30, and 50 were performed. Over 2000 electrical surface resistivity
measurements were made on the aforementioned metal bond etch solutions and two
spot-weld etch solutions. The scatter in the resistivity measurements of surfaces prepared by
the metal bond etch surface preparations evaluated was high. Surfaces of specimens
prepared by the spot-weld etch cleaning procedures resulted in average measurements that
were lower than the average measurements of the specimens prepared by the metal bond
etch solutions.

Weldbonded lap shear specimens were fabricated and tested in three thicknesses of
aluminum alloy sheet material. Each specimen thickness was prepared by two metal bond
etch solutions, ratios of 15 and 50. Examination of the failed specimens did not reveal any
significant improvement of one metal bond etch cleaning procedure over the other. Also,
after analyzing the results of this investigation, it was concluded that a source other than
surface resistivity was the principal contributing factor for spot-weld expulsions.

As part of the continued effort directed toward resolving the spot-weld expulsion problem,
a special weld schedule program was initiated. This program was directed toward developing
weld schedules without regard to maintaining specification nugget quality relative to size
and strength. The results of this effort are as follows:

1. The initial work involved establishing a weld schedule for both 0.050 and 0.020 inch
thick bare 7075-T6 aluminum sheet materials cleaned in a modified metal bond etch
solution containing sulfuric acid to sodium dichromate ratio of 50:1. Successful
schedules were established for these two adherend thicknesses bonded with M6800
paste adhesive. Approximately 12-15 expulsion free nuggets were made on each
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thickness. Only the nuggets in the 0.020 inch sheet were sectioned and those were
found to be free of cracks. The successful schedules were accomplished only after the
weld area was heated to lower the adhesive's viscosity to encourage its removal from
the weld area during the welding operation. Analysis of the anticipated results with
incorporation of a heating step in the weldbond cycle discounted its feasibility. The
impracticality of a heating step is due to: (1) reduction of adhesive open time; (2)
difficulty in controlling spot-weld location heating and (3) increased production
time/cost. Other methods of viscosity reduction such as solvating with removal prior
to adhesive cure, incorporation of a reactive diluent, and development of a new low
viscosity adhesive were also rejected as being impractical, at this time.

2. Previous weldbond developments indicated that 3-M's EC2214 Hi-Flex paste adhesive
was easier to weld through than Whittaker M6800 adhesive. Since the most obvious
difference between the two adhesives was the content of aluminum powder in EC
2214, it was surmised that the same modification to M6800 might improve its
weldability on a metal bond etch prepared surface. The addition of 1 percent by
weight of TT-P-320A, Type I, Class A aluminum powder to the M6800 did improve
the weldability of M6800. The sulfuric acid to sodium dichromate ratio was lowered
to 15:1 in lieu of 50:1 for this effort.

The results of the two investigations are listed in Table XVII. As shown in the table, it is
concluded that weld quality on 0.020 and 0.032 inch thicknesses of aluminum alloy sheet
was unacceptable, for the 0.050 and 0.090 inch thicknesses it was acceptable, and for the
0.063 thickness it was marginal. Although the aforementioned results show promise in
solving the weld quality problem, time did not permit continued development in this
program. Thus, the decision was rendered to substitute the spot-weld etch cleaning
procedure for the metal bond etch cleaning procedure for the remainder of the program.

2.5 Welding Schedules for Weldbonding

During the course of weldbond process development spot-welding schedules were
established. These schedules varied with the adhesive in the joint, material thickness and
material alloy. Table XVI!! shows several typical welding schedules used in weldbonding test
specimens and components.
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TABLE XVII — Weldability Program Results

Thickness No. of Welds Etch (1) | Adhesive Expulsions | Cracks
(in.)
.050(2) 12 MBE-50 | M6800 None |«
.020(2) 12 MBE-50 | M6800 None [ wweeem
.054 30 MBE-15 M6800/AL. None None
.020 20 MBE-15 M6800/AL. 7 3
.090 25 MBE-15 M6800/AL. None 1
.063 25 MBE-15 M6800/AL. 3 1
.020 25 MBE-15 M6800/AL. 24 2
.054 20 MBE-15 M6800/AL. None N.A.
.032 25 MBE-15 M6800/AL. 14 None
.032 40 MBE-15 M6800/AL. None 26
Note:

(1)  MBE-50 is metal bond etch solution with sulfuric acid to sodium
dichromate ratio of 50:1; MBE-15 has a ratio of 15:1.

(2) Heated Material

2.6 Material and Process Specifications

Specifications for adhesives, surface preparation and weldbond processing were completed
and are included in Appendix B.

The adhesive material specification contains both qualification and acceptance requirements /
for weldbond adhesives. The qualification requirements are those which a material must

meet to be considered a source for weldbond adhesive. The acceptance requirements are

those which all incoming adhesive lots must meet in order to ensure a maintenance of the

qualification standards.

The weldbond process and surface preparation specifications contain the engineering,
manufacturing, and quality assurance requirements essential to the process. For example,
these requirements include welding machine performance and qualification, certified weld
schedules, material controls, controls for auxiliary equipment, part assembly, weld and
adhesive bond mechanical properties, acceptance criteria, and inspection methods. In light
of the total process development and adhesive evaluation program, these specifications |
reflect the MB800 paste epoxy adhesive system and the conventional spot-weld etch surface It
preparation. :
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SECTION I

GENERAL DESIGN DATA

3.1 Engineering Design Limits

Specific design limitations for weldbonding estabiished through testing conducted under this
program address approved aluminum alloys and tempers, adherend material thickness and
thickness ratio limits, spot-weld spacing and edge distance requirements and operational
temperature extremes for weldbonding. The following sections define these limitations.

3.1.1  Adherend Material and Temper

Weldbonding may be performed on any combination of material compositions in the 2000
and 7000 series aluminum alloys. Sheet material may be weldbonded to extrusions, and
clad-one-side to bare surface combinations may be weldbonded provided that clad surfaces
are not present in the faying surface of joints. All materials shall be in the solution treated
and hardened condition. Basic temper designations -T3, -T4, -T6, -T7, and -T8 satisfy the
hardness requirements.

3.1.2 Adherend Material Thickness and Thickness Ratios

The following thickness limits and thickness ratios are established for weldbonded
assemblies:

(a)  Single sheet thickness shall be in the range of 0.020 to 0.125 inches.

(b) The maximum combined joint thickness shall not exceed 0.180 inches or four (4)
times the thickness of the thinner outer sheet of the joint, whichever is less.

(¢)  The maximum thickness ratio for two-sheet combinations is 3:1.

The maximum thickness ratio requirements for three-sheet combinations are defined
as follows:

(1) All sheets of equal thickness, the ratio is 1:1.

(2) Outer sheets in the joint which are equal in thickness but thicker than the
middle sheet, the maximum ratio is 2.5:1.




(3)  Outer sheets in the joint which are equal in thickness but thinner than middle
sheet, the maximum ratio is 3:1.

(4) When all sheets in the joint are unequal in thickness, maximum ratio between
adjacent sheets is 2:1 and the maximum ratio of the thickest to thinnest sheet

is 2.5:1.

3.1.3  Spot-Weld Spacing and Edge Distance

The spot-weld spacing and edge distances are as follows:

(a)  Spot-weld spacing shall be derived from Table XIX.

(b) The minimum edge distance, as measured from the center of the electrode
impression shall not be less than 2.5t plus 0.1 inches (t = thickness of the
thinner outer sheet).

TABLE XIX — SPOT-WELD SPACING — INCHES(2)

STANDARD SPOT- | MINIMUUMSPOT- | MAXIMUM SPOT-
THICKNESS“) WELD SPACING WELD SPACING WELD SPACING

(IN.) (IN.) (IN.) (IN.)

.020 0.62 0.50 0.65

.025 0.65 0.55 0.70

.032 0.80 0.65 0.85

.040 0.90 0.85 1.20

.050 1.00 0.90 1.25

.063 1.25 1.00 1.40

.071 1.30 1.10 1.40

.080 1.40 1.20 1.50

.090 1.50 1.25 1.55

'& .100 1.60 1.30 1.60

112 1.65 1.35 1.65

‘ 125 1.70 1.40 1.70

{

n Thickness of thinnest outer sheet in the joint.

= l" 2) Measured from center of cleetrode impression,




3.14 Operational Temperature
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