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PREFACE

This report was prepared by the Northrop Corporation , Aircraft Group ,
Hawthorne, California, under USAF Contract F33615-76-C-5412. The contrac t ‘~ork
was performed under Project No. 828-6 , and was sponsored by the Air Force Materials
Laboratory , Wright—Pa tterson AFB , Ohio. The original Air Force Project Engineer
was Mr . N. E. Klarquist of the Metals Branch (LTM) of the Manufacturing Technology
Division, Air Force Materials Laboratory. He was succeeded by Mr. S. CL Lee, also
of the M etals Branch.

Northrop Corporation , Aircraft Group, was the prime contractor , with Mr.
T. R. Croucher the Program Manager , directing all activities. Other Northr op

personnel who were major contributors to the program include:

Surface Preparation B. B. Bowen
J.E. Nemo
P. Sa iesky
J.R. Acevedo
V.S. Srinath

Welding H. E. Langman
D. R. Drott

SEM and Auger Analysis R. E. Herfert
T. P. Remmel
S.V. Feenstra

Fatigue Evaluation Dr. G. R. Chanan i
_____________________________ G.V.  Scar[ch

Mechanical Testing B. J. Mays
J.H. Fitzgerald

Reliability and Durability Testing R. G. Hocker

Cost Analysis T. J. Bettner

The primary Northrop responsibilities involved the optimization of the processing
parameters, a fatigue and cost evaluation of the weidhond process, manufacture of

weldbonded structural tes t panels, and the transfer of technology to Fairchild.

Fairchild Republic Corporation was a sub-contractor on the program with
Mr. A. Vanaman acting as the Fairchild program manager. Fairchild was mainly
responsible for the structural evaluation of the test panels and for the initiating pro-

cess integration into the A-b production line.

General Dynamics , Convair Division , acted as a subcontractor to the program

with Mr.  R. Szabo acting as the origina l program directo r . He was succeed ed by

UI
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Mr. W. A. Roden. Convair ’s responsibility was the evaluation of computer oriented
closed-loop feedback spot welding control procedures for use as an in-process control
technique.

This report was written by T. R. Croucher with major contributions from
G. V. Scarich, Dr. G. R. Chanani , R. G. i-locker and V. S. SrLnath from Northr op ;
A. Vanaman, V. Hoar and R. Rupp from Fairchild Republic; and W. A. Roden
and R. Szabo fro m General Dynamics, Convair Division.

The contractor report number is NOR-78- 185. This report covers work from
8 Novembe r 1976 through 30 October 1978.
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PROGRAM SUMMARY

• - Over the past ten years , a significant effort has been expended in the United

States, mostly sponsored by the Air Force Materials Laboratory, to optim ize an alum-

inum weldbonding process (originally developed abroad) and make it acceptable for

production usage on U. S. aircraft. This weldbonding process involves joining

components together by res istance spot welding through a previously applied adhesive

and then curing the assembly to achieve a fully bonded structure, Under Air Force

sponsorship, the Lockheed Georgia Company successfully advanced the technique to

enable tes t application to U.S. aircraft structural components . Lockheed successfully

fabricated and installed a large C-130 fuselage panel on a production aircraft which

currently has over 2700 hours of operation without encountering problems. The

Lockheed program showed that the lap shear strength of weldbonded joints provided

a fourfold increase in lap shear strength and tenfold increase in fatigue life as com-

pared to spotwelded joints. In addition , it was shown that weldbonded structures offer

s ign if icant cost savings over adhes ive bonded or mechanicall y fastened structures .

Subsequent effort conducted at Northrop under Air Force Sponsorship resulted in

the development of surface treatments which solved an environmental stress durability

problem which had been characteristic of the Russian and Lockheed systems and which

precluded extens ive applicat ion on U. S. aircraft. This problem had necessitated

extensive sealing of early production assemblies to prevent moisture intrusion into

the joint and possible stress durability failure. Further developments at Northrop

resulted in an integrated manufacturing methods system involv ing a low voltage

phosphoric acid/sodium dichromate anodize in conjunction with specially developed

weldhond adhes ives and prec ise welding schedules , wh ich eliminated the need for

sealing. This weldbond process demonstrated good weldability , high lap shear

strengths and fatigue properties and excellent resistance to failure when exposed under

stress to an agressive environment.

The purpose of the current program, was to advance this recently developed tech-

nology to a level where It could be applied to a current production aircraft, the USAF/

Fairchild Republic A-b . The program was sponsored by the Air Force Materials

Laboratory with the Northrop Corporation acting as the prime contractor . Significant

portions of the program were conducted by two major subcontractors, the Fairchild

Republic Corporation and the General Dynamics Corporation , Convai r Division .
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A test component was selected by Fairchild Republic for use in the program
This component was representative of structural beaded panels located in the center
fuselage section of the A-b . In current production, these panels are fabricated by
adhesively bonding a 2024-T3 alciad aluminum skin to a 7075-T6 pan stiffened with

• formed beads. This part was selected because it represented a component which
would clearly demonstrate the structural capability of the weldbond process a~d could
easily be integrated into a production system with a minimum of integration problems
while still realizing a potential cost saving. This production application on the A-b
aircraft could then be used as a basis for applying the technology to other structural
applications for which even higher cost savings could be achieved.

The first portion of the program established the final weldbond process which
was then used for the manufacture of the selected structural panels. This was neces-
sary as prior work conducted at Northrop had not investigated the weldbonding of 2024-T3

• aiclad to 7075—TO bare, the material combination used in this aircraft system, Surface
prepar ation techniques were optimized, adhesive characte ristics and control para-
meters were established and the welding schedules for the achievement of Class A

• spotwelds were accomplished. Supporting technical efforts were conducted prior to
the fabrication and testing of the full scale structural panels in order that sufficient
confidence would be developed in the process prior to applying the panels to actual
aircraft. These efforts involved (1) evaluation of commercially available in-process
welding controls and monitors to determine the level of control necessary to insure
quality welds, (2) an extensive fatigue evaluation to determine the effects of manufact-
uring and process variables on the fatigue and fracture behavior of the weldbonded
joints, ~3) an evaluation to determine the i-el iab~l i t ~- and repea tabi l i t y  of the weldb ond ing
process over a wide range of standard manufacturing variables to insu re that the
process could be successfully integrate d into a production operation , (4)  a durab ility
evaluation to prove that the surface preparation and adhesive system being used
resulted in an assembly that was not susceptible to environmental stress cracking in
normal aircraft environments

Following successful fabrication and testing of structural panels, the fe asib ility
of other aerospace companies successfully employing the process was effectively
demonstrated in a technology transfer program in which the entire process was
successfully transferred from Northrop to Fairchild Republic. A cost analysis was
conducted at both companies to determine the cost benefits of the process as compared
to the current adhesive bonding technique of manufacturing the structural panels,
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An extens iv e  f a t i gue ev a l u a t i o n  was undertaken to determine  the effect of d i f f e r ent

m a n u f a c t u r i n g  var iable s  on the resul t ing  fa t igue  and c rack—growth  properties of weld—

bond ed joi nts • Fe sting was conducted both on specimens in low—load transfer and hi g h—

load tra asfei - modes in a direct  one—to—one comparison wi th  s imilar  specimens which

were assembled using adhesive bonding and r ive t ing .  The results s howed th~ t under
the s tructural  con ditions of low—load transfer , wh ich  occurs in most aircraft structures ,

the fat igue l ife of weldbond jo i n ts  was somewhat les s than the fatigu e l i fe  of adhesive

bonded joints and was significantl y superior to comparable riveted joints - This latter

advantage was made possible by the elim ination of rivet holes w~ ~h resulted in a much

lower stress concentration factor (Kt,) and the advances made in surface preparation

and weldi n g tec hn iques w h i c h  enabled achievement of defect free Class A spotwelds

throug h the complex in ter face  of alciad , oxides , and adhesives . Under conditions of

hi gh—load t ransfer , weldbon d spec imens showed hi gher fati gue properties than riveted

spec imens but sl i ght 1~’ lower than adhes ive  bonded specimens .

• The structural test program conducted by Fairchild was conducted on a one-to-

one basis comparing flat structural bonded beaded panels which were weldbonded by

Northrop to similar panels which were adhesive bonded by Fairchild. Testing involved

diagonal panel shear, shear fatigue, pressure fatigue and the environmental effe cts on

lap-shear and fatigue properties. The results showed that structural panels assembled

by the weldbonding process were equivalent to those which were adhesively bonded .
As a re sult of the weldbonded panels being judged by Fairchild to be equivalent to the
adhesive bonded panels which are currently used in the AlO aircraft production, Fair-

child has initiated a program, spon sored by AFML, to integrate the weldbonding pro-

cess into their production operation.

Prior to establishment of the weldbond process at Fairchild , the ability of the

process to be integrated into a stanã ard manufacturing environment was substantiated

by a reliability evaluation and a technology transfer program. In the reliability pro-

gram , a series of weldbonded test panels were manufactured over a wide range of

manufacturing variables including diffe rent lots of adhesive arid aluminum materials ,
which were processed on different day s with different personne l. These panels were
subsequently lap shear tested to develop statistical lap-shear values and to establish
a degree of user confidence regarding the flexibility of the process. Following the
reliability effort the entire process was successfully transferred from Northrop and

established in a product ion environment  at Fa i r ch i ld  Republ ic .  Fa i rch i ld  then suc-
cess fu l l y  fabrica ted a series cf weldbonded s t ruc tura l  pa nels w h i c h  met the estahlished
requirements  and were equivalent  to panels  previously fabr ica ted  at N or throp .
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During the final optimization of the surface Preparation procedur e a revised deoxidiz-

ing procedure was successfully achie ved which resulted in a more consistently weldable

sur face. This procedure enabled the production of higher quality resistance spotwelds

which were free of cracks and expulsion and also lengthe ned the life of the bath signifi-

cantly. This achie vement was made possible by (I) modification of the previous ly

used deoxidizer bath with additional etching and sequestering agents, (2) modification

of the rinsing technique s and (3) inclusion of bath agitation and filtration techniques to

improve bath perform ance.

Weld schedules were successfully developed for the four material thickness com-

binations used in this program. To achieve these weld schedules , it was necessary

to develop a new welding approach for res istance spot welding through adhesive/anodized

surfaces involving 2024-T3 aiclad material. This approach was made possible through

the incorporation into the progTam of a microprocessor resistance weld controller

which enabled cycle-by-cycle heat slope control and extremely precise weld sched-

ule modifications. This technique enabled the initiation , growth , and solidification of

the weld nugget to be achieved under precise metallurgical control. Nineteen structural

panels , of three different panel combinations , which included a total of 2052 welds were

spot welded using these techniques with achievement of 100 percent Class A quality with

no evidence of any weld cracking or expulsion.

The feedback monitor and control program evaluated various commercially

available equipment and techniques for monitor ing and controlling weld nugget growth
• and quality. Conclusions draw n from this investigation showed that the Duffers

current monitor and Convair total energy monitor could be effective in-process aids

for weldbonding operations although the total energy monitor would need modification

to be effective for weld schedules characterized by the long current up/down slopes,

required in this program . The Pertron nugget expansion monitor and feedback control

equipment was found to be the most effective tool for in-process weld nugget control.

Used as a monitor , this unit can be programmed to arrest an abnormally growing

nugget by turning off the welding machine or by automatically transferring the weld

schedule into a repair-weld mode. It was demonstrated that if the computer is pro-

perly programmed , a weld nugget growing out of control could be arrested before

expulsion occurred. Even a minor crack could be repair welded to successfully

achieve a Class A weld and avoid damaging a panel. The nugget expansion feedback

technique was also shown to be an extremel y effective tool for controll ing nugget growth

to achieve consistent quali ty , but the techn ique requires additional engineering effort

to enable the fine tuning of proper weld schedules to achieve maximum effectiveness.
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As a result of this program , the aluminum weldbonding process was shown to be

an effect ive manufac~iring technique for the assembly of aircraft  structural  components .

Panels made by the process were shown to be structu rally equivalent to those made by
the adhesive bonding process. As a result , the process is now recommended for pro—

duction implementat ion.
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SECTION I

INTRODUCTION

Three conunon techniques have been used in the United States to join components
or assemblies in the manufactu~ e of a luminum airframes . Thes e are metal l ic  fasten-
ing, adhes ive bonding, and spot welding.  The most widely accepted technique has been
the use of fasteners - rivets , bolts , etc. Millions are used by all major airframe
co~~j~ tn ies because they are easy to install , have hig h shear values and can be replaced
easi l y in th e field. Over the past few years , adhesive bonding has increased in use for
fabricating structural components . This is the result of the development of higher

• strength , higher quali ty adhesives and the fact that hig h strength adhesive bonded struc-
tures generally show improved fatigue life over riveted structures . Res istance spot
welding was widely used (luring World War II becaus e it was an efficient  low cost joining

• process . However , during the pas t twenty years , the application of resistance spot
welding on aircraft  structures has decreased due to many factors , including low fatigue
strength of spot welds , inconsistent weld quality , and the need for more acceptable
non-destructive inspection procedures.

While the application of resistance spot welding decreased in aircraft manu-
facturing in the United St ates , a weldbonding process was developed abroad which
incorporated the technology and economic advances of both resistance spot welding
and adhesive bonding. This process involved joining components together by spot
welding throug h a previously applied adhesive and then curing the adhesive to achieve
a full y bond ed s t ruc tu re .

The process was introduced in the United State s, and Lockheed/Georgia Corn-
party evaluated the proces s under Air  Force sponsorship. Their experience showed
that the strength of a weldbonded join t as compared to a spot welded joint when tested
under high load transfer conditions was increased fourfold in static strength and tenfold
in fati gue l ife . In addition , weldbonded structures appeared to offer a significant
cost savings over adhesively bonded or mechanically fastened structures However ,
due to complex problems involving the production of adequate surfaces for achieving
environmenta l durability while at the same tim e allowing for an ease of spot welding,

1
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the weldbonding process had not yet been accepted as a production process for use on
aircraft .

• Lockheed/Georgia Company used a spot welding etch to clean the surface of

• components to be weldbonded. This etching procedure reduced the contact resistance
of the component and permitted formation of Class A welds with ease. It was deter-
mined however , that a weldbonding surface c[eaned in this manner , and tested in an
aggressive environment , will typically fail in an undesirable mode, along the adhesive
to aluminum surface oxide . Gasko (Reference 1) et al felt that this failure mode

• could be attributable to the method of surface preparation. However , despite this

• problem , Lockheed, by adequately sealing the panel, has successfully fabricated,
installed and flown a large C-130 fuselage panel. This panel has now flown over 2700
hours without encountering problems.

L.
Northrop , in an Independent Research and Development Program , determined

that in order to obtain adequate corrosion resistance, a layer of boehmite oxide
(oAl 2O3 

. H20) must be formed on the surface. The bondline durability then increases
with increasing oxide thickness. Unfortunately, the weldability decreases with increas-
ing oxide thickness. Therefore , welding procedures to obtain a Class A weld with a
corrosion resistant surface needed to be developed .

During the performance of Contract F336 l5- 74—C— 5027 , “ Deve lopm en t of

(Reference 2) several improved surface treatments were identified and characterized ,
Corrosion Res istant Surface Tr eatments for Aluminum Alloys for Spot-Weldbonding,

several adhes ives were investigated , and the weldabil itv of various surface treatment/

adhesive s’.-stems was determined . Class A welds were successfully obtained for some

of the surface treatments through a fundamental approach to the problem . First , the

differences in surface condition between the spot-weld etched and adhesive bond etched

surfaces’ were distinguished . Then , welding schedules which resulted in high quality

welds through the protective oxide of the adhes ive bond etched surface were developed.

The results of that program provided the basic technology necessary for development

of a manufacturing process. This process was developed in the program “Advanced

Aluminum Weldbond Manufacturing Methods , ” Air Force Contract F336l5-75—C-5083

(Reference 3). During this program, a s ignificant step in the development of a weld-

bond system was achieved and the system was proven to be read y for manufacturing

scale—up. An integrated system was developed u t i l i z ing  (1) a low voltage phosp horic

acid/sod ium dichromate anodize in conj unt ion with (2) a newly develop ed B. F. Goodrich

A-1444 B adhesive and (3) a precis e welding schedule. This system resulted in a weld-

bond process which demonstrated good weldability , high lap shear and fatigu e strengths

2
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and excellent res istance to failure when exposed under stress to an aggressive

corros ion environment.

As a result of the process developed in that program , the major problem
encountered in previous weldbond processes has been overcome , that of not be ing
able to obtain a high degree of weldability and acceptable environmental durability at
the same time. Previous aluminum weldbond systems that were sufficiently durable
were difficult to weld , and systems that were weldable exhibited low environmental
durability.

The purpose of the present program was to initiate the application of this developed
weldbond technology to a current production aircraft , the USAF/Fairchild Republic
A-b as shown in Figure 1. Northrop conducted this program in association with the
Fairchild Republic Corporation , Farmingdale , New York , the prime contractor for
the A-b and with support from General Dynamics Corporation , Convair Division. The
program was based on the use of the weldbond technique to manufacture and test panels
which represent structural A-b fuselage panels that are now adhesively bonded . These
panels are located in the aircraft as shown in Figures 2 and 3. The panel tests were
conducted by Fairchild on a direct one-to-one comparison with adhesively bonded
panels using the FPL etch/BR-l27 primer/FM-123-2 adhes ive system . In order to scale-
up the process to full-size fuselage panels , Northrop conducted prelim inary optimization
studies to expand the developed technology to the 2024-T3 alclad/7075-TG bare com-
bination used by Fairchild. In addition , damage tolerance , environmenta l durability,
and reliability evaluations were conducted on the developed system and available
feedback control and monitoring systems were evaluated with the purpose of improving
the reliability of manufacturing the weldbonded joints . Cost stud ies were also made
to de velop baseline cost data for implementing weldbond ing on the production line

.3
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SECTION II

PROGRAM OBJECTIVES AND SCOPE

PROGRAM PURPOSE AND OBJECTIVE

The purpose of this progr am was to establish and test an advanced weldbonding
process suitable for use in production of aluminum aircraft structural panels , and to
obtain cost and reliability data for such weldbonded structures .

The objective of this program was to establish the fabrication and assembly param-
eters required to weldbond aluminum alloy structural panels so as to make the weld-
bonding process a viable candidate for production of panels and related component s.
In addition , damage tolerance, nondestructive inspection and fabrication cost informa-
tion vital to such applications was obtained .

PROGRAM SCOPE

A three phase , eleven task effort was inaugurated to accomplish the objectives
of the program. The program was directed toward the specification, reliability veri-
fication , and cost analysis of weldbonded aluminum structures . The program techni-
cal effort included the establishment of the proper methods of weldbonding different
aluminum alloys to each other through various surface conditions typical of the weld-
bonded fuselage panels used on the A-1O aircraft . In addition , damage tolerance,

environm ental durability, and reliability of the developed system were determined
and available feedback control and monitoring systems were evaluated with
the purpose of improving the reliability of manufacturing the weldbonded joints. Cost
studies were also made to develop baseline cost data for implementing weldbonding
to the production line. Typical A-b fuselage panels were weldbonded and destructively
tested in various fatigue and static strength modes to prepare the process for applica-

tion on the A-b aircraft. Identical adhesive bonded panels wer e also fabricated and
tested in order to obtain a direct comparison between the two systems. A complete
program outline showing the different phases and tasks is shown in Figure 4.
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PHASE 1,
DESIGN. FABRICATI ON AND PROCESS OPTIMIZATION

• TASK EFFORT

1 COMPONENT DESIGN AND SELECTION

2 ESTABLISH WELDBOND PROCESS

3 ESTABLISH MANUFACTURING PLAN

4 DESIGN AND FABRICATION OF TOOLING
AND DE TA IL PAR TS

5 FABRICATE FULL SCALE FLAT TEST PANELS

6 DURABIL ITY AND RELIABILITY
‘I EVALUATION

PHASE II,
WELDING CONTROLS AND DAMAGE TOLERANCE

TASK EFFORT

1 EVA LUATION OF DAMAGE
TOLERANCE WITH RESPECT TO
MANUFACTURING VARIABLES

2 IN PROCESS WELDING CONTROL
ESTABLISHMENT

• PHASE III,
COST ANALYSIS AND STRUCTURAL PANEL EVALUATION

TASK EFFORT

1 TEST PROGRAM FOR FLAT PANELS

2 DESIGN , FABRICATE AND EVA LUATE
• CURVED PANELS

3 COST ANALYSIS

FIGURE 4. PROGRAM OUTLINE
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SECTION III

TECHNICAL DISCUSSION

TEST COMPONENT SE LECTION AND PRELEVILNARY PANEL EVA LUATION

As the purpose of this program was to establish a weldbond process suitable for
the production of aluminum aircraft structural panels , with the target application being
the USA F/Fairchild Republic A-b , it became necessary to select a representative
test panel for evaluation. The criteria for selecting this test component was that it
had to be (1) suitable for determining the adequacy of using the weldbonding process
for aircraft structural panels and (2) of such a design to enable direct one to one
comparison to existing adhesive bonded structural panels to justify direct substitution .

After the test component selection process was completed by Fairchild , a
preliminary panel static and fatigue evaluation was conducted to obtain preliminary
design information on the merits of the weldbonding process directly from structural

pane l tests. This was necessary so that any design modifications necessitated by a
difference in the structural perforn tnce of a weldbonded panel versus an adhesive
bonded panel could be made early in the program. The effort was conducted before

the cleaning and welding procedures for the 2024-T3 aiclad were optimized and prior

to the design of the final demonstration test panel. Thus , in order to obtain results

in a timely manner , the tests were conducted on panels fabricated from existing

tooling which had been used in a previous Fairchild tes t program .

The actual design of the test pane l , the test program rationale , and actua l test

results are described later in this report.

TEST COMPONENT SE LE CTION

The fuselage center section of the A - b  aircraft contains two fue l cells. To

maximize the fuel volume of these cells , the number of internal frames was limited

to those required for structural purposes , such as wing support or fuel cell separation ,

by the use of beaded pans attached to the skins. The se beads stabilize thy relatively

large skin panels in shear and supp ort the loads due to fue l pressure , part icularly in
those panels that are re la t ive l y  flat. This skin and beaded pan section of the fuselage

is show n in Figure 2.

8
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In the initial design phases of the A-b , it was planned to assembl e the beaded
pans to the skin using a weldbonding process. It soon became evident th rough devel-
opment work performed at Fairchild and by others , that methods of surface prepara-
tion had not been developed that permitted spotwelding through a surface finish and
adhesive that possessed sufficient bondline durability to he acceptable under service
applications. With no changes in the detail design of the panels , the assembly method
was ~hanged to autoclave bonding using American Cyanamid Company ’s FM 123-2
adhesive with the details prepared for bonding using an FPL etch and BR 127 primer.

There are twenty-three beaded skin panel assemblies in the fuselage center
section as shown in Figure 3, seven along the top of the fuselage and eight per
side . The surface area of these panels is approximately 110 square feet. The
thickness of the beaded pans and skins vary depending on the in duced shear and fuel
pressures.

After extensive study of the A-lU structure , it was concluded that these panels
were the optimum choice for the advanced weldbonding process establishment for the
following reasons :

• The panels are primary aircraft structure and there are a large number of
assemblies (23) for each A— b .

• The panel designs are completely compatible with weldbonding, and indeed
were initially intended to be weldbonded.

• No structural redesign is required in order to fabricate demonstration or
production aircraft components.

• The variation in material thicknesses in the aircraft panels are sufficient
to develop and demonstrate flexibility of the process.

• They provide a reasonable base for a cost effectiveness demonstration for
weldbonding.

Figure 3 also shows the skin and beaded pan thicknesses of the var iou s cover and
panel assemblies . These panels vary from the 0 .025 inch skin/C . 032 inch beaded pan
thickness for the panels and removable covers along the top centerline to the 0. 070 inch
skin and 0. 050 inch beaded pan thickn ess of the upper-center-s ide panel. The center-
side through panel is , by analysis , the most crit icall y loaded panel of the fuselage
center section in that it has the minimum static margin for shear stability. This panel
has an 0. 040 inch skin and an 0. 050 inch bead ed pan.
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The materials of the skins and beaded pans are:

Skins — 2024-T3 ai clad per QQ-A-250/5

Beaded Pans — 7075-T6 bare per QQ—A-250/12

Therefore , the above materials ano the following thicknesses were used

in the process development and test demonstration phases of the program.

• 0.025 in. skin - 0. 032 in . beaded pan as the minimum combination of
material thicknesses , designated as 0. 025/0 . 032 inch panels or combination.

• 0. 070 in . skin - 0. 050 in. beaded pan as the maximum combination of
material thicknesses , designated as 0. 071/0. 050 inch panels or combination.

• 0.040 in . skin — 0. 050 in . beaded pan as the interim thickness combination
and as representative of the most critical structural panel , designated as
0. 040/0. 050 inch panels or combination.

• PRE LIMINARY PANEL STATIC AND FATIGUE EVA LUATION

As previously indicated , this evaluation was conducted on panels made from

existing tooling early in the program in order to identify possible design modifications
• that might be required. Static shear and constant amplitude fatigue tests were con-

ducted on 24 inch x 30 inch beaded panels fabricated from 0. 050-inch 7075-T6 bare

aluminum sheet. The test panel configuration is shown in Figure 5. Four weldbonded

and four adhesively bonded panels were fabricated. Diagonal panel shear testing

of two adhesive bonded and two weldbonded panels was performed by Northrop

utilizing the Fairchild-supplied picture frame testing fixture shown in Figure 6.

Three strain gauges were attached to each panel and the strains at the three different

locations were mon itored. Fairchild conducted both diagonal panel shear tests and

fatigue tests on the adhesive bonded and weldbonded panels. The results of the

static tests are shown in Table 1, and are discussed below:

TEST RESULTS AT NORTHROP

North rop conducted diagonal panel shear tests on two weldbonded and two ad-

hesive bonded panels. The objective of this test was to compare the mode of failure

and ultimate failure loads for all panels. In addition , differences in the buckling

characteristics of the panels were noted . The panels were tested on a 200-KIP MTS

testing machine. Load was applied in a slope control mode at a rate of 1/4-inch ram

deflection per minute which resulted in a loading rate of approximately 625 pounds/

second.

10
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As shown in Table 1, the ult imate failure loads of the adhesive and weldbond ed
panels tested at Northrop were all between 105 , 000 and 107 , 000 pounds. Thus , k —
sp ite the diffe rences in the bonding method , there was no apparent difference in the

TAB LE 1. STATIC DIAGONAL PANEL SHEAR TEST RESULTS
FOR THE PRELIMINARY PANELS

TEST TYPE A D H E S I V E
LOCATION TEST BONDED WELDBONDED

105 ,000 106 ,000
NORTHROP STATIC —_________ ______________

106,000 107 ,000

FAIRCHILD STATIC 94,700 108,600

ultimate panel strength. The onset of buckling occurred at approximately 60 , 000
pounds for all panels and progressed until ultimate failure. A series of photos
showing the degree of buckl iig as a function of the load applied in a typical panel
is shown in Figure 7.

The panel failure mode was nearly identical for all fou r panels tested. At fail-
ure , a sing le buckle occurred in the second bead approximately two inches from the
main load path . Typical failed adhesive bonded and weldbonded panels are shown
in Figure 8.

TEST RESULTS AT FAIRCHILD

Static Tests -

The sys tem was programmed to load in 5000 pound increments from 0 to 125 , 00

pounds . A dial gage was positioned to measure the diagonal displacement between the
panel loading bolts as readings were taken at 5000 pound loading increments . The dial
gage was removed at 90 , 000 pounds of applied load to prevent damage when the panel
failed . Print—outs of actual panel loads obtained trom strain gage readings were
obtained at each increment of loading (fo r comparison to the command ed load), and at
panel failure. Loading was continued to failur e of the panel.

The adhesive bonded panel failed at an applied load of 94 , 700 pounds. The diag-
onal distance between the loading fixture attachment bolts is 39. 15 inches.

12
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Therefore , the panel shear intensity at failure was 2510 pounds/ inch , i.e.,

N = 94 , 700/37 .74 2 , 510 pounds/inch .

The test had been programmed to go into a hold mode in the event that the per-
missible loading tolerance was exceeded , i. e. , the load the equipment was trying to
achieve would remain constant. At failure , the servo valve controlled loading cylinder

• retracted very rap idly , trying to maintain the load , before the operator could close
the solenoid fail safe manifold. This loading tore the panel apart , masking evidence
of the failure mode. From visual observation , the failure mode was buckling of the
beads in a manner very similar to the weldbonded panel shown in Figure 8. The
panel diagonal deflections are presented in Figure 9.

For the subsequent weldbond test, the control pm gram was changed to auto-
matically dump the cylinder load if the permissible loading tolerance was exceeded.
At failure , the panel load dropped below the tolerance limit and the load was dumped.
The weldbonded panel failed at 108 , 600 pounds which is in the same range as the
ultimate loads obtained for the four panels tested at Northrop, 105 , 000 to 107 , 000
pounds. The shear intensity at fa ilure for the weidhonded panel tested at Fairchild
was 2880 pounds/inch. The failure mode was very apparent as a shear buckling
failure of the beads as is shown in Figure 8.
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Comparison of Static Test Results

The adhesive bonded pani  failed at 94 , 700 pounds and thu u cldbond ed panel at
108, 600 pounds. There is no r~’ad~’ exp lanation for the 13 percent difference and it is
slightly excessive to be wi th in  normal tes t scatter . Post test examination revealed co-
hesive failures of the bond for both the adhesive bond ed and weldbonded panels . Measure-
ments of the skin and bead thickn esses revealed a thicknesa range of 0. 049 inch to
0.051 inch , excep t in the formed portions of the beads which experience thin-out.

The panel deflections , Figure 9, also indicated the weldbond ed panel to be
stiffer than the adhes ive bonded panel. The slop of tne straight line portion of the

adhesive bonded panel curve is 0 .38 x l0~~ inch/ i ound and the slope of the straight
l ine portion of the weldbondecl curve is 0.33 x IO~~ inch/p ound , a 15 percent d ifference.

Up to 90 , 000 pounds of load , when the deflection dial gage was removed , the weld—
bonded panel exhibited only a slight deviation from the straigh t line portion of the load

- . deflection curve, while the adhesive bonded panel exhibited a s ignificant deviation ,
indicating impending failure.

Adhes ive Bonded Panel Fatigue Test
The computer controlled loading system was programmed to cycle the panel

between 5,500 pounds and 55 , 000 pounds tension load in 2 , 000 cycle blocks . The
cycling rate was 30 cycles per minute . Visual inspections were made (-ac h 2 , 000
cycles of loading with periodic dye penetran t checks .

At 10, 000 cycles , a comp lete dye check revealed no cracks in the panel . At
11, 650 cycles , a visual examination revealed a 1.00 inch crack in the radius of the
head adjacent to the lower loading bolt and a crack in the skin , running  under the

TABLE 2. CRACK GROWTH IN FAT IGUE PANE L

Crack Length Crack Length
Cycles in Bead (inch) in Skin (Note 1) (inch)

11, 650 1.00 0. 45
12, 000 1. 25 0. 45
13, 000 1. 60 0. 65
14, 000 2. 20 4. 20

• Note I. — Prio r to 14, 000 cycEes , the crack length in the skin is that length project ing
beyond the doubler. By 14, 000 cycles , the crack had propagated beyond the doubler
at both ends.
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quarter moon doubler , and extending beyond the doubler 1w 0.45 inch. At 12, 000 ,
-

• i3 . 000 and 14 , 000 cycles , the crack lengt h was measured wi th  the results shnwn in
Table ~ (Fh ~-ure 10 shows the extent of the crack in the skin at 14 , 1)00 cyc les with the
doub ler re moved) .

It has been concluded that the t ailure initiated in the skin at the edge of the

doubler (see Figure 10) due to the stress concentration induced at the edge of the
doubler. As the crack progressed , load was transferred around the radius and even-
tually the bead developed fatigue cracks. The only explanation as to why this type of
failure had not occurred during the A-b development test progr am , in which identical
panel dimensions , doubler dimensions and loading fram e were used , is that the skin on
the previously tested panels was 2024-T3 and in this panel it was 7075—T 6 .

In order to reduce the stress concentration induced at the edge of the doubler ,
the doubler radius was increas ed from 3. 0 inches to 4. 0 inches and the radial edge
of the doubler was beveled from the thickness of 0.10 inch at the 3.5-inch radius
to 0. 02 inch at the 4 .0—inch  radius .

• Weldbonded Panel Fatigue Tests

The weldbonded panel was tested in the same manner as the adhesive bonded
panel except that the new corner doubler configuration was used. No cracks were
observed in the pane l until 22 , 180 cycles of loading when cracks were visually observed
at the ends of three beads along the bead radius. Figures 11 through 13 show these
cracks in the three beads. After these cracks were observed , a residual strength
static test was conducted to determine the degradation of panel load carrying capability.
The panel failed at 94 , 045 pound s or 87 percent of the static strength of the undamaged
static panel. Figure 14 shows the panel after static failure. The failure initiated at
the fatigue crack as shown in Figure 11.

Comparison of Test Results

The premature fatigue failure of the adhesive bonded panel precludes a direct
comparison of the fatigue test results of the weldbonded pane l with the adhesive bonded
panel. However , for a pr ior A-b development test program , a fatigue test was con-
ducted for an adhesive bonded panel having the same overall dimensions , bead geometry
and spacing (Reference 4),  but with a 0.040 inch skin instead of a 0. 050 inch skin.
Table 3’ summarizes the materials , dimensions and test results of this earlier test

• pane l and the weldbonded panel tested in the current program .
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I- ;~ e n t liou ~~ the a t ig t i - ic l i r1 ~, was 12 i~~rcent higher for the weidhonded pane l

than  for the adhesi-~e bonded panel , the total sheet thickness of the weldbonded panel \VaS

10 ~k,rcent h igher than th at  cf the adhesive bonded panel. There fore the stress leve l

induced in both panels would be equal. Cracks developed in the bead ends of the adhesive
b~nnk d panel in the same relative location as on the weldbonded panel. The numbe r
of cycles to fati g i e  crack initiation was only slightly greater for the weldbonded panel.
The hi gher residual strength of the weldbonded panel is attributable to the greater
th i ckness of the skin (i.e. , 0.050-inch instead of 0. 040-inch ) of the weldbonded
panel.

(~~M L l U S  ionS o• the Prel iminary Panel Test ing
The stat ic  tests conducted at Northrop revea l ed that the u l t imate  loads of the

• adhesive bonded and weldbonded panels were equal , 105 , 000 pounds to 107 , 000 Pounds .
The weldbond xi panel tes ted at Fairchild confirmed the results at Northrop with an
u l t i m ate load of l Ox , 600 pounds . The adhesive bonded panel tested at Fairchild did
fail  at a load which was approximatel y 13 percent lower than the adhesive bonded panels
tested at Northrop . However , one low test value is not cons idered to be s ignificant.

TABLE 3. COMPARISON OF PANELS AND FATIGUE TEST RESULTS
CONDUCTED AT FAIRCH ILD

PRIOR PROGRAM
ITEM ADHESIVE BONDED PANEL WELDBONDED PANEL

SKIN 0,040-IN. 2024-T3 CLAD 0050-IN. 7075-T6 BARE

BEAD 0050-IN. 7075-T6 CLAD 0.050-IN. 7075-T6 BARE

LOADING 5000 POUNDS TO 50000 POUNDS 5500 POUNDS TO 55000 POUNDS

CYCLESTO BEAD 22,180 23,250
CRACKING

STATIC TEST FAILING 72000 POUNDS 108600 POUNDS
LOAD (1)

RESIDUAL STRENGTH - 73600 POUNDS 94045 POUNDS
PANEL WITH
CRACKED BEADS

(1) TEST OF PANEL WITHOUT FATIGUE CYCLING.
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The results of the fatigue tests show that within normal test scatter the same
number of cycles were required to initiate fatigue cracks in the adhesi bonded panel
as in the weldbonded panel.

The results of the preliminary panel testing indicate d that the weldbonded
structural panels would perform comparably to adhesive bonded panels. It was con-
cluded that no design change would be needed in the structural test panel due to any
apparent shortcomings of the weldbond process. Therefore , the structural test panel
to be used in the program would be fabricated by the two processes from identically
fabricated details and testing would be conducted on a direct one-to-one basis.
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ESTA BLJSII WELDBOND PROC ESS

The pu i-p~~ e of this et for t  ~~~ to estab 1L-~h and spec if y in detail the weldbond
process to be used in f a b r i c a t i n g  10 fuselagt ’  panL- I~ . The surface preparation pro—
cedure~i , adhcsi~ . controls , ~ cldin g procedur es , and quality control requirements
were finalized and spec if ic at ion ~ v~ei-e prepared to enable implementation of the pro-
i-ess into manufacturing operations by other companies.

Each of the areas mentioned is discussed in detail in the following section. The
discussion includes not only a description of the finalized process but also of the prob-
lems which were encountered while optimizing the weldbonding procedures and the
solutions to these problems.

SURFACE PREPA RA TION

In the effort previously discussed , Fairchild Republic selected for test the
following material/thickness combinations as representative of panels used on the
A-10:

Interior Beaded Panel Weldbonded to Exterior Skin

0.050-inch 7075-T6 bare to 0.071-inch 202-4--T3 aiclad
0.050—inch 7075-T6 bare to 0.040-inch 2024-T3 alciad
0. 032-inch 7075-T6 bare to 0.025-inch 2024-T3 alciad

The two thicker material combinations represent A —b panels which are designed
for high structural loads. The thinnest material combination represents the minimum
thickness panel combination used for the A-b .

Most of the prior weldbond work conducted at Northrop under Air Force Contracts
F336 15-75-C-5083 and F336 15-74-5027 involved the evaluation of 7075-T6 bare and
2024-T3 bare alloys in thickness combinations greater than 0. 040-inch . No effort had
been expended on aiclad materials , or on thinner gage sheet. As a result modi fied
surface treatment parameters were required to process the 2024—T3 alciad material
for this program . Also , welding parameters needed to be established both for the
thinner gage materials used in the A-b panels and for the aiclad alloy . The same
adhesive was used for the current program , i . e . ,  B. F. Goodrich adhesive A-1444B ,
(the supplier has changed its designation from the previous ly used A1396B-0500 PE 13O).
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• ~~p~ mizat ion of Surface Preparation Procedure s.
The surface preparation procedure for the 7075-TG bare sheet material was

established during the two prior A ir  Force contracts. This was the 1. 5v phosphoric
acid-sodium dichromate anodize procedure which develope d a boehmite (Al 203

. 1120)
aluminum oxide on the part surface of approximately 4OO-7OO ~ thick. The oxide , when
formed on 7075 bare sheet provided good weldabil ity and excellent environmenta l dur-
ability characteristics as measured in the laboratory by the 24 hour wedge test w ith
exposure to 95 to 100 percent relative humidity at 120°F and the constant load/salt
wate r imme rsion test. Because of this previous effort , it was concluded that no
further surface preparation effort would be required for the 7075 bare mater ial.

The initial surface preparation effo rt of the current program was directed to-
- . ward the formation of the pro per boehmite thickness on the 2024 alclad material to

achieve both weldability and durability . The 1. 5 volt , phosphoric acid/sodium dichro-
matc (1. 5vPSD) treatment developed previously was used for preliminary evaluation.
It was found that 2024 alciad developed a thicker oxide than the 7075-T6 bare material
and the 1. 5vPSD treatment produced an oxide coating in excess of 1000A in thickness.

Earlier welthbility tests on the 707 5-T6 bare alloy showed that when the oxide
thickness reached 1000 A , inconsisten t weld quality resulted. It was believed that the
quality of the weld was not only a function of oxide thickness but also of the chemical
characte r and morphology of the oxide developed. Due to possible chemical differences
in the aiclad oxide , it was necessary to determine if the ioooA coating on this material
could be welded. A weldability evaluation was conducted by resistance spot welding
the 1.5vPSD 2024 alclad samples to 7075 bare 1.5vPSD samples with A- 1444B adhesive
at the inte rface using a sheet material thickness of 0. 063-inch. As in the case of the
bare alloys , the ioooA thick oxide present on the alciad sheet did result in poor quali ty
welds using existing weld schedules . A second series of 2024 alclad samples was
anodi zed for twenty minutes at 1.3 volts in an effort to reduce oxide thickness. This
technique resulted in an oxide layer thickness of approximately 900 A ar1d poor weld-
ability. A third series of 2024 alclad samples , anodizeG at 1.0 volt , resulted in the
desired oxide thickness of approximately 675 A. The weldability of these samp les was
greatly improved. Radiographic examination of these welds ‘evealed no cracks and no
expulsion . Based on the weldability results and the oxide thickress achieved it was
concluded that this modified surface preparation procedu re , i. e. , 1.OvPSD , shoul d
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provide an acceptable surface for weldbonding 2024-T3 alciad material . The appear-
ance of’ the oxide coating resulting fro m the different  anodizing voltage s is shown by

the scanning electro n microscope (SEM) photograp hs of l’iguru 16.

Thus , a satisfactory surface treatment was established for the 2 024 — T3 aiclad

material in terms of weldability and thickness of the anodized layer.  ~1owever , dura—

bility tests were required to determine if the 1.OvPSD surface treatment provided the

same degree of protection against the combined effects of stress and corrosion as that

obtained for the 7075 material anodized with 1. 5vPSD.

Durability Testing Backgr ound.

One of the prime concerns in the use of adhesive bonded structural compone nts
is premature structural failure due to time depende nt crack growth in the bond joint
unde r combined conditions of an applied stress and a corrosive environment , termed

“en- .~ ::cnmental stress cracking ”. Achievement of adequate environmental stress

durabili ty characteristics is a prime consideration in the processing of an adhesive
bonded system.

Many different stress durability tests have been used to evaluate the relative en-

irc mental stress ci-acking characteristics of adhesive systems. The most accepted

tes~ ay is - wedge test. This test is widely used both for evaluating adhesive sys-

~en J as a ~iua1it~ contro l test for determining the adequacy of the surface prepara-

Lion -edure. This test , however , is conducted under a wide variety of temperature

- 
- cosive conditions and for different exposure times.

The wedge test involves the insertion of a wedge into the bond line of a test cou-

p c-u -
~~ : depth of approximatel ,’ one inch as is shown in Figure 15. The location of the

in i t i ~ i crack tip is scribed on the edge of the coupo n and is measured to the nearest

6 

A~ Ô~~~~~M

SCRIBE ~~~~—

‘~AR K \ INITIAL NOTE: ALL MATERIAL —

~~~ CRACK 0,125-INCH THICK
TIP

FIGURE 15, STANDARD WEDGE TEST
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0. 01 inch . The specimen is then exposed to an aggressive environment for a specified

period of time to accelerate crack growth. After the desired exposure time , the crack

growth is measured.

In prior weldbond programs , No rthrop developed the Constant Load/Salt Water

Immersion Test (CL/SWIT) for evaluating the environmental stress durability charac-

teristics of weldbonding systems. This test involves the dead weight loading of a

bonded or weldbonded lap shear specimen which is exposed continuously for 1000 hours

to a high load while immersed in a 3-1/2 percent salt water solution. After exposure,

the specimen is mechanically tested and must show no appreciable loss (less than 15

percent average) in strength when compared to the average strengths of control speci—

mens lap shear tested without exposure. A schematic of the test is shown in Figure 17

and the test rig at Northrop is shown in Figure 18. This fixture is a series of dead

weight loading frames similar to a creep fixture.

3Y1% NaCI

0.063 —
~~~~~~

3V
3000 LBDEADWEIGHT

FIGURE 17. CONSTANT LOAD/SALT WATER IMMERSION TEST
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In prior work , Northrop found that the C L/S WIT method appe a i-ed to be more
discr imina t ing  than the 24 hour wedge test for evaluating acceptable weldbonding sys-
tems. It was thus decided , that for the purpose of this program , the CL/SWIT method
would be used to evaluate durability of different material combinations and the adequacy
of processing procedures.

Initial Environmental Stress Durability Evaluation of a 1. 5v 7075-T6/l. Ov 2024-T3 System.
To evaluate the environmental stress durability characteristics of the 1. OvPSD

surface procedure for the 2024-T3 alclad material , C L/SWIT durability samples were
prepared using 0. 063-inch 7075-TO bare 1. 5vPSD weldbonded to 0. 063-inch 2024-T3
aiclad sheet I. OvPSD. These samples were loaded on the test rig with a consta nt load
of 3000 pound s, i. e. ,  3000 psi on the one inch overlap joint . This load had been used
in previous tests. The test jo int area was then immersed in a 3. 5 per cent NaCI solution
which was contained in a plastic bottle surrounding the specimen.

Three test samples failed to pass the 1000 hour exposure with failure times of
260 , 845 and 845 hours. In comparing these results with previous data , it was deter-
m ined that although the 3000 pound load level was suitable for evaluating the durability
of 7075- T6 bare , this load level was too high for a fair evaluation of the surface treat-
ments for the 2024-T3 alciad material based on its lower yield and tensile strengths . The
3000 pound load stresses the 7075-T6 material to 61 percent of its design ultimate strength
and 68 percent of its design yield strength (MIL- l-{DBK-5B). However , this same load
stresses the 2024-T3 aiclad material to 77 percent of the design ultimate strength and
106 percent of its desig n yield strength. With a high stress concentration occur r ing at
the edge of the overlap, it was concluded that local yielding occurred on the surface of
the 2024-T3 aiclad , which cracked the thin anodized layer and allowed the salt solution
to attack the unprotected 2024 beneath the adhesive layer. Therefore , it was decided
to standardize the CL/SWIT at 61 j~~rcent of the design ultimate strengt h of the weakest
component of the joint , i.e., 23M0 pounds for the 2024-T3 alclad material and 3000
pounds for the 7075-TO bare material. Therefore , if the 1. OvPSD 2024-T3 alclad/1. Sr
PSD 7075-TO bare combination would pass this test and definite discrimination was
obtained between specimens “deoxidized only ” (which was recognized as an unacceptable
condition) and others anodized at 1. 0 volt , the process would be considered acceptable.

A second set of weldbonded 0. 063-inch 7075—TO bare 1. 5vPSD to 2024— T3 alclad
1. OvPSt) durability specimens was loaded at 2380 pounds. This time, failure occurred
for one specimen afte r 782 hours exposure. During these tests , however , premature
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failures were also noted for twelve 7075-TO bare 1. 5vPSD control specimens with
failure times rang ing from 186 hour s to 986 hours.. As this system had previously
exhibited excellent environmenta l stress durability characteristics, it appeared
that a problem ex isted somewhere in the processing or sample preparatio n procedure .

It had been noted that inconsistent results were being obtained from the standard
11N03/Amchem-7 deoxidizer bath in the laboratory. Visual and SEM examination of

processed samples indicated that inadequate deoxidization occurred periodically. Con-
taminated areas were randomly present (Figure 19) and the depth of the etch that had
previously been achieved (Figure 20) was not evident . This was occurring even though
the chemical analysis of the bath indicated that it was within the existing specification
tolerances.

To conclusively determine if the deoxidizer bath was the source of the problem ,
a series of SEM examinations were conducted on specimens processed in both the 20
gallon and 100 gallon deoxidation tanks. inconsistency was evident not only in the
cleanliness of both alloys and grain boundary etching characteristics of the 7075 alloy
but also in the thickness of the oxide coating which was formed during the subsequent
anodizing treatment. These examinations showed that under the existing operating
conditions , use of the deoxidize r bath resulted in a surface condition which would not
be acceptable in a weldbond manufacturing operation.

Re-Evaluation of the Deoxidizing Process.
Based upon the previous examination , it was apparent that either (1) the existing

bath had to be modified to achieve more consistent results , (2) a new deoxidizer
bath had to be developed , or (3) an additiona l stronger cleaning step such as an FPL
etch was needed prior to final deoxidiation to achieve consistency. Inasmuch as the
option (2) was beyond the scope of this program , it was decided to concentrate on
options (1) and (3).

Evaluation of a Precleaning Solutioi.~ Initially it was felt that the short bath life
and inconsistent results from the deoxidizer bath were due to either a metallic ion or
an oxide contamination occurring in the tank , and that this condition m ight be alleviated
if a precleaning step were added prior to final deoxidization . To determine if
precleaning could provide improved results , an evaluation was undertaken using an
FPL etch as the precleaner. Three different concentrations of Na 2 Cr2O7 (2 percent,
4. 5 percent and 9 percent) were selected for evaluation. It had been previously de-
term m e d  that the thickness of the boehmite oxide left on the surface after FPL etching
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FIGURE 19. TYPICAL SURFACE CONTAMINATION
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FIGURE 20. DEPTH OF ETCH ON SAMPLES OBSERVED IN PREVIOUS WORK
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increas ed with the Na 2 Cr 9O7 content of the F’PL etch and also with time. F ive dif-

ferent cleaning times were evaluated (2 , 4 , 7 , 10 and 15 minutes) .

The pre-cleaning was conducted prior to the final deoxidation in a fresh II NO 3,’
Amchem-7 solution.

The initial results for samples etched 10 minutes indicated that welding difficulty

increased significantly with increased Na 2Cr 2O7 content and that at a 9 percent concen—

tration , welding results were unacceptable. The 9 percent concentration was thus

eliminated from further consideration.

SEM evaluations and welding tests were then conducted on specimens pre-cleaned

in the FPL etches using 2. 0 percent and 4. 5 percent Na2 Cr207 concentrations for five

different cleaning times (2 , 4 , 7 , 10, and 15 minutes). Durability tests were conducted

on specimens pro cessed for four and seven minutes. Although the durability results

were acceptable , welding tests showed that much highe r heat inputs were needed to

achieve Class A welds as compared to surfaces that were only deoxidized before ano-

dizing, especially when the samples were etched with either Na 2 Cr 2O7 concentration
over 7 minutes. It was felt that the surface condition created by a prior FPL etch
might lead to expulsion and distortion problems during production welding. SEM

analysis as shown in Figure 21 revealed that random contamination (although not as

extensive as sometimes observed) was still evident on samples precleaned with the
FPL etch. The conclusion draw n fro m this evaluation , was that even with the FPL

etch as a precleaner , the final deoxidizer bath was not producing the desired surface.
It was thus concluded that the deoxidizer bath had to be modified to achieve an adequate
surface ccodition for subsequent anodizing.

Modification of Deoxidizer Bath. Discussions were held with representatives of
Amchem Products Inc. in an effort to determine a sound method , whereby the bath
could be modified to achieve consistent results. Because of the proprietary nature of

the Amcheni-7 system, the specific composition was not divulged , but sufficient guid-

ance was obtained to allow an investigation of different techniques for improving the
bath performance and for controlling the bath. The consensus resulting from these
meetings was that the etch rate of the bath should be increased and then controlled to

tight limits by one of several techniques. The Northro p investigation then centered on
developing the means of increasing and controlling the etch rate of the deoxidizer bath.
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bath for 20 minutes . The total weig ht loss is converted to an etch rate , E , in t er ms i~

mil s ,  side/hour , by using the following equation : (The derivation for the equation is

given in Appendix F .
E = d/2 x 7.333

During this investigation it was also decided to determine if variations in the n i t r i c

acid concentration had an effect on the final etch rate and surface condition. A series

of tests was conducted starting with a 9 percent HNO3
,3. 2 percent Amchem -7 bath.

Etch rate and SEM analyses were conducted at each step . The results obtained on

9 percent HNO3 bath indicated that it was unacceptable , as insufficient etching of the

7075-TO surface resulted , as shown in Figure 22 , and excessive contamination was

present on the 2024-T3 aiclad surfaces , as shown in Figure 23. The measured etch

rate for the bath as it is normally used in manufacturing operations was 0. 131 mils/

s ide/hour , which was within the acceptable tolerance range of the deoxidizer . However ,

the specific etch rate requ ired to achieve the adequate grain boundary etching for weld-

bond processing had not been previously determined .

Increasing the nitric acid concentration of the bath to 11 percent did not result in

any significant improvement as shown in Figures 24 and 25. An etch rate of 0. 133

mils/side/hour was obtained , and the surface still exhibited an inadequate etch condi-

tion in the grain boundary area of the 7075 and contamination was still present on the

surface of the 2024.

An addition of two ml/l of Alodine-45 (a proprietary solution of Amchem Inc.

containing the active fluoride) was made to the bath which resulted in an increase in the

etch rate to 0. 200 mils/side/hour. Some improvement in grain boundary etching

characteristic also resulted as shown in Figure 26 , but surface contamination was still

present on the 2024-T3 material as shown in Figure 27. A fu rther addition ef two ml 1

of Alodine-45 (to a total of four mi/i resulted in etch rate increase to 0. 284 mils per

side per hour and greatly improved grain boundary etching characteristics as shown in

Figure 28. The most significant improvement was the absence of the 2024-T3 surface

contamination , as shown in Figure 29.
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FIGURE 22. INADEQUATE SURFACE ETCHING OF A 7075—T6 BARE SAMPLE
DEOXIDIZED IN A 9% HNO3 — 3.2% AMCHEM-7 BATH
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FIGURE 23. CONTAMINATION PRESENT ON 2024-T3 ALCLAD DEOXIDIZED IN A
9% HNO3 — 3.2% AMCHEM-7 BATH
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FIGURE 24. DEGREE OF ETCHING IN A 7075-T6 BARE SAMPLE DEOXIDIZED IN A
11% HNO3 — 3.2% AMCHEM -7 BATH
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FIGURE 25. CONTAMINATION PRESENT ON 2024-T3 ALCLAD DEOXIDIZED IN A
11% HNO3 — 3.2% AMCHEM-7 BATH
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FIGURE 26. DEGREE OF ETCHING IN A 7075-T6 BARE SAMPLE DEOXIDIZED IN A
11% HNO3 — 3.2% AMCHEM-7 BATH MODIFIED WITH ALODINE-45, 2 mt/ I (ETCH

RATE 0.200 milsfside/hour)
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FIGURE 28. DEGREE OF ETCHING iN A 7075-T6 BARE SAMPLE DEOXIDIZED IN A
11% HNO3 — 3.2% AMCHEM-7 BATH MODIFIED WITH 4 mI/LITER ALOD INE-45

(ETCH RATE 0.284 milsiside/Iiour)
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FIGURE 29. SURFACE CLEANLINESS OF 2024-T3 ALCLAD SAMPLE DEOXIDIZED
IN A 11% HNO3 — 3.2% AMCHEM-7 BATH MODIFIED WITH 4 mI/LITER ALODINE-45
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Subsequent etch rate tests were made with the four mi/i Alodine-45 modified

bath at 13 percent and 14 percent nitric acid levels and no significant chan ge in etch

rate was noted. It was concluded as shown in Figure 30 that varying the nitric acid

concentration level in this typ e deoxidizer bath over the range 9-14 percent has no sig-

nificant effect on the etch rate characteristics of the bath , regardless of the fluoride

level. It was also concluded from Figures 20 , 27 , 28 , 29 and 31 that modifying the

bath with Aiodine-45 contributed significantly to improving bath etching characteristics

over that of an unmodified bath and for the purpose of weldbonding, an addition of two

to four mi/i of Aiodine-45 would be required to achieve consistent results in production

tanks .

Evaluation of Amchem-7/ 17 Bath Mix. A second method of improving the etch
rate characteristics of the deoxidizer bath was also evaluated . This involved the
subst i tut ion of various percenta ges of Amchem- 17 in place of the previously used
Amchem-7 in the initial bath mix . Amchem Products personnel advised Northrop that
Amchem-17,normally us ed as a replenisher , contains approximately four tim es more
fluoride ion than Amchem-7 . A higher f luoride content increases the etch rate of a
deoxidizer bath as shown in the previous Alodine-45 evaluation. Therefore , it was
felt tha t the higher etch rate bath required by the weidhonding process could be
achieved by us ing an ini t ia l  bath cons is~ing of a s ignificant percentage of Anichem-17 .

Etch rate and SEM microscopic analysis tests were conducted for a th ree-gallon
bath with increasing amounts of Amchem—1 7. The increase of the Amchem-17 concen-
tration resulted in a significant increase in the etch rate of an unagitated bath , as
shown in Figure 32 , and of the grain boundary etching characteristics revealed by SE \-I
microscop ic examination. This etching characteristic was similar to the grain

boundary etching obtained with a 4 mi/ i addition of Alodine-45.

Control of Copper Deposits.
Discussions w ith the Amchem , Incorporated , personnel indicated that a sequester-

ing agent , not present in the Amchem-7 makeup bath , is added to the Amchem-17
replenisher. The purpose of the agent is to control the copper content that builds up
in the bath (from processed aluminum sheets) in order to minimize copper deposit
on the sur face of the part during deoxidation. For purposes other than weldbonding,
the presence of small amounts of copper in this bath is not a problem until a significant
amount of aluminum has been processed through the tank . This was not the case,
howeve r , whe n the deoxidizer was used as part of the weldbonding surface preparation
procedure . During the bath optimization study, it was noticed that the welding of
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materia l processed in a freshly charged tank was inconsistent and that random expuI~ Lo ns
occurred . It was felt tha t the lack of the sequestering agent in the bath could be
allow ing free coppe r to immediately deposit on the surface of the a luminum sheets
which then caused the welding problems . A number of panels were processed and
an Auge r analysis was conducted on samples processed with and without the seque s-
tering agent in a fresh bath. As shown in Figure 33, copper was not present
on the surface when the sequestering agent had been added to the fresh bath but , a
sign ificant amount was pres ent in a fresh bath without  the sequestering agent. it was
concluded that the final bath composition mus t contain the sequestering agent to avoid
the tendency toward welding expuls ion. Subsequent experience confirmed that as long
as the sequestering agent was maintained in the bath , welding expulsion was not a

problem. In this program, the sequestering agent was added to the initial bath in the
form of 13.2 to 13.4 ml of Alodine 1200E Activator per gallon of solution , and was
maintained through the addition of Amchem-17.

Evaluation of Bath Agitation

The effect of bath agitation was then stud ied to determine if agitation would aid in
achieving more consisten t results . A recirculating pump was used to agitate the 3.6
gallon bath , charged with 11 percent ti~~O3~ 3.2 percent Amchem-7 and 11.3 mi/gallon
solution Alodine-45, and an etch rate and microscopic analys is conducted . With bath
agitation , the etch rate increas ed from 0. 284 to 0.772 mils/s ide,4iour or an increase
of 2 . 71 times , i. e. agitation factor. The cleanliness and surface character istic5 of a
resulting surface were excellent.

A larger 20-gallon tank was then charged w ith a 14 percent HN03, 3.2 percent
Amchem -.7 concentration modified w ith 3 .2 ml/ l  o Alodine-45. Tes ts were conducted
in the agitated and unagitated conditions and an agitation factor of 2 . 03 was measured.
Acceptable results were obtained for both conditions . Similar results were obtained on
the 100 gallon production tank us ed for all full-size tes t panels. The test results for
the agitation study are shown in Figure 34. The difference in agitation factors in thes e
baths is related to the relative size of the pump used for different size tanks .

During later obs ervations , it was evident that the a~ ita ted bath provided a more
unifo rm etch rate over the entire surface of the part , and the random surface contamina-
tion , particularly in the case of 2024 alclad material , ~ as completely eliminated .

Control of Aiclad Stains

A problem was uncovered involving the presence of a redish-brown stain on the
2024—T 3 alclad material after anodizing during the c leaning of the f i rs t  fu l l - s ize  panel
sk ins . Th is stain occurred adjacent to the holding clips or fastening points used on the
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mate r ial. The frequency of this stain appeared to increase significantly as the usage
of the deoxidizer increased. The stain was only observed on the 2024-T3 alclad
material.

Auge r analysis was made on the material with andwithout the stain. The stain was

shown to have high concentration of iron and chromium . Although the exact source
of this contamination could not be determined , two possibilities exist: (1) the presence
of chromium and iron resulted fro m a deterioration of the deoxidizer bath with use ,
(2) the chromium and iron levels of the bath were being increased due to minor etching
of the stainless tank by the increased fluoride level of the deoxidizer bath. In order to

eliminate the staining problem in the production panels , a freshly charged production

tank of 100 gallon capacity was charged using a polyethylene tank and a new series of
panels were processed . However , after processing appro ximately four square foot of
aluminum per gallon of solution , the stain again occurred which indicated that the
stainless tank was not the primary source of the problem.

In order to eliminate the stain various types of rinsing operations were studied
and it was found that if a small amount of industrial or tap water were added to the
rinsing system, particularly after the deoxidizing process , the stain was eliminated.
Subsequent tests conclusively proved that the staining was eliminated by use of an in-
dustrial or tap water rinse mixed with the deionized water in a ratio approximately
1 to 1. It was also found that the addition of a hand spray rinse using the industrial
water during the early stages of the spray rinse would also eliminate the staining
problem.

Bath Life Characteristics of the Modified Deoxidizer.
As discussed in a prior section , the Amchem 7-17 deoxidizer system was mod ified

to include the Alod ine 45 and 1200E additions to overcome the deficiencies of surface
cleanliness and inadequate etching characteristics that existed in the previous deoxidizer
when used for weldbonding. One other shortcoming that was reported in the previous
program (Refe rence 2~ needed attention - that of the apparent deoxidizer bath life
l imi ta t ion .  This deoxid izer bath limitation would present econom ic constraint s which
would limit the use of weldbonding in a production environment .  Thus , an investigation
was undertaken to determine if the controls and replenishing procedures established for
the modified Arnchem 7-17 deox idizer bath were adequate to give good bath life of at
least 25 square feet of aluminum surface processed per gallon of solution before dis-
carding the bath which  is the average bath life of this type deoxidiier in normal plant
operations .
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Approach. The previous study carried out on the etch rate of the deoxidizer esta b-
lished an optimum etch rate of 0. 20 to 0. 30 mils/side/hour (0. 052 to 0. 080 gms.
weight loss measured on a 3-inch x 3-inch 7075 bare aluminum test coupon , deoxidized

for 20 minutes in an unagitated bath). This procedure produced consistently clean

deoxidized surfaces. In the bath l ife study, an alternate procedure was developed
which was found to be equivalent and resulted in a significant time saving. In this

procedure , etch rates were measured using the agitated bath for a 7 minute duration.
It was found that this procedure may be used on a given tank afte r the etching

characteristics and the agitation factor for that tank have been accurately determined.
For this program , “bath aging” was defined as the total square feet of aluminum
processed per gallon of agitated solution per seven minute duration.

To reproduce production processing and contamination build-up of dissolved

aluminum , copper and other alloying elements, both 7075 bare and 2024 clad aluminum

materials in a 50:50 ratio were used . Weldability and environmental durabili ty test

spec imens were cleoxidized in a bath which had various amounts of aluminum processed

per gallon in the bath , i. e . ,  0 , 4 , 8 , 12 , 16, 20 , and 25 square feet. These spec imens

were then anodized us ing the low voltage phosphoric ac id - sodium dichrornate solution.

During the study the effect of bath aging on the following characteristics of the deoxidizer

bath were studied .

1. Etch rate
2 . Anodized oxide thicknes s

3. Weldability
4. Durability

Procedure. A six-gallon deoxidizer bath was prepared and 25 square feet of aluminum

per gallon was processed us ing the following procedure:
a. Analyze chemical composition, check etch rate , adjust to specification

limits.

b. Clean and deoxidiz e weldability and durability panels.

c. Analyze chemical composition, check etch rate , adjust to specification
limits.

d. Clean and deoxidiz e 7075 bare and 2024 clad panels until a total of four
square feet of aluminum had been processed.

e. Repeat steps (a) to (d) in increment of 4 square feet of aluminum processed
per gallon , until the total area processed reaches 25 square feet of aluminum
per gallon deoxidizer.
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Etch Rate Maintenance. Etch rate was maintained by addition of Amchem- 17 to bring
the Amchem-7 content to 3. 2 oz /ga l. However , if this did not produce the desired

etch rate of 0. 30 mils/side/hour (on a 3-inch x 3-inch -7075 bare coupon) per 7 min-

utes , Alodine-45 , was added. It was foun d that 1 ml. of Alodine-45 per gallon of de-
oxidizer raises the etch rate approximately 0. 037 mils/side/hour depending upon the

type and degree of agitation used .

Summar y and Results. This laboratory stud y indicated that the Northrop mod i-
fied Amchem 7-17 deoxidizer bath has a useful life of greater than 25 square feet of
aluminum per gallon of deoxidizer which is comparable to a standard deoxidizer bath

used in manufactur ing operations. Satisfactory weldbonding surfaces can be obtained
over the span of this bath life using the recommended control and replenishment
procedures.

Specific observations and conclusions made during the study are as follows:

1. Weldability or expulsion problems were not encountered during the study ,
and the weld nugget size and shapes were within acceptable limits. Lap
shear strengths of uncured weldbonded coupons were also satisfactory.

2 . No appreciable change in oxide thickness or structure as measured by SEM
was observed as the bath aged.

3. No durabil i ty fai lure wer e noted in spec imens processed in a bath which
had been aged for 25 square feet of aluminum per gallon of deoxidizer .
Eight specimens successfully passed the 1000 hour CL/ SWIT test with an
average 98/c residual lap shear strength after exposure.

4. Variation of nitric acid concentration as a function of bath aging was not
appreciable.

5. Alodine-l200E activator , which contained the sequestering agent , complexes

dissolved copper and prevents copper from being deposited on the aluminum.

After the initial make-up, addition of Alod ine-1200E was not needed , as the

addition of Amchem- 17 which also contained the sequestering agent was suf-
ficient to maintain a satisfactory level of sequestering agent in the bath.

6. Approximately 1 ml Alodine-45 gal, of deoxidizer was needed to raise the

etch rate by 0. 037 mils/side/hour on a 3-inch x 3-inch -7075 bare coupon
and to maintain the etch rate after the bath had aged by processing 12 square
feet and 22 square feet of aluminum per gallon of deoxidizer. This indicates that

depletion of fluoride content was not fully restored by addition of Amchem- 17.
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7. Amchem -7 content dropped approximately 0. 1 oz/gal . for every one square
foot of aluminum processed per gallon of deoxidizer.

?~ . Etch rate drop depends upon the degree and type of agitation used . The de-
oxidizer under study was a moderately circulated and filtered bath. Initia lly,
the etch rate dropped about 0. 037 mils/side/hour (on a 3-inch x 3-inch
-7075 bare coupon ) for every decrease of 0. 10 oz/gal. of Amchem -7
content. Processing of one square foot of aluminum per gallon of deoxidizer
caused these decreases. The etch rate dropped appreciably more as the
bath aged.

9. No appreciable change was observed in the dissolved copper content.
Alodine- 1200E removed copper from the bath by forming an insoluble corn-
pound with copper.

Conclusion. Based upon the results obtained from this work , the life of the
modified deoxidizer bath is greater than 25 square feet of aluminum processed per gal-
ion deoxidizer.

Du rability Qualification of the Final Surface Preparation Procedures

Upon establishment of the final surface preparation procedure , it was necessary
to prove tha t this cleaning procedure and low voltage anodi zing treatment would provide
acceptable environmenta l stress durability in a weldbond joint. Therefore , a durability
evaluation using the 1000 hour Constant Load-Salt Water Immersion Test (CL/SWIT)
was initiated.

All specimens were prepared according to the surface treatment procedures
shown in Table 4. This procedure included the use of a modified deoxidizer in an
agitated bath with a deionized water rinse. The fIrst test series FC, FA , FB , and
CA included the evaluation of two material combinations , i. e. , 7075-T6 bare weld-
bonded to 7075-T6 bare, and 2024-T3 a.lclad weldbonded to 7075-T6 bare. The results
shown in Table 5 reveal that all test specimens completed the 1000 hour exposure with
no loss in lap-shear strength . The failure mode for these specimens was greater than
85 percent cohesive.

For test series FC , FA , and FB , an extra specimen was allowed to remain under
load for 3200 hours or 4000 hours. The residual strength loss ranged from 15 percent
to 35 percent , as compared to zero percent loss for the 1000 hour specimens. This
loss is considered to be small compared to the lengt h of exposure , and therefore ,
helps to substantiate good durab i l i ty  for weldbonded join ts.
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TABLE 4. FINAL SURFACE PREPARATION PROCEDURE

OPERATION MATERIAL PROCESS

VAPOR DEGREASE 1-1- 1 TR ICHLOROETHANE VAPOR 60 SECONDS;
CONDENSED FLUID-60
SECONDS; COOL.
REPEAT.

A L K A L I N E  CLEAN TURCO 421 5-S. 6-8 OZ/GAL SOLUTION 12-15 MINUTES.
125- 165F

SPRAY RINSE COLD DEIONIZED WATER WITH 5-7 MINUTES
TAP WATER MIX

DEOXIDIZE NITRIC ACID/AMCHEM-7 (MODIFIED) 6-8 MINUTES, ROOM
TEMPERATURE IN
AGITATED TANK.

NITRIC ACID — 11-14% BY VOLUME.
BE° 42 (70% H NO3)

AMCHEM -7: 2.9 — 3.3 WT OZ/GALLON
SOLUTION

ALODINE -45: 11.2 — 11.5 ML/GALLON
SOLUTION

ALOD~NE 1200E ACTIVATOR — 13.2-
13.4 ML/GALLON SOLUTION

BALANCE — DI WATER

SPRAY RINSE COLD DEIONIZED WATE R WITH TAP 5-7 MINUTES
WATE R M I X

ANODIZE PSD SOLUTION 20-25 MINUTES, ROOM
T E M P E R A T U R E

PHOSPHORIC ACID — 1.2 -  1.5 FL OZ/
GALLON SOLUTION (85% H3PO4) VOLTAGE — 1.4-1.6

VOLTS, DC FOR BARE
ALLOYS

SODIUM DICHROMATE DIHYDRATE:—
1.3 - 1.5 OZ /GALLON SOLUTION 0.9-1.1 VOLTS, DC FOR

CLAD ALLOYS

SPRAY RINSE COLD DEONIZED WATER WITH TAP 5-7 MINUTES
WATER M I X

OVEN DRY CIRCULATING HOT AIR 30-40 MINUTES.
150± 1OF
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A second test series FE , and I - I ) , which was Use ] to det e rmine  the dur ab i l i t y  of

weldbonded joints for which the a luminum was c lean e d and (kox j d izc - I l  only (spot weld
etch procedu rc~, is also shown in Table 5. These specimens failed during the CL - S \ VI T

expos ure in less than 323 hours .

These tests proved that the final surface preparation procedure provided a durable
surface. These results also showed that test specimens , for which the aluminum sur-
faces were deoxidized only prior to weldbonding, will  not pass the 1000 hour CL . SW1T

exposure , and therefore the deoxidized only surface is not acceptable in terms of en-
vironmental stress durability.

A third durability test series was used to evaluate the use of industrial water for
the rinsing operation . It had been previously proven that by hand spraying industrial
water durin g the first 60 seconds of rinse , the staining problem which occurred whI-n

process ing large 2024— T3 alclad panels was eliminated . Tes t series GB ~- as used to
evaluate the industr ial  water spray plus the deionized ~va ter r inse , test series GC was
used to evaluate the use of industrial  water onl y, and les t series GA were control
specimens which were processed using deionized water onl y.

The results for these tests are presented in Table 6 , and show that  all  three
test series passed the 1000 hour CL/SWIT exposure , wi th no loss in lap shear strength .
except for one tes t specimen in the GC test series . This specimen fa i led in 895 hour s
and the fai lure  mode was 50 cohesive. This fa i lu re  was at tr ibuted to poor specimen
prep aration (in which an unprotected edge was present in an area of a hi gh stress
concentration) which led to premature fa i lure .  Howevci- , since three other corresponding
spec imens passed the qual i f ica t ion exposure and since the survival  t ime before the
premature  fai lure was 90 percent of the 1000 hou r exposure , the test series was
cons idered to be accep table.

These test results indicate that the use of deionized water is not necessary in
the weldbonding process , and that the use of industrial water to eliminate the alclad
stain is perfectly acceptable. It is recommended , however , that since the mineral
content of industria l water will vary in d ifferent locations , before industrial water
is used in a weldbond cleaning procedure , tests be conducted to ver ify acceptable
environmental durability properties. Minor contamination in the water may degrade
the resulting bond joint by causing residual elements to remain on the bond surface.

Later in the program , the Air Force requested Northrop to conduct additiona l
testing to evaluate and compare different bond ing systems and to compare different
test method s for evaluating environmenta l stress durability. Therefore , additiona l
durability testing is being conducted as an addend um to this program.

L 
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The objective of this additional work is to compare the environmental durability
of the weldbonding system with that of two other adhesive bonding systems. These in-
elude the FPL etch , BR- 127 primer , FM—123-2 adhesive system , which is currently used
to bond A-b panels , and the phosphoric acid anodize , BR-127 primer , F~\l-73 adhe—
sive system bein g used for the PABST Program at McDonnell Douglas. Four material
combination s are being evaluated: 2024—T3 aiclad to 7075-T6; 2024-T3 to 707 5-u i ,

2024-T3 to 2024— T3 ; and 7075-T6 to 707 5-T6. Test methods include the CL/SW IT at
two loads for 1000 hour and 2000 hour exposure; and the wedge test in 5 percent salt

- - fog at 95°F and 95 to bOO~ relative humidity at 120°F for 90-day exposures. Wedge test
specimens will also be exposed at the McDonnell Douglas beach site in El Segundo ,
California , for 12 months with crack growth measurements made each month. Thi s

evaluation will be completed in July 1979 and a final addendum report will be written.

Conclusions of the Surface Preparation Studies

The results of the preceding inve stigations indicated that the aluminum weldboncl-

ing deoxidizer bath must contain sufficient fluoride to provide an etch rate in an un-

ag itated bath between 0. 20 - 0. 30 mils/side, hour. It was determined that this etch
rate could be achieved either by adding fluoride in the form of Alodine-45 or by init ial1~-

preparing a proper mix of Amchem-7 and Amchem- 17. The optimum bath also must
contain the proper sequestering agent to minimize copper deposits. This agent can be

added through the use of an initial charge of Amchem-17 or by proper additions of the
Alodine- 1200E activator. It was decided that for the purpose of this program , the
11-14 percent HNO 3 

- 3. 2 percent Amchem-7 basic bath modified with an addition of

Alodine-45 to increase the fluoride content and with a proper addition of the sequester-
ing agent in the form of the Alodine-1200E activato r would be easier to control . Sub-

sequent investigation showed that the use of this bath consistently resulted in acceptable
deoxidized surfaces. The final deoxidizer bath composition specified and used for all
remaining portions of thi s program is shown in Table 4.

The results of the surface preparation studies showed alsc that bath agitation is
required in order to achieve a uniform — contamination-free surface. It was concluded

that a properly agitated bath will increase the etch rate over that of a still bath by a

factor of approximately 2 . 7. However , an increased etch rate range of 2 . 0 to 3. 0
times is sufficient and wil l  provide a suitable deoxidized surface. A bath can be agitated
by moving the solution with a pump, a submerged impeller or by bubbling air through

the bath.
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Do ring the life of the bath , th e  chem ist i -y and etch rate must be ‘ _~~cained by
st anthrd additions of Anich em-17 . Su bsequent a d d i I i ~~ . ui Alodine—45 were needed
d ut - ing  exten sive  bath usage. Also , it  ~~ found that  minor  additions were required
if it was desired to ke ~p the bath on the h i gn s ide of the etch rate tolerance. It
should be noted that in this program , the etch rate tolerance range specified was
one w h i c h  was foun d to g ive cons ist antl y accep table results. If the bath etch rate
was below the 0. 20 mils/ side/hr , poor results were obtained . The high l imit  toler-
ance was established a rb i t r a r i l y  - No tests were conducted to determine the effect
of using a bath above the upper lim it.

It was also found that the Alodine-b200E Activator added to the initial bath to
cont rol the copper content of the thin oxide film remaining on the part after deoxidation
is usually sufficient for the life of the bath. The additional sequestering agent added
throug h the Amchem- 17 replenisher was adequate and additional Alodine- 1200E Activator
should not be needed after the initial charge.

The final surface preparation procedure is shown in Table 4. Using the afore-
mentioned modifications to the deoxidizer bath , sufficient surface quality and bath life
characteristics are achieved using the deoxidizer alone , thus , preclean ing (as w ith an
FPL etch) was not found to be necessary. Specific analytical control procedures for
the surface preparation tanks are given in Appendix C arid SEM procedures for the
inspection and control of the prepared surfaces are given in Appendix D.
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ADHESIVE CHARACTERISTICS AND CONTRO L

Introduction

The strength and durability of weldbonded aluminum aircraft components are

critically dependent on the nature and thickness of the anodized oxide film on the
alum inum surface and the use of proper adhesive in bonding. The oxide film must

be pure boehmite aluminum oxide ( ci A1203 
. H20) approximately 500-700 Angstrom

units thick. This oxide can be obtained by a controlled anodizing process described
previously. With any given adhesive , the cure tim e, cure temperature , filler con-

tent , and corrosion inhibitor level will affect both the strength and durability of the

joint. The strength and durability of weldbonded alum inum components is also
depende nt on obtaining and maintaining the stable boehmite oxide on the surface and
on achieving a stable bond between the boehmite ox ide surface and the adhesive.
Durable weldbonded aluminum aircraft components can thus be fabricated only by
maintaining appropriate quality control standards and tests for both the anodizing
process and the adhesive .

The Goodr ich A-l444B adhesi~e used for this weldbonding program was

originally developed in prior programs at Northrop. The adhesive went through

three development stages. First , it was evaluated for weldability. Aluminum test

coupons prepared with a standard FPL-etch surface , without primer , and coated with
A- 1396B (the base resin system) were found to be weldable. However , adhesive run-

off was excessive if test coupons were cured in a vertical position. The A-l39GB

resin system was modified using Cab-O-Sil in varying perce ntages. A 7-percent
addition of Cab-O--Sil gave the reduced run-off desired and did not interfere appre-

ciably w ith weldability. The next modification to the base resin system was the

addition of chromates to improve the durability of the adhesive unde r stress corrosion

testing involving the exposure of stressed specimens to a 3. 5 percent salt water at

room temperature using 61 perce nt of the design ultimate strength of the alum inum

as the constant load. An adhesive composition was achieved cA-1396B base resin

3 percent strontium chromate and 7 per cent Cab-O- Sil) which resulted in a syste m

tha t was weldable , had the desired stress corrosion resistance , and exhibited adequate

flow at cure temperature. This formulation is now the Goodrich-A-l-114B adhesive .

Other paste adhesive systems were evaluated and initial tests conducted on some of
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the m were satisfactory. llowevei- , it was s~iown that these mater ia ls  were not
reproducible as some lots were unsatisfactory . Also , attempts to add chroniate
corrosion inhibitors were unsatisfactory. Thus , the onl y commercially available
adhesive with a successful background of weldbond durabil i ty testing at the time of
the initiation of th is current contract was the Goodr ich A—1 4 -1 - I B adhesive .

Objective

The objective of this task was to establish qual ity control standards for the
A-1444B adhesive and prepare a materials specification for use in the production
of weldbonded aircraft components.

Results and Discussion

At the beginning of this program , the primary control tests were adhesive lap
shear strength , weldability , weldbond strength and stress corrosion resistance, as
measured by immersing weldbonded or adhesively bonded specimens in 3. 5 percent
salt water at room temperature under 61 percent of the design ultimate strength of
the weakest component of the joint. In the case of 7075-T6 bare weldbonded to
7075— T6 bare , the applied load is 3000 lbs. The 3. 5 percent salt water durability
test was effective in distinguishing between good and poor surface treatments.

The adhesive specification developed in this program for the A-1444B adhesive
was based on a gradual build-up of data on eight lots of adhesives. Data was obtained
as each lot of adhesive was rece ived , as improvements were made in the cleaning
and anodizing process , and as the results of modifications to the existing tests were
completed. Data on all eight lots , in some instances , is incomplete , as the lots
became too old due to usage before the specification procedures were fully developed.

The basic resin chemical formulation of the adhesive is a propr~etary form-
ulation of the B. F. Goodrich Company and , as a result , no chemistry control of
the basic resin was developed at Northrop. However , at the beginn i ag of this program ,
one lot of adhesive was obtained which obviously had asbestos in it as a thixotropic
agent instead of Cab-O-SiI. This adhesive did not pass the 24-hour humidity test
at 120F and 95-100 percent R. H. Therefore, control procedures were developed to

guarantee that strontium chromate and Cab-O-Sil were in the adhesive rather than
the two most probable alternatives, zinc chromate and asbestos. These procedure s
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are given in the specification in Appendix B.

Table 7 lists the strontium chrornate and Cab-O-Sil analyses of five different
lots of A-l444B adhesive. Only one of these lots , lot G, was slightly outside the
initial specification limits (Cab-O-Sil 6-8 ,i’ and strontium chromate 2-4~~). All lots
passed the weldbond lap shear test. Data in Table 8 shows that all of the lots tested
exceeded the minimum specification value lap shear strength of 4500 lbs. All lots
also successfully passed the adhesive flow test . Some of the durability data developed
during this time period was invalid as modification s and improvements were continuing
to be made in the cleaning and anodizing process. However , all lots properly pro-
cessed to the final surface preparation requirements passed the 3. 5 percent salt water

• durability test. Lot “C” was not subjected to a proper salt water durability test be-
cause this lot was only a special order 16 oz. can. By the time the surface prepara-

• tion procedure had been finalized , insufficient sample remained for a proper test. All
other lots were retested and were acceptable , as shown in Table 8.

TABL E 7. STRONTIUM CHROMATE AND CAB-O-SIL CONTENTS
I N DI FFE R E N T  LOT SAMPLES OF A-1444B ADHESIV E

Total StrontiumPercent Cab-O-SilLot No. 
~~~+ T Inorganic Chromate PercentSolids — % Percent

C 89.9 10.1 2.85 7.25

D 91.13 8.87 2 .85 6.02

E 89.63 10.37 2 .7  7.67

F 89.66 10.34 2.56 7.78

G 91.37 8.63 2.76 5.87
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TABLE 8. WELOBOND LAP SHEAR STRENGTHS OF
A-1444B ADHESIVE LOTS ON 7075-T6 ALUMINUM

Control Residual
Adhesive Lap Shear Lap Shear Strength
Lot No. Strength , R . T .  After  1000 Hrs , 3.5% Salt Water

psi R . T .  - 3000 psi

A 4950 4600

B 4950 5030

C 4825 Not Tes ted

D 4750 4520

E 4800 3950

F 4850 4900

As indicated in the previous section , near the end of the program , Northrop
became involved ~n a comparison of different adhesive systems using the wedge
crack extension test as a measure of env. onmental durability. This tk St, with
specimens exposed to a 5 percent salt fog at 95F for long times was found to be much
more discriminating between various good systems than the 3. 5 percent salt water
immersion test.

During the wedge testing of A-1444B adhesive, one lot of adhesive gave unexpect-
edly poor results. The deficiency was finally traced to undercuring of the adhesive.
This undercure condition was evaluated using Differential Scanning Calorimetry (DSC),
which was shown to be an effective test method to determine the cure condition of the
adhesive after various cycles. The original specified cure cycle for the A—1 444B
adhesive was one hour at 250F. Differential Scanning Calorimetry analysis was per-
formed on lots E , F , G , and J of adhesive after cures at 250F and 275F. Results and
cure conditions are given in Table 9. Lots E and G were completely cured by heating
at 250F for one hour. Lots F and J were incompletely cured after one hour at 250F
but could be comp letely cured by one hour at 275F or by two hours at 250F. Figure 35
shows the DSC curves of lots E , F, and J after one hour cure at 250F. The curve for
tot E is relatively flat from IOOC to 200C indicating complete cure. The curves for
lots F and J show peaks in this same temperature range indicating incomplete cure.
For comparison purposes , DSC curves for uncured adhesive from lots E , G , and J are
shown in F ’igure 36. To insi~re complete cure , Northrop is currently recommending a
curing cycle of 2-3 hours at 250F for production application. Figure 37 shows the DSC
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TABLE 9. D I F F E R E N T I A L  SCANNING C A L O R I M E T R Y  OF LOTS
OF A-1444B ADHESIVE

Lot No. Tempera ture  ‘l’ ime Result

E 250F 1 Hour Cured

F 250F 1 Hour Incomplete Cure

F 275F 1 Hour Cured

C 250F 1 Hour Cured

J 250F 1 Hour Incomplete Cure

• J 250F 2 Hours Cured

- 
. L~ 

J 27SF 1 Hour  Cured

curves of lot J adhesive after various cures. Both cures , two hours at 250F or a one-
hour cure at 27SF were satisfactory. 

$

Lot F gave essentially the same DSC curve s as Lot J. A 250F cure for one
• hour was inadequate ; a two-hour cure at 250F or a one-hour cure at 275F was

satisfactory. Wedge tests were performed on Lot F adhesive using undercured
specimens (cured for one hour at 250F) and using completely cured specimens
(cured for one hour at 250F plus one hour at 280F) . Specimens were exposed to 5
percent salt fog at 95F for 90 days. Wedge crack growth of these specimens is shown
in Figure 38. The undercured spec imens show a crack growth of 1. 4 inches in 90 days;

CODE: — C U R E D  250F — 1 HOUR
CURED 250F — 1 HOUR

LOT F ADH ESIVE PLUS 280F — 1 HOUR
2

LO w  1
0 0  

.. ..
. 

0 •‘

0 t O 20 30 40 50 60 70 80 90
DAYS EXP OSURE

NOTES: 1. DATA REPRESENT AN AVERAGE OF SIX TESTS.
2. ADHERENDS WERE 2024-T3 BARE BONDED TO 7075-T6 aARE.

FIGURE 38. EFFECT OF CURE ON SALT FOG WEDGE TEST DURABILITY OF A-1444B
ADHESIVE LOT F
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the completely cured specimens show a crack growth of only 0 . 6 inch in 90 day s .
This demonstrate s that degree of cure has an effect on durabil i ty as measured by the
wedge test.

The wedge test in 5 percent salt fog at 9SF readily characterizes a good syste m

and was shown to identify deficiencies due to an undercured adhesive. It was there-

fore concluded that this wedge test in 5 perce nt salt fog would be the m ost effective
test for measuring the durability characteristics of both the oxide and the adhesive.

This test method was the n incorporated as a requirement in the adhesive specification.

Summary

A prepared Materials Specification for the A-l444B adhesive is included in
Appendix B of thi s report . This contains the detailed laboratory procedures for
the qualification and control of the A-l444B adhesive. The quality control tests
and acceptable test values are as show n in Table 10. It should be noted that tighter -

•

tolerances than originally specified f r  the strontium chromate and Cab-O--Sil

contents have been imposed in the specification. This was agreed to by the adhesive

manulacturer (B. F. Goodrich) as it was felt that these tolerances could effective ly

be met in production of the adhesive and tightening these limits would tend to improve

the consistency per formance of the adhesive .

The laboratory study indicated that the control parameLers established in the
current weldbond specification are adequate to insure satisfactory bond strength
and durability in weldbonded aluminum aircraft compo nents. However , viscosity
is critical and the proposed control levels for the tota l solids, strontium chromate
and Cab-O—Sil will maintain the required viscosity as reflected in the• adhesive flow .

Conclusions

1. The limited data generated on quality control testing of lots A- 1444B

adhesive indicate that a critical test is the stress durability test

as measured by wedge crack extension with specimens exposed to 5
percent salt fog at 95F for 30 days.

2. The strontium chromate and Cab- O-Sil contents of the A - 1444B adhesive s

were within the original specification limits except for the Cab-O-Sil

content of lot G; howeve r , no correlation between these results and
mechanical strength or durability was observed.
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TABLE 10 . A-1444B ADHE SIVE SPECI FICATIONS

Specification Developed
in this Program

Volatile Content (Maximum) , % 0. 1

Viscosity, cps (Minimum) 500 ,000

Inorganic Solids Content , % 10 ± 0.5

Cab-O-Sil Content , % 7 ± 0.3

Strontium Chromate 3 ± 0.2
Content , %

Weldbond Lap Shear Strength 4 , 500
(Minimum psi)

T-Peel Strength (Minimum) 20
lb/in .

Adhesive Flow , inches 1.0 to 3.0

Wedge Crack Extension 0.5 inch
(Maximum) , inch-95F ,
5 % salt , fog , 30 day
exposure

3. A one-hour cure of the A- 1444B adhesive was found to be unsatisfactory
for lots F and 1. A cure cycle of two hours at 235 + SF is recommended
for production .

4. DSC is a practical method for quality control of the degree of cure on the
adhesive .

5. Un dercured wedge test specimens show greate r crack extension than
completely cured specimens.
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ESTABLIS H WELDiNG PARAMETERS FOR C LASS A WELDS

Objectives

-
• 

The objective of the welding portion of this program was to develop weld sched-
ules for weldbonding the selected tes t panels and for the required fatigu e and durability
test specimens . Based up on ~ c test panel selections mad e by Fairchild , weld sched-
ules were needed for the following material-thicknes s combinaUons :

REQUIREMENT MATERIAL COMBINATIONS

2024-T3 Aiclad to 7075-T6 Bare

0.0 25 0. 032
Test Panels

0.0 40 0.050
0.07 1 0. 050

Fatigue and Durability 0. 062 0. 062

Initial Welding Approach

In the previous weldbond manufacturing methods program (Reference 3), it was
determined that an accu r ately progr ammed slope contro l welding schedule was re-

quired to achieve quality spotwelds in the weldbond process. Thi s was necessary
because of the high contact resistance of the anodized surface and the problems asso-

ciated with welding through an adhesive. A typical weldbond welding schedule pre-
viously developed for 7075 bare sheet material is compared to a conventional aluminum

spot weld schedule and shown in Figure 39 . It can be seen that a hig her electrode

force was used for making weldbond joints of the 7075-T6 bare/ 7075—T6 bar e combina-

tion as compared to conventional aluminum spot welded joints. Also , the weldbond

welding heat schedule has a longer current up slope and down slope than conventional

aluminum spo t weld schedules. The shape of the current trace required for success-

ful weldbond resistance spot welds was achieved using a Sciaky Decatron cont roller

with a Sciaky 3-phase resistance spot welding machine.
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FIGURE 39. TYPICAL SPOTWELD AND WELDBOND WELD PROFILES

Earl s- in the current program , it was dec ded to include and evaluate a micro-
processor i- -sistance weld controller equipped with nugge t monitoring and feedback
co$~~ $ capabilities. This equipment was supplied by the Pertron Corporation ,
V~i n N:~~s , California. 1\vo units were installed for early evaluation in the program ,
one at Northr op and one at Convair. After the preliminary evaluations were completed ,
a third unit was installed on a production spot welding machine at Fairchild.

All units  featured a linear digital transducer attachment that make s nugget expan-
sion information available for monitoring or controlling weld nugget growth . This fea-
ture is described in detail later in this report .

Although the original intent of installing the microprocessor welding controller
was to evaluate its nugge t expansion monitoring and feedback features , it was found
ea r ly in the program that the Pertron controller contained two other features which
would greatl y aid in the program.

(1) The accuracy and repeatability of the microprocessor was improve d over the
c\ i st i f lg  Dccat i-u i controller .

(~ ) The weld he~t t sc~tcd~ Ie cou ld be controlled on a cycle-by -cycle basis re-
suit ing in increased flexibility with which to develop optimi.~m weld schedules ,
and to achieve more precise control ove r the ~r~~~th n r  the  weld nugget.
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Thus, in order to achieve uniformity between the welding performed at the d.i f-

ferent companies and to obtain maximum effectiveness of feedback control spot welding,

all weld schedules were oriented toward microprocessor control.

Programs were prepared for the Pertron microprocessor controller at Northrop,
to duplicate the weld schedules , i. e. , weld current shapes , that were established in

prior weldbond programs using the Decatron control. The Sciak y Decatron and the
Pertron microprocessor controls diffe r in the manner in which they establish the weld-

ing current shape. The differences can be best illustrated by referring to Figure 40.

The welding current shape is obtained by controlling four settings on the Sciaky Decatron

controller: (1) maximum weld heat , (2) the up slope time and welding time, in cycles ,

(3) the down-slope time , in cycles , and (4) the slope rates. However , the welding cur-

rent shape is obtained with the microprocessor controls by setting the amplitude of

welding current for each firing cycle. Thus, the weldi ng current is programmed C\ ck-

by cycle. As a result , more complex multislope welding current shapes , can be

achieved with the microprocessor controller than with the Decatron controller , an I

minor changes in the maxi mum heat applied can be achieved by changing heats as ~i t t i t

as 1 percent in only one cycle.
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The microprocessor control system can readily duplicate all current shapes
produced by the Decatron control system. However , the Decatron control system
is not able to duplicate all current shapes produced by the microprocessor controller.

Microprocessor weld schedules were prepared which duplicated weld current
shapes previously established for weldbondi ng 7075—T6 , 0. 063 to 0. 063 inch. These
schedules were used for welding the durability and damage tolerance specimens used
in thi s program. New weld schedules were needed for welding the thinner materials
and the 2024-T3 alciad material .

Weld Schedule Development for 2024-T3 Alciad Material

In the previous weldbond program , it was found that the highest quality weld
nuggets for the 7075/7075 bare material combination were achieved using slope con-
trolled weld schedules with high weld and forge forces (2000/4000 pounds). In that
program however , only bare materials of like alloy combinations were weldbonded.
In attempting to develop the weld schedules for the 2024—T3 alclad/7075 bare combina-
tion , the fi rst approach was to utilize a 6 inch electrode tip diameter with high forces
and current slopes similar to those previously used. It was found that welds could be
achieved that were expulsion free and met CLASS A strength and indentation require-
ments for 2024 alclad/7075 bare combinations of thicknesses equal to or greater than
0. 050/0. 040. It was also found that to achieve optimum results , multislope heat
schedules were necessary using the high weld force approach.

The original 0. 063-inch 7075-T6 bare welding schedule was used as the starting
point for developing the new weld schedules for the 2024-T3 alclad/7075-T6 bare corn-
bina tion. Cons istent expuls ion was observed which was believed to be the result of
the 1000 A oxide coating being formed on the 2024-T3 alclad material by the 1. 5vPSD
anodize. The results of previous work indicated that an oxide coating of 600-700 A
was optimum for achieving the best welding characteristics. It was felt that an increase
of the electrode force and/or the up-slope time might minimize the occurrence of ex-
pulsion. Various up-slope current rates were used in an effort to eliminate expulsion
but these were not successful. It was also found that these procedures increased the
distortion which would not be acceptable for aircraft exterior skin applications .

A series of specimens was then welded with low current and various welding
times to determine when the expuls ion occurred . Figure 41 shows that expuls ion was

occur ring within the first  4 cycles at a very low current. This indicated that Lhe
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expulsion probably could not be avoided with 1. 5vPSD 2024-T3 aiclad material using
the current welding approach due to the thick oxide coating which was developed. It
was concluded that a modified surface prepa ration procedure was necessary to reduce

0 0
the oxide coating on the 2024-T3 alciad sheet to appr oximately 600A —700A , and that a
new welding schedule needed to be developed for that surface treatment. As previously
discussed, it was determined that 1. OvPSD anodizing of the 2024-T3 alciad material

0
resulted in the desired oxide thickness of 675A.

A progra~n was then undertaken to develop adequate welding schedules for the
different thickness combinations used in the program.

Several electrode/forge force combinations were evaluated to achieve a success-
ful welding schedule for the 1.5vPSD 7075-T6 bare to 1.OvPSD 2O24-T3 alciad (both
0. 063-inch thick). A welding schedule (shown in Figure 42) was developed by modify-
ing the sched ule for welding 0.063 -in . 1. 5vPSD 7075-T6 bare. Although the spot
strengths of this combination ranged from 670 to 1290 pounds with an average of 950
pounds for 50 tes ts (which met the MIL—W-6858 minimum shear strength requirements
of 670 pounds minimum value/840 pounds minimum average for Class A welds), the
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00/401 000 01 TURN-ON - APPLY WELD PRESSURE
01/002 000 97 TEST FOOT SWITCH 0 063/0 063 PANEL SPECIMENS
02/800 0130 06 CONTACT GAGE CHECK 0 063 0 063 GAGE03/403 000 01 TURN-ON - BRUSH RECORDER ________________— ____________

04/BOO 060 00 HOLD - 60 CYCLES 2024-T3 7075-TB ALLOY
05/00 1 000 00 00 NOTHING _______________ ________

06/498 000 01 RE-ZERO FEEDBACK ENCODER ALCLAD I BARE CLAD/BARE
07/4 98 000 00 START READING FEEDBACK EXPANSION
08.1402 002 01 APPLY FORGE PRESSURE — AFTER 2 CYCLES I.0V PSO i SV  P50 SURFA CE PREP

09/191 023 18 5/B 5/8 ELECT — DIA
11/000 000 22 -~ 

_________

13/000 000 26 6 6 TIP RADII

15/000 000 30 1 1 CLASS
17/000 000 34 HEAT UP-SLOPE — 9 CYCLES ______________

19/000 000 39 2000 LBS / 4000 LBS WELD/FORGE
211000 000 45
23/000 000 55
25/000 000 54
27/000 000 46
29/000 000 44
31/000 000 42
33/000 000 40
35/000 00~ 39

• 37/000 000 38

HEAT DOWN-SLOPE - 14 CYCLES

43/000 000 35
451000 000 34
47/000 000 33
49/000 000 32
51/000 000 31
53/000 000 30

10/255 000 00
12/255 000 00
14/255 000 00
16/255 000 00
18/255 000 00
20)255 000 00
22/255 000 00
24/255 000 00
26/255 000 00
28/255 000 00
30,255 000 00
32 255 000 00 EXPANSION MON ITOR / NG
34 255 000 00
36/255 000 00
38/255 000 00
40/255 000 00
42/755 000 00
44/255 000 00
46 255 000 00
48/255 000 00
50 255 000 00
52/255 000 00
54/00 1 000 00

55/403 000 00 TURN - OFF aRUsH RECORDER
56’800 300 00 HOLD 300 CYCLES
57/498 000 01 RESET FEEDBACK ENCODER
58/003 000 00 FINISH WELD . RETURN TO STEP 00

FIGURE 42. WELD SCHEDULE FOR O.063-2024-T3 ALCLAD . 1.OV PSD TO
O.063-7015-T6 BARE , 1.5V PSD
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nuggets obta ined were irregular in shap e and inconsistent in strength and quality .
The same situation also occurred when welding the 0. 071/0. 050 and 0. 040/0. 050
combinations.

As hi gher quality welds had been previously obtained us ing only 7075 bare mate-
rial , it was believed that this problem was inherent in the process due to the complex
situation of weldbonding these particular combinations which involved :

(1) two differen t alloys
(2) an aiclad coating on the 2024
(3) oxides on the different alloys of a differen t character
(4) an adhesive at the interface.

The complexity of this situation compared to that of a normal spotwelding pro-
cedur e is shown in the schematic in Figure 43.

The weld schedule for the 0. 025-inch 2024—T3 alclad/0. 032-inch 7075—T6 proved

to be the most difficult . An approach similar to that used while developing the previous
weld schedules was attempted resulting in poor welds with significant expulsion. At
this point , in order to (1) achieve successful welding of the 0.032/0 .025 combination ,
(2) to improve the weld quality and cons istency of all combinations , and (3) to take full
advantage of the microprocessor welding controller , it was concluded that a new weld-
ing approach mus t be attempted . The existin g approach had demonstrated the following
shor tcomings which would be unacceptable in production welding of panels :

1. Welding of thin gage combinations was not possible.

2. The welds achieved in thicker gages, although they met CLASS A strength
and were expulsion free, were irregular in shape and consistently round
nuggets could not be achieved.

3. Weld consistency requirements of MIL-W-6858 could not be met.

4. Small variations in cleaning and surface resistance made large differences
in weld qu ality.

5. Expuls ion occurred early at very low heat levels , making feedback control
methods ineffective.

6. Slid ing of the electrodes during welding was constantly evident and an irregu-
larly shaped electrode impression was observed , particularly on the 2024-T3
alclad sheet.
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The first effort in the new approach was to evaluate the use of electrodes with

lower conductivi ty to concentrate the heat in the weld. The use of moly bdenum elec-

trodes wi th 3-inch radius tips was evaluated . Since molybdenum has a lower con-

ductivity (48 percent of copper) than that of Class I electrodes (90 percent of copper),

it was believed that a heat balance might be achieved to obtain expulsion-free welds .

However , excessive distortion was observed and electrode sticking was evident. Fur-

thermore, expulsion was still experienced frequently . Apparently, the use of the

molybdenum electrodes s ignificantly increased the temperatures in the interface be-

tween the electrode and the sheet. This s ituation caused the observed sticking and

dis tortion , and it was concluded that the use of the molybdenum electrodes would not

aid in achieving quality welds in thin gage sheet.

A new weld nugget formation model was developed and a series of experiments

conducted to determine the basis of the model. It had been observed that the initial
nugget formation and the expulsion which occurred during the first few cycles of heat
application was apparently occurring at the edge of the area of electrode contact

rather than at the center. It was therefore concluded that the effective resistance of
the oxide to current flow and nugget initiation was higher in the center of the contact

area than at the edge. It appeared that this effect was due to some physical character-

istics including compressibility of the boehmite oxide formed on the 2024 alclad

material, and that the oxide resistance was directly proport ional to the level of corn-
pression. Thus, as the threshold voltage and resulting current to initiate a weld

should occur at the point of minimum oxide resistance , the natural tendency is for weld
initiation at the outer diameter of the contact area. The soft aiclad material on the sur-
face of the 2024 alloy would tend to increase this compressibility factor by minim iz ing
cracking of the oxide layer as it is being compressed into a soft surface. Therefore,
expulsion tendencies would be enhanced for the alciad material, and indeed this had
been observed.

Previous welding theory involving resistance spot welding through anodized

surfaces had advocated the use of extremely high pressures early in the heat cycle
to avoid expulsion. However, in cases where the weld initiation occurred at the out-

side of the contact area, as in the case of the 2024-T3-alclad material, it was felt

that a high pressure on the off- center molten puddle as the nugget was formed tended

to cause early expulsion rather than eliminating it. The high pressure at the edge of
the eledtrode contact would be aggrevated by a smaller tip radius.
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To alleviate these effects , it was hypothesized that effort must be undertaken to
initia te the weld as close as possible to the center of the electrode contact area , and
to increas e the pressure balance between the molten nugget puddle 

~~~ 
and the electrode

pressure (Fe), as shown in Figure 44 , by increasing the tip radius of the electrode. The
use of a larger tip radius spreads the electrode force over a greater area , thus reducing
the center pressure on the molten puddle.

To substantiate the foregoing hypothesis , an investigation was conducted to deter-
mine the effect of initial weld force and the level of initial heat on the characteristics
of nugget initiation .

One cycle of heat of various intensities from 5-40 percent was appl ied at various
force levels and the results were observed . It was noted that , as hypothesized , nugget
initiation tend ed to occur at the outer ring of the pressure dome , usually at two initia-
tion sites . This effect is illus trated in F igure 45. As the welding pressure was in-
creased , the weld tended to initia te further and further toward the outside d iameter
resulting in frequent expulshin .

It was also further observed that forging a molten puddle that had started to grow
F in this area tended to result in early expulsion. If an expulsion free weld did form ,

the nugget tended to be elongated and off-center. It also tended to form irregular
elect rode impressions as the forging action of the electrode tended to move in the
dire~t ’ nn of the off-centered weld puddle. This effect is shown schematically in
Figure - J .

Based on these observations , It was concluded that weld nugget growth should
be initia ted as close to the center of the electrode Impression by starting with a weld
pressure as low as possible ar’d using a larger tip radius with an Initial current or
voltage spike of one cycle of sufficient magnitude to break through the oxide layer.
As the microprocessor controller was programmed cycle by cycle, this was an easy
programmable task and this approach could be used effectively In a production weld
schedule.

.~~ series of experiments showed tha t a one—cycle current spike of 25—40 percen t
which resulted in a curren t of 12—20 , 000 amps at a pressure of 400—500 pounds re—
~u 1ted in an ideal electrical contact and weld Initiation , appropr iately centered , from
which the nugget could grow . This compared to the 1000-2000 pound weld forces
previously used. In order to obtain consistency and to insure that the heat from the
spike was not a part of the weld growth heat input , 200 cool cycles were initially used
t t t c r  the spik ..
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NORTHROP - - -- - _____ A IRCRAFT GROUP

A = 6” TIP RADIUS
B = 10” TIP RADIUS
Ef = ELECTRODE FORCE ON NUGGET PUDDLE
F~ 

= ELECTRODE CLAMPING FORCE
= NUGGET EXPULSION FORCE

WHEN + Ef >F~. 
EXPULSION OCCURS.

FOR LARGER TIP RADIUS. Ef DECREASES AND F
~ INCREASES.

FIGURE 44. E FFECT OF ELECTRODE TIP RADIU S ON N UGGET PRESSUR E
BAL ANCE AND TE NDE NCY FOR EXPULSION
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SCHEMATIC LOWPRESSU RE CONTACT FORGE PRESSURE WELD
CONTACT NUGGET

p 

INITIATION

ELECTRODE
IMPRESSION

-J
- 

.

~-~1

FIGURE 46. SHIFTING OF ELECTRODE IMPRESSION
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The first  successful weld schedule fo r the 0. 025/ 0 .  032 inch Panel was developed

using this approach . This weld schedule , shown in Figure 47. achieve d Class A quality

welds with weld strengths of 350-475 lbs . The nuggets met MIL—A- -6858 requirements

for roundness and consis tency . The flat roduction panels which were fatigue and

shear tested by Fairchild were welded us ing this schedule .

In a later technical review , it was determined that the total weld duration for

this weld schedule was too long to be economically feasible in a production operation.

As a result , fur ther tests were conducted and it was found tha t a few cycles of coolin g

af ter the voltage spik e for the 0. 025/0. 032 inch combination were adequate to obtain a
more cost effect ive weld schedule . This schedule is shown in Figure 48.

During the welding of the first three weldbonded test panels of the 0. 040/0. 050

H combination using the welding schedule show n in Figure 49 , the weld roundness and
consistency deficiencie s became evident. At this point in the program , the welding

of production panels was delayed and new weld schedules were developed us ing the low

pressure/heat spik e approach for the 0. 040/0 . 050 , the 0. 071/0 .050 and the 0. 062/0. 062

inch combinations . During this weld schedule development , i t was found that one

cool cycle after the vol tage sp ike was sufficient if minor modifications were made to

the heat schedule. Thus , the vol tage spike was successfully incorporated into the

basic heat schedule thereb y elimin ating need for the 200 cycle post-spike hold.

The weld schedules shown in Figures 50 and 51 are the weld schedules that
developed from this effort . All 0. 071/0. 050 inch panels and the remaining 0. 040/0. 050

inch panels were welded utilizing these weld schedules.

In developing these schedules it was found that there was a s ignificant shunting

effec t due to multiple welds in the panel as shown in Figure 52. As a result , the weld-

ing curren t for panel welds had to be increased slig htly over that of individual welds to

achieve full nugget growth. The technique used to finalize the welding schedule to over-

come the shunting effect was the following:

A series of individual 1-1/4 x 2-1/2 inch coupons were welded so tha t ten con-

secutive welds were achieved tha t met Class A strength , roundness , and cons istency

requiremen ts. Sub-sized test panels measur ing 6 x 10 inches were welded to study

the shun tin g effect. Twenty-eigh t welds (four rows of seven welds each) spaced at

1-1/2 inch in tervals were welded in the panel. The panel was then X—rayed and metallo-

graphic samples taken to check weld qua lity before the final full size test pane~ were

welded .
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1 ) 4 0 1  000 01 TURN - ON A P P L Y W E L D P R E S S U H I
01 002 000 00 TEST I-OUT SWITCH 0032 0 i) IANI

02 800 060 06 HOLIJ 60 CY ( 1 1 /  CHECK C O N T A C T  C, I 0032  GA L I
03 900 us), 00 JUMP TO STEP 65 FOR VOLTAGE ,PI s - -

~
04/00 1 000 00 00 NOTHING 7024 13 1075 T I -  A L L O Y
05 403 000 01 TURN-ON BRUSH RECOR DE R
06 498 000 00 RE ZERO FEEDBACK ENCODER ALCLA D ELAR I CLAD BARE
01 800 060 00 HOLD6O CYCLES
08 402 006 01 APPLY FORCE PRESSURE - A F T E R , ’  1 / C l  S i S V  PSO : 1 5V PSO G UI /F AL l  PREP

09 191 025 01 ~ 5 8  5 8  ELECT DIA
11/000 000 01 I
13/000 000 01 r FINISH PRESP IKE COOL 1 0 ,  10 TIP RADII

15/000 000 01 ) — 

1 1 CLA -
17/000 000 17
191000 000 30 SOO LB S / 2000 LBS W E L D - F O R G E
21/000 000 42 ). HEAT UP-SLOPE - 5 C Y C L E S

23/000 000 44
25/ 000 000 50

27/ 000 000 42
29/000 000 40
31-000 000 40
33/000 000 40
35/000 000 40
37/000 000 40
39/000 000 32

HEAT DOWN-SLOPE 16 CYCLES

45/000 000 29
47/000 000 28
49/000 000 27
51/000 000 26
53/000 000 25
55/000 000 01
57/000 000 01

10/255 000 00
12/255 000 00
14/255 000 00
16/255 000 00
18/255 000 00
20/255 000 00
22/255 000 00
24/255 000 00
26/255 000 00
28/255 000 00
30/255 000 00
32/255 000 00
34/255 000 00 EXPANSION MONITORING
36/255 000 00
38/255 000 00
40/255 000 00
42/255 000 00
44/255 000 00
46/255 000 00
48/255 000 00
50/255 000 00
52/255 000 00
54/255 000 00
56/255 000 00
58/00 1 000 00 .

59/403 000 00 TURN-OFF - BRUSH RECORDER
60.800 300 00 HOLD 300CYCLES
61/498 000 01 RESET FEEDBACK ENCODER
62/003 000 00 FINISH WELD . RETURN TO STEP 00

65/131 001 30 APPLY VOLTAGE SPIKE , I CYCLE . 30% HEAT
66 ’BOO 200 00 HOLD 200 CYCLES
67/ 13 1 001 01 FLUX BALANCE - 1 CYCLE
68/900 005 00 RETURNTDWELD CY CLE . STEP O 5

FIGU RE 47. FIRST SUCCESSFUL WELD SCHEDULE FOR THE 0.025/0.035-INCH PANEL
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- - 00,40 1 000 0! TURN ON APPLY WELD PRESSURE
01/002 000 91 TEST FOOT SWITCH 0 025/0.032 PANEL WE LDS
02/800 000 06 CONTACT GAGE CHECK  -

03 403 000 01 TURN ON BRUSH RECORDER 0.025 , 0032 GAGE

04 / 800 060 00 HOLD 6 O CYCLES 2024-T3 ‘ 7075-T6 ALLOY
05 001 000 00 DO NOTHING ,

~~~~~~~~~~~ -  —
06 498 000 01 RE ZERO FEEDBACK ENCODER ALCLAD BARE CLAD/BARE
07.498 000 00 START READING FEEDBACK EXPANSION - _______1_. -— —_-.____

08/407 007 01 APPLY FORGE PRESSURE AFTER 7 CYCLES I OV P50 1 5V PSD SURFACE PREP

09/191 075 25 VO LTA ,JE SPIKE 1 CYCLE AT 25% 5/8’ I 5(8” ELECT — DIA

11/000 000 01 ‘1
13/000 000 01 10” . 10” TIP RADII
15/000 000 01 ). COOL CYCLES
17/000 000 01 ,j I CLASS

500 LBS / 2000 LBS WELD/FORGE

23/000 000 33
25/000 000 44 ~

. HEAT UP-SLOPE - 5 CYCLES
27/000 000 47
29/000 000 52
31/000 000 42
33/000 000 40
35/000 000 40
37/000 000 40
39/000 000 40

• 41/000 000 41)

HEAT DOWN-SLOPE - 14 CYCLES

47/000 000 30
49/000 000 29
51/000 000 28
53/000 000 27
55/000 000 26
57/000 000 25

10/255 000 00 -

12/255 000 00
14/255 000 00
16/255 000 00
18/255 000 00
20/255 000 00
22/255 000 00
24/255 000 00
26/255 000 00
28/255 000 00
30/255 000 00
32/255 000 00
34/255 000 00 • EXPANSION MONITORING
36/255 000 00
38/255 000 00
40,255 000 00
42/255 000 00
44/255 000 00
46/255 000 00
48/255 000 00
50)255 000 00
52/255 000 00
54)255 000 00
56/255 000 00
58/001 000 00 -

59/403 000 00 TURN OFF—BRUSH RECORDER
60/800 180 00 HOLD - I8OCYCLES
61/498 000 01 RESET FEEDBACK ENCODER
62/003 000 00 PINISH WELD . RETURN TO STEP 00

FIGURE 48. FINAL WELD SCHEDULE FOR THE 0.025/0.032-INCH PANEL
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00/40! 000 01 TURN-ON APPLY WELDPRESSU RE
01/002 000 97 TEST FOOT SWITCH 0.040/0.050 PANEL WELDS
02/800 010 06 CONTACT GAGE CHECK . HOLD TEN CYCLES GA E03/403 000 0! TURN ON -- BRUSH RECORDER LII~~ , 0. G

04/800 060 00 HOLD - 6OCYCLES 
~~~~~~T3 I 7O75-T~~ ALLOY

05/00 1 000 00 DO NOTHING _______________ __________

06/498 000 01 RE ZERO FEEDBACK ENCODER ALCLAD BARE CLAD/BARE
07/498 000 00 START READING FEEDBACK EXPANSION
08/402 002 0! APPLY FORGE PRESSURE AFTER 2 CYCLES IOV PSO ) I SV PSD SURFACE PREP

09/191 023 14 5/8’• 5/8” ELECT — DIA
11/000 000 18
13/000 000 22 6’ 6” TIP RADII
15/000 000 26 ‘ —

17/000 000 30 HEAT UP-SLOPE — 9  CYCLES 1 I CLASS
19/000 000 34 1501) LBS / 3000 LBS WELD/FORGE
21/000 000 40 ____________________ _____________

23/000 000 45
25/000 000 50
27/000 000 48
29/000 000 44
31/000 000 42
33/000 000 40
35/000 000 39
37/000 000 38
39/000 000 1~ - HEAT DOWN-SLOPE -- 14 CYCLES
41/000 000 36
43/000 000 35
45/000 000 34
4 7)000 000 33
49/000 000 32
51/000 000 31
53)000 000 30

10/255 000 00
12/255 000 00
14)255 000 00
16/255 000 00
18/ 255 000 00
20/255 000 00
22/255 000 00
24/255 000 00
26/255 000 00
28/255 000 00
30(255 000 00 EXPANSION MONIT ORING
32/ 255 000 00
34/255 000 00
36/255 000 00
38/255 000 00
40/255 000 00
42/ 255 000 00
44)255 000 00
46/255 000 00
48/255 000 00
50/255 000 00
52/255 000 00

55/403 000 00 TURN-OFF BRUSH RECORDER
56/800 200 00 HOLD 200CYCLES
57/498 000 00 RESET FEEDBACK ENCORDER
58/403 000 00 FINISH WELD . RETURN TO ST EPOO

FIGURE 49. ORIGINAL WELD SCHEDULE FOR THE 0.040/0.050-INCH PANEL
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00/401 000 0% TURN-ON - APPLY WELD PRESSURE
01/002 000 97 TEST FOO T SWITCH 0040/0050 PANEL WELDS
02/800 000 06 CONTACT GA GE CHECK -- ______ - ________

03/403 000 01 TURN-ON - BRUSH RECORDER 0.040 , 0050 GAGE

04/800 060 00 HOLD -60 CYCLES 2024-Ta ’ 7015-T6 ALLOY
1)51001 000 00 00 NOTHING - - 

I 
- - - --

06/498 010 0! RE - ZERO FEEDBACK ENCORDER ALCIAD BARE CLAD/BARE
07/498 010 00 START READING FEEDBACK EXPANSION — - , - - -

08,402 005 0% APPLY FORGE PRESSURE AFTER 5 CYCLES I OV PSD !SV PSO SURFACE PREP

09/191 025 30 V ,)LTAG E SPIKE I CYCLE AT 30 5/8” 5/8” ELECT — DIA
11/000 000 0% COO L CYCLE .5 - -

13/000 000 09 ‘~ 1 0 *  10” TIP RADII
15/000 000 19 f
17/000 000 26 I 1 , I CLASS

19000 000 30 HEAT UP-SLOPE 7 CYCLES 
- 

500 LBS / 3ooo LBS WELD/FORGE
21/000 000 36 ______________________ _______________

23-000 000 59
25/000 000 61
27 000 000 52
29/000 000 46
31-000 000 44
33.000 000 44
35,000 000 42

• 3/ 000 000 40
39/000 000 37

- HEAT DOWN-SLOPE 16 CYCLES

45/000 000 29
47000 000 28
49.000 000 27
51 000 000 26
53.000 000 25
55-000 000 24
57-000 000 24

10 255 000 00
2 255 000 00

14 755 000 00
16.255 000 00
18/255 000 00
20 255 000 00

5 000 00
24 dES 000 00
26.255 000 00
28 255 000 00
30/255 000 00
~~~~~~~ ~~~ . EXPANSION MONITOIIING

36/255 000 00
38(255 000 00
40/255 000 00
42/25 5 000 00
44/255 000 00
46/255 000 00
48/255 000 00
50 255 000 00
52’255 000 00
54 355 000 013
56 255 000 00 -

58/403 000 00 TURN - OFF BRUSH RECORDER
59 800 150 00 HOLD - 150 CYCLES
60/49B 000 01 RESET FEEDBACK ENCODER
61/003 000 00 FINISH WELD RE TURN TO STEP 130

FIGURE 50. FINAL WELD SCHEDULE FOR THE 0.040/0.050-INCH PANEL
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00/401 000 00 TURN-ON - APPLY W E LD PRE SSURE
01/002 000 00 TEST FOOT SW ITCH 0071/O OSO PAN EL WELDS

02/800 120 06 CONTACT GAGE CHECK 
A03/403 000 01 TORN-ON -BRUSH RECORDER 0. 071 

/ 
0050 C GE

04/800 000 0% SPARE HOLD COMMAND 2024 T3 7075-T6 ALLOY
05/00 1 000 00 DO NOTHING - ONE CYCLE ______ .) - --
06/498 011 01 RE ZERO FEEDBACK ENCODER AFTER 11 CYCLES A LCLAD BARE CLAD/BARE
07)498 010 00 START READING FEEDBACK EXPANSION - AFTER 10 CYCLES -— - - - - t - - -

08/402 005 01 APPLY FORGE PRESSURE - AFTER S CYCLES 1 OV P50 1 5V PSO SURFACE PREP

09/19% 025 30 VOLTAGE SPIKE - 1 CYCLE AT 30% 5/8’ 5/8 ELECT - DIA
11/000 000 0! ONE CYCLE COOL __ i
13/000 000 13 10” , 10” TIP RADII

15/000 000 26 — -

11/000 000 31 1 , 1 
- 

CLASS

HEAT UP-SLOPE — 8 CYCLES 500 LBS / 3000 LBS WELD/FORGE

23/000 000 56
25/000 000 44
27/000 000 65
29/000 000 48
31/000 000 46

‘ 33/000 000 43
35/000 000 42
37/000 000 40
39/000 000 40
41/OGO 000 39
43/000 000 37 • HEAT DOWN-SLOPE — 15 CYCLES
45/000 000 37
47/000 000 35
49/000 000 34
51/000 000 33
53/000 000 31
55/000 000 31
57/000 000 30

10/255 000 00
12/255 000 00
14/255 000 00
16/255 000 00
18/255 000 00
20/255 000 00
22/255 000 00
24/255 000 00
26/255 000 00
28/255 000 00
30/255 000 00
32/255 000 00 EXPANSION MONITORING

36/255 (100 00
38/255 000 00
40/255 000 00
42/255 000 00
44/255 000 00
46/255 000 00
48/255 000 00
50/255 000 00
52/255 000 00
54/255 000 00
56/255 000 00

58/403 000 00 TURN-OFF BRUSH RECORDER
59(800 200 00 HOLD 200 CYCLES
60/498 000 01 RESET FEEDGACK ENCODER
61/003 000 00 FINISH WEL D. RETURN TO STEP 00

FIGURE 51. FINAL WELD SCHEDULE FOR THE 0.071/0.050-INCH PANEL
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- SECOND WELD

F FIGURE 52. EFFECT OF WELD CURRENT SHUNTING ON WELD SIZE
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It was not within the scope of this program to determine the relative importance
of each parameter of the final weld schedule in achieving quality welds . It is Ie lieved ,
however , that the use of the lower pressures and high voltage spike is necessary to
init iate a centralized nugget through the oxide coating. It is believed that the use of
the larger electrod e tip rad ius aids in minimizi ng expulsion and appears to be beneficial
in achieving surface indentation requirements . However , i t has not been ascertained
pos itively whether this radius is essential in all gages . it is possible that electrodes
with a smaller tip radius , i . e ., six inches , can produce particularly effective welds in
thicker gage combinations . During the welding of the production panels , it was determined ,
however , that the alignment of the electrodes is more critical than for standard alumi-
num spot welding, it was found that in order to achieve ideal oxide break-through and
to allow the nugget to grow from a centralized location to avo id expulsion that the elec-
trodes must be aligned properly so that the electrode contact point is accurately
centered.

It was also observed that the simple use of a 500 lb. - 3, 000 lb . weld-forge
pressure relations h ip would not ensure quality welds from welding machine to weldin g
machine us ing these particular weld schedules . This is due to the effect of the pressure
dumping characteristics and the head inertia of the individual welding machine. Small
differences in the air valve exhaust rate can cause large variations in nugget expansion
characteristics and can vary nugget quality significantly. If the air valve exhausts at
a different rate than is called for by the welding schedules developed in this program ,
the weld nugget may expand at a different rate, thereby resulting in different nugget
qualities. To control this condition, adjustments may have to be made in the air-system
of the welding machine to allow for nugget expansion at an appropriate rate.
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EVALUATION OF IN-PROC ESS WELD iNG CON TROLS A N t )  MONITORS

OBJEC TIVE

The objective ot the et~ort was to evalua te and optimize in-process welding con-
trols for manufactu r in g operations which would assure reproducible Class A spot welds ,
(MIL-W -ti S5N ) in weldbonded panels.

INTRODUCT ION

Two different methods of controlling the spot weld process were evaluated.
Thes e were: (1) Monitors , which cont inually character ize weld qual ity by measur ing
‘various welding parameters ; and (2) Controls , which automatically make adjus tments
to the weld schedule during nugget formation to optimize weld quality .

Three different typ es of welding monitors were evaluated.

(1) Tota l Energy Monito r — An instrument which was designed and built by
Convair and is used in their production spot welding operations .

(2) Curren t Monito r — Manufactured by the lAiffers Corporation and commonly
used in many spot welding operations.

(3) Nugget Expans ion Monitor Subsystem to the Pertron PWC-300 micropro-
cessor controller .

In the controls evaluation , a closed loop feedback control system based on nug-
get expansion characteristics , was evaluated to determine its potential for achieving
constant size nuggets by automatic cycle-by-cycle current control. This system is a
feature of the Pertron PWC-300 micropr ocessor welding controij er. The nugget expans ion
control method was selected because it was sufficiently developed to utilize in production
operations. Equ ipm ent used to monitor and control other spot weld characteristics
such as acoustic feedback had been surveyed in the prev ious manufacturing methods
program (Reference 3) and found to be in further need of development.

A major portion of this task was accomplished by the General Dynamics Corpora-
tion , Convair Divis ion , San Diego , CA . Mr . R. L. Szabo acted as the initial program
manager at Convair and was succeeded by Mr . W . A . Roden. This effort was an ex-
tension of their work conducted under Contract F33615-75-C—5529 , “Feedback
Controlled Spot Welding ” sponsored by AFML , (Reference 5) .
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BACKGROUND

In the previous program Convair had successfully developed equipment and pro-
cedures and had demonstrated the concept of applying nugget expansion feedback cou-
trolled spot welding techniques to weldbonding processes. It was the objective of the
current program to further adapt these procedures to the successful production of
aircraft structural panels.

Just before the initiation of the current program , a newly developed computer
microprocessor became commercially available for controlling resistance welding.

This PWC-300 microprocessor controller , manufactured by the Pertron Controls Corpor-
ation , Van Nuys , CA., contains a digital incremental encoder transducer attachment
which provides complete nugget expans ion information during the welding cycle. By
integrating this information with a feedback control software program , nugget expan-
sion can be used 3ither for monitoring or feedback control. This controller also has
the ability to accept other weld nugget growth measurement inputs (such as acoustic
monitoring) when these techniques are proven and become commercially available.

In developing the initial program plan , it became apparent that if this welding
controller could be proven to be an effect ive tool , it would be less expensive and more
readily adaptable to the manufacturing operations than the origina l control equipment
planned for use in the program . With the cooperation of Pertron , Northrop and Con-
vair conducted a joint evaluation of the feedback control characteristics of the equip-
ment and found it to be easily adaptable to weldbond processing. In addition , because
of the incremental cycle-by-cycle heat programming feature , the controller provided
more flexibility for achieving detailed slope controlled welding schedules than either
of the existing weld controllers in use at Northrop or Convair.

It was decided that both Northrop and Convair would lease PWC-300 micropro-
cessor controllers as it was felt that the use of this controller would greatly increase
the chances for success in this program in that :

(1) Increased accuracy and reproducibility of the welding controls would result.

(2) Cycle-by-cycle heat programming could be achieved which would allow
greater flexibility in achie ving quality nuggets in the presence of the oxide
and the adhesive.

(3) Nugget growth could be monitored and a potential in-process system for
achieving consistent nugget quality could be developed.
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(4) Nugget expans ion feed back con trol could be effectively evaluated .

This controller was then used for all successive welding operations in the program .

EVA LUATION OF iN-PROC ESS MONITORS

Curren t Monitor

The curren t monitor evaluated on this program was a Duffers model #281 as
shown in Figure 53 . This monitor measures the maximum current (1 max) that is
achieved dur ing the formation of one spot weld . As was previously discussed , however ,
the current form necessary to avoid expulsion problem s in weldbonding is characterized
by a long up-slope and down-slope. This was initially found necessary to achieve con-
S istant nugget growth in the presence of the oxide and to elim inate cracking of the
nugget. As a result , the quality of the nugget is dependent upon the sum of the hea t
impulses , and is not just a function of the maxim wn current. Studies made by
measuring nugget quality as a function of maximum current indicated that there was no
defini te correlation between the stren gth or quality of an individual weld nugget and the
maximum current reading taken from the Duffers meter . This was particularl y true
wh en welds were mau e utiliz ing expansion feedback control. For example, if the
weld location has a high resistance due to the presence of a thicker ox ide , add itional
current would be required to provide the extra heat needed to achieve a consisten t
quali ty weld. This current is automaticall y provided by the feedback control system ,
and a higher current read ing would be observed on the Duffers current meter to achieve
the sam e nugget size.

- - ~~~~~~~~~~~~~~~~ 
- CHARACTERISTICS

h • REPEATABLE
• EFF ECT IVE TOOL FOR MONITOR ING

- I WEL DI NG MAC HI NE FLUCTUATI ONS
• MEASURES ONLY MAXIMUM CURRENT
• DOES NOT CO RRE LATE TO W ELD

SIRE NO TN & OUAL IV
• NO CORRELATIONS BETWE EN WELDI NG

FIGURE 53b DUFFERS CURRENT MONITOR
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While evaluating the current monitor on three different welding machines , it was

found that variations in individual welding machine characteristics greatly altered the
current readings that were observed on the current monitor . As much as a 25 percent
variation was noted from welding machine to welding machine using equivalent weld
schedules. It was concluded from this investiation that because the meter measures
only maximum current and because the variat ions in read ings from welding mach ine
to welding machine, this instrument could not be effectively used for process control
functions. However , it was shown that the meter could effect ively be used as a pro-
duction tool for monitoring various welding machine fluctions on a given machine.
It was also shown to be an effective tool for checking the adequacy of the voltage spike
utilized to provide initial weld contact and for trouble shooting particular problems.

Total Energy Monitor

The total energy monitor evaluated in this program was designed and built by
General Dynamics-Convair, and is used to monitor welds in their production welding
shop. The equipment shown in Figure 54 is designed to integrate the total power (12R)
as a function of time (in cycles) for each weld.

FIGURE 54. GENERAL DYNAMICS TOTAL ENERGY MONITOR

The results of the evaluation showed that the equipment, as presently designed ,
is Ineffective for total monitoring of the long 25 cycle weld schedules utilized in this
program for two reasons:

(1) Only a small percentage of the energy being monitored actually enters into
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the formation of the weld nugget puddle, wh ile much of the energy is lost in
electrode and sheet metal heating. This is particularly true in the welding

of the 0. 025/0. 032 inch panels.

(2) The equipment was designed for the more standard short cycle weld sche-
dules utilized at Convair . Due to restrictions in the design of the Magnetic
Flux Sensor , the meter tended to saturate at approximately 10 to 12 cycles,
thereby creating erroneous readings beyond 12 cycles.

It was not within the scope of this program to redesign the tota l energy monitor
to be effective in this program. Discussions held with both Convair and Pertron per-

sonnel did indicate that this equipment could be successfully modified to extend its range
so tha t longer weld schedules could be effect ively monitored. Also, by appropri-
ately coupling the monitor with the Pertron cycle—by—cycle programmer, a t im ing de-
vice could be in tegrated into the circuitry which would create an energy window (nf

_n
5)

as shown in Fig-ure 55. Only the critical energy going into the formation of the weld
nugget would then be measured , thereby achieving a more direct correlation between
total energy and nugget quality. If this were achieved, the total energy monitor could

• be an effective quality control production tool.

ELECTRODE AND CRITICAL ENERGY FOR NUGGET SOLIDIFICATION
BASE METAL HEATING NUGGET FORMATION AND COOL DOWN

~ o~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ s~~~~~~~~~~~~~f~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ c

TIME — CYCLES

FIGURE 55. POWER/TIME RELATIONSHIP AS RELATED TO NUGGET FORMATION
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Nugget Expansion Monitoring

Weld nugget expansion monitoring and control is based upon the principle that

as the weld puddle melts and grows, a volume expansion takes place. This expansion
causes a reverse force on the electrodes which results in a vertical movement of the

upper electrode on the welding machine. This expansion is proport ional to the nugget
size. If nugget growth and subsequent solidification occur at a proper rate , a quality
nugget will result. Continually modifying the heat or pressure input to the weld during
the nugget growth to achieve this idealized nugget expans ion/contraction condition will
result in a quality weld which is repeatable. The movement in the upper electrode of

the welding machine can be measured w ith a digital encoder mounted on the welding
machine. A signal representing the movement of the encoder , which is proportiona l
to nugget expansion, is then sent to a monitoring or controlling device. The micro-

processor then compares this expansion to an ideal expansion curve which has been

previously determined. Corrections to the weld heat input can then be made dur ing
the weld schedule to control the growth and quality of the nugget , or if necessary to
terminate the weld to avoid expulsion or damage to the assembly being fabricated.

The monitoring capability evaluated in thi s program was part of the Pertron
PWC-300 microprocessor welding controller . As the amount of expansion can be
examined after each weld heat cycle , the computer has the capability to determine if
the amount of expansion is within predetermined lim its as show n in Figure 56. II it is
outside these limits , the computer has the capability to automatically terminate the

weld or to jump into a repair weld cycle or hold mode.
UPPER
LIMIT

>:-

WELD X X LOWE R

EXPAN SION - 
/  LIMIT

- 
x F

—

DEVEL OPING -

WELD ~~ 
- - 

- x

2K
T A H O E T -  - - WELD
V A L U E S - DISCONTINUED

W E C) T IMI

FIGURE 56. PRINCIPLE OF WELD NUGGET EXPANSION MONITORING
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The monitor ing capability evaluated in this program was found to be an extremel~effective tool for in—proc ess control of welds . Variations in oxide thickness , the

mistaken use of an improper weld schedule , and the use of the wrong thickness of
mater ia l  can all be automatically detected and the welds appropriatel y terminated ~‘ ith-
out subsequent damage to the aluminum panel. As shown in Figure 57, a spec ific
weld can be terminated in sufficient time to preclude damage to the aluminum panel
and a repair weld can be successfully made tha t meets Class A quality . The effective
use of the monitoring capability is predicated on the following items :

(1) An accurately determined weld expans ion curve must be determined for
an idealized weld schedule so tha t appropriate numbers can be plac ed into
the computer.

~2)  The upper and lower weld termination limits must be determined for each
weld cycle. Thes e lim its should be as l iberal as poss ible to avo id unwanted
terminations .

(3) An effective feedback control weld schedule must be developed which max i-
mizes nugget expans ion control characteris ’-ics so the computer can -

:effectively monitor nugget growth . Techniques for achieving this goal are
discussed later in this report.

It was concluded from this evaluation that nugget expansion feedback monitoring
is the most effective tool currently available for in-process monitor ing of aluminum
weldbond spot welds. When this tool is used correctly, an out-of-control condition
can be immediately detected and corrective action automatically taken. Other normal
quality control f~mctions , i. e., lap-shear strength tests and metallographic examina-
tion which checks weld quality should still be performed on a periodic basis. However ,
with the added dimension of the expansion monitoring capability , the assurance of
quality weld nuggets in weldbonded components is at a h igh conf idence level.

EVA LUATION OF IN-PROCESS CONTROLS

Background

Closed-loop feedback control spot welding is based on the fact that there are
certain changing physical characteristics related to the growing weld nugget puddle
that can be measured. These dynamic physical characteristics are sufficiently
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sensitive so that they can be used to accurately characterize the q~Cality of the developing
weld nugget and prov ide a basis for instant aneous weld schedule correct ion to ach ieve
target size and quality . This principle, if successful in practice, could be a valuable
weldbonding tool due to process var iables such as ox ide th ickness, adhes ive , etc.
which introduce variations into the spot welding process. The techn ique could also be
extremely beneficial in normal spot welding procedures as the welding process would
not be sensitive to slight variations in the cleaning procedure , electrode conditions etc.

In previous weldbond programs , Wu (Referenc e 3) and Szabo (Reference 5) in-
vestigated various nugget characteristics which might be used as controlling factors to
achieve feedback control. Weld nugget expansion , tota l energy input and acoustic emis-
sion techniques were evaluated. It was their deter mination that the nugget expans ion
method appeared to offer the most promise for controlling nugget quality. As the re-

suits of this current program were to be integrated into a manufacturing environment,

and as equ ipment for performing nugget expans ion feedback control was commercially
available , this method appeared more attractive for inclusion into this program. Future

developments may demonstrate that tota l energy or acoustic methods are practical, but
as the nugget expansion technique appeared to be the furthest developed, invest igat ion
in this program was limited to the nugget expansion feedback technique.

Approach

The principle of weld nugget expansion control has been previously discussed under
“Nugget Expansion Monitoring.” It was the objective of the feedback controls

effort to determine if spot weld nuggets, consistent in size and quality, could be
obtained using cycle-by-cycle closed loop current control employing the nugget ex-
pansion principle as the basis for compensation. A significant portion of this effort
was conducted by the General Dynamics Corporation , Convair Division. Their results
were then integrated into the final weld schedules at Northrop, and eventually trans-

ferred to Fairchild.

The first portion of the Convair program waS to determine the total amount of
expans ion that occurred dur ing nugget formation when weld ing weldbonded panels and to
determine that portion which could be attributed to nugget growth. Convair then devel-
oped a basic philosophy for programming feedback control weld schedules , and demon-
strated weld schedules for the 0. 07 1-0. 050 material combination.

Upon completion of the Convair effort , Northrop determined (1) the effe ctiveness
of using the technique cr. lifferent pieces of equipment at different companies and (2)
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the applicability of using feedback control weld schedules for welding the test panels.
These weld schedules were then utilized in welding tests conducted at Fairchild Repub-
lie during technology transfer. A guide for effective implementation of feedback control
spot welding was developed by Northrop based on the results of these efforts.

Weld Expansion Evaluation
The total movement (E t ) of the welding electrodes during resistance spot weld-

ing is a result of several interrelating physical changes that occur during the welding
period. These are:

(1) thermal expansion of the weld nugget which occurs as the nugget changes from
a solid to a liquid state , (E n)

(2) the thermal expansion of the base metal from heating (E m )

(3) the thermal expansion of the electrodes themselves (Eel )

(4) the indentation due to plastic flow of metal around the electrode tip (I)

(5) the phase relationship between the forge and current cycles

During expansion , both electrodes move to a certain degree. Because of machine
design, the relative movement of each electrode is a variable and is dependent upon
machine rig idity, applied pressure , and friction factors. However , in most cases ,
most of the electrode movement will occur in the upper or movable electrode.

The movement of the upper electrode is measured by a linear encoder which
is rigidly mounted to the frame of the welding machine. If it is assumed that no forging
occurs dur ing weld formation , then

E = E  + E  + E  - It m el n
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FORGE 

NUGGET

U
‘U
-J
‘U ELECTRODE
a 0

HEAT APPLIED

TIME IN WELD CYCLES

FIGURE 58. NUGGET EXPANSION CHARACTERISTICS FOR WELDS WITH
HEAT APPLIED AFTER FORGE COMPLETE

4.

This result is schematically illustrated in Figure 58. If forging occurs during

the weld cycle , however , the relationship becom es more complex as is shown in F ig-
ure 59 because there is expansion occurring during the forge cycle.

ua a

0 FORGE
PRE SSIJRE

TOTAL
0 NUGGET
I-
(-I

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

a

FORGE - NO HEAT

TIME IN WELD CYCLES

FIGUR E 59. NUGGET EXPANSION CHARACTERISTICS FOR WELDS WITH
HEAT APPLIED DURING INITIAL FORGE CYCLES

The weld expans ion s tudy was conducted using the 0. 050—7075T6 bare/O. 07 1—2024—

T3 aiclad material combination. The test samples were anodized and were welded

using the weld schedule shown in Figure 60. The specimen conf iguration used was a
1 inch by 4 inch lap-shear panel with adhes ive applied on the 1” overlap area.

97

‘ I .
,

I. -

- _ _ _



00/401 000 01 TURN ON APPLY WELD PRESSURE
011002 000 00 TEST FOOT SWITCH 0 0 7 7 / 0  050 WELD SPECIMENS
02/403 000 01 TURN-ON BRUSH RECORDER - 

0050 GAGE 
- -

03/800 060 06 HOLD - 613 CYCLES & CONTACT GAGE CHECK
04/001 000 00 DO NOTHING 2024- T3 1075- 16 ALLOY
05/ 00 1 000 00 DO NOTHING
06/498 000 01 RE ZERO FEEDBACK ENCODER ALCLAO BARE CLAD/BARE
07/498 000 00 START READING FEEDBACK EXPANSION - - - - - - - - - —

08/402 002 01 APPLY FORGE PRESSURE - AFTER 2 CYCLES 1 OV PSD 1 5V PSD SURFACE PREP

09/191 025 %4 5/8’ 5/8” ELECT - DIA
11/000 000 18 — —

13/000 000 22 6” : 6 ’  TIP RADII
15/000 000 26 1 1 CLASS17/000 000 30 

_____________ _____________

19/ 000 000 34 HEAT UP-SLOPE — Ii CYCLES isoo LBS / 3000 LBS WELD/FORGE
21/000 000 40 _____________________ ______________

23/000 000 42
25/000 000 44

27/000 000 50
29(000 000 54
31/000 000 54
33/000 000 44

35/000 000 42
37/000 000 40
39/000 000 39
41/000 000 38
43/000 000 ~ HEAT DOWN-SLOPE — 14 CYCLES
45/000 000 36
47/000 000 35
49/000 000 34

• 51/000 000 33
53/000 000 32
55/000 000 31
57/000 000 30

10/255 000 00
12/255 000 00
14/255 000 00
16/255 000 00
18/255 000 00
20/255 000 00
22/255 000 00
24/255 000 00
26(255 000 00
28/255 000 00
30/255 000 00
32/255 000 00
34(255 000 00 EXPANSION MONITORING
36/255 000 00
38/255 000 00
401255 000 00
42/255 000 00
44/255 000 00
46/255 000 00
48/255 000 00
50/255 000 00
52/255 000 00
54/255 000 00
56/255 000 00
58/00 1 000 00

59/403 000 00 TURN-OFF BRUSH RECORDER
60/800 300 00 HOLD - 300 CYCLES
61/498 000 00 RES ET FEED BA CK ENCODER
62(003 000 00 FINISH WELD , RETURN TO STEPOO

FIGURE 60. ORIGINAL WELD SCHEDULE FOR 0.071/0.050-INCH
MATERIAL COMBINATION
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Four series of tests were conducted and the results are shown in Figure 61.
The following expansion characteristics were determined:

(1) The weld ing machine characteristics were first determined by measuring

the electrode motion characteristics during the forge cycle using no heat
and no material. (Curve D)

160 — 

140 — 
(A) NORMA L WELD

EXPANS(ON —~~~~~

120 — — ——  — —  — — —  —
‘4 (B) ELECTRODE

z EXPANSIONI
2 

100 — -
~~~~~~~~ 

— — — — —

/ /
8 0 —

/ /
w B.1 (C) LOW WELD HEAT0 

= THRESHOLD
-‘ OF NO WELD

40 — — — — — — — -T — —

(D) ELECTROD E SETDOWN
(NO HEAT)

20 

0 IIlj_ — — — — —0 V 18 20 22 24 26 28 30 32 34 36 38 40

WEL D CYCLE OR PROGRAM STEP NUMBER

FIGURE 61 EXPANSION CHARACTERISTICS RESULTING FROM
WELD EXPANSION STUDY
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(2) The characteristics of electrode expansion using a ful l heat schedule with
no material was then measured to determine that portion of the tota l weld
expansion which could be attributed to expansion of the electrodes. (Curve B)

(3) Normal full strength Class A welds were then made and expansion measure-
ments recorded. (Curve A)

(4) For comparison purposes threshold welds were made by reducing the weld
heat so that the condition to approximate the on-set of welding to determii~
that port ion of the total expansion attributable to base material expansion.
(Curve C)

Thus, the nugget expansion appears to be the difference between Curve A and the
sum of Curves B, C , and D.

Discussion — This evaluation showed that there is a definite relationship between the
measured system expansion and the final nugget size. For this material combination

— and weld schedule , a total expansion of 0. 0100 inches occurs from heating and weld
formation (Curve A). it is also noted that the thermal expansion of the electrodes
appears to be a significant portion of the total system expansion (Curve B). For th is
case, the expa nsion of the electrodes measured 0. 0050 inches or approximately 50
percent of the weld formation expansion. However , dur ing this test, the electrical
resistance normally present in the developing weld was not a factor. As a result,
the secondary current present in the circuit would be much higher and the thermal
expansion of the electrodes, therefore , higher. Therefore , it can be concluded that
the expansion of the electrode is something less than 50 percent of the total system
expansion.

Comparing Curves A and C, it is noted that the total system expansion drops
significantly when the heat is reduced suff iciently so that the weld ing threshold is
achieved. It is concluded that the heat applied up to the threshold of weld formation
results in an expansion which is approximate ly 20 percent of the weld formation ex-
pans ion value. This expans ion is caused by the sum total expansion of the electrodes
and the parent metal. This indicates that most of the expansion (80 percent ) occur s
when the nugget is being formed and that a definite relationship exists between the
nugget size and expansion signal. This signal, however , is a relative number , due

to the previously discussed expansion of the electrodes.
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To determine an absolute relatlonsb.tp between the recorded expansion and the
nugget size is probably impossible. However, this study does show that the measured
total system expansion can be correlated to weld nugget growth and final weld nugget
size. Utilizing this inlormation furthe r, studies were undertaken to develop satisfac-
tory feedback control weld schedules for weldbonding the Fairchild panels and to
develop an approach philosophy whereby nugget expansion feedback control can be
applied to other situations .

Adapting Computer Programs - The next effort in the feedback control study was to
develop a basic understanding of the techniques regarding weld nugget expansion as
measured by the programmable computer and to substantiate that nugget expansion
feedback control can be effectively used to control weld nugget formation.

The feedback control function as provided on the microprocessor control is
best reviewed in the following manner. An idealized expansion curve for good weld
nuggets is plotted for a given weld schedule and set of conditions. The curve is
plotted by reading the actual expansion for a series of welds directly from the A-data
column of this program on the display board on the computer. A typical weld nugget
expansion curve as plotted from the microprocessor controller is shown as curve A,
in Figure 62. This idealized or “target” expansion curve can then be entered into the
computer.

The computer has the ability to examine the amount of expansion after each weld
cycle and to determine how close this expansion is to the predetermined target value
of the idealized curve.

In making welds in a feedback control mode, the actual expansion measurement
observed by the computer, afte r each cycle of heat, is compared to the target value.
If there is a deviation from the target value, the percentage of error is automatically
calculated by the computer. The computer then corrects the following cycle of

heat to compensate for the error. The level of correction is determined by (1) amount
of deviation and (2) a “percentage of heat” correction factor called the “gain factor. ”
The gain factor required must be deterrn.tned experimentally during development of the
feedback control weld schedule, and Is entered into the computer program prior to the
applied heat cycle. The needed correction is then computed automatically.

1. 1.1 the error Is negative due to the measured expansion being below the
target value (which indicates growth of a subsize weld nugget) the current
for the next cycle will be increased to Increase the nugget growth rate.
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30 _______ _______ _______ _______ ____ 
COMPUTER READOUT 

—

I EXPANSIONSTEP NO. READING — INCHES

20 0.0000
_________ _________ _________ _________ _________ ______ 

22 0.0005
24 0.0013 —

w 26 0.0023
28 0.0034

• 30 0.0044
_________ _________ __________ __________ _________ ______ 

32 0.0052
10 34 0.0057 —

36 0.0059
38 0.0058

0
20 22 24 26 28 30 32 34 36 38

STEP NUMBER

FIGURE 62. TYPICAL WELD NUGGET EXPANSION DATA POINTS
AS PLOTTED FROM THE COMPUT ER REA DOUT
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3. If the error is positive due to an increase in an expansion above the target
value (indicating a larger than desired nugget and possible tendency
towards expulsion) the current on the next cycle will be decreased to ap-
propriately decrease the weld nugget size.

3. After the correction is calculated and the following (corrected) cycle of heat
applied, the resulting expansion is again measured and the process
repeated.

The result of the cycle-by-cycle control of weld heat is to achie ve uniform weld
nugget growth and a consistent size nugget. Using this technique , a feedback control
welding schedule was de veloped for the 0. 050/0 . 071-inch com bination using the weld
schedule of Figure 60. The port ion of the weld schedule which was modified to ac-
comodate the feedback commands i.s shown in Figure 63. The effectiveness of this
feedback schedule was the n demonstrated at Northrop by proving tha t it had the ab il ity
to compensate for shunting variations. A series of welds with approximately 1-inch
spacing was made using 1-inch x 8-inch samples . The fi nal welds were then placed
between two previous welds which formed a strong current shunt. The results can be
seen in Figure 64. A wide variation in the size of the welds resulted when they were
made without feedback control. However , even the welds made with close spacing were
consistent when feedback control was applied to compensate for the current loss throug h
the shun t weld. By its ability to detect that the weld was growing subsize , the computer
automatically boosted the current to provide additional heat to allow the weld nugget to
grow to full size .

Feedback Control For Revised Weld Schedules
It was at this point in the program that the problems of achieving (1) quality

welds in the thin gage material and (2) round , consistent nuggets in the heavier gage
material became apparent. As previously discussed , the welding philosophy was
altered, and revised weld schedules which were characterized by a longer forge delay
were developed. The program scope and schedule did not permit sufficient time to
thoroughly investigate the application of feedback control for the revised weld schedule
prior to the manufacture of the test panels. Therefore the actual test panels were
manufactured without the benefit of feedback controlled spot welding .
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BASIC SCHEDULE~
1
~ MODIFIED SCHEDULE

NO FEEDBACK WITH FEEDBACK CONTR OL
E X P A N S ION C U R R E N T  EXPANSI ON C U R R E NT

TAR GET VALUE TARGET VA LUE
VALUE VALUE

X1 o-5 IN M A X  X1 O~~ IN MAX

STEP GAIN STEP GAIN
NO. FACT OR NO. FACT OR

25/000 000 44 25/165 064 44
27/000 000 5’) 27/170 098 50
29/000 000 54 29/185 129 54
31/000 000 54 31/200 128 54
33/000 000 44 33/215 195 44
35/000 000 42 35/215 195 42
37/000 000 40 37/215 195 40

(1) ENTIRE BASIC WELD SCHEDULE IS SHOWN IN FIGURE 60.

FIGURE 63. COMPARISON OF BASIC AND FEEDBACK CONTROL WELD
SCHEDULES FOR 0.071/0.050-INCH MATERIAL COMBINATION (1)
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After the test panels were manufactured and shipped to Fairchild Republic,
an effort was undertaken to adapt feedback control to these weld schedules. Emphasis
was placed on 0. 050/0. 040 and 0. 032/0. 025 material combinations.

Although these new weld schedules achieved greater nugget roundness and
consistency, applying feedback control to them proved to be more difficult than
with the original weld schedules. This was due to the fact that these weld
schedules were characterized by a long, forge delay after the initial application of
heat which resulted in a significant reduction in the total system expansion.

Expansion for the 0. 050/0. 040 material combination was found to be from
0. 0020 to 0. 0040 inches compared to a previous value of 0. 0100 inch. The measured
expansion on the 0. 032/0. 025 material combination was so small (0. 0002 to 0. 0008 inch)
that feedback control was not deemed practical for -that weld schedule. Convair developed
a feedback control weld schedule for the 0. 050/0. 040 combination and demonstrated its
effectiveness in achieving target value expansion numbers. In attempting to apply
this weld schedule to the Northrop equipment, it was noticed that the expansion values
of welds made at Convair varied significantly from those at Northrop. This variation
was shown to be due to slight differences in the characteristics of the air pressure and
exhaust system including friction and inertia of the movable head and a damping effect
which occurred at the comple tion of the forge cycle. It was concluded that as the

forge and expans ion processes are occurring simultaneously, slight variations in the
movement of the welding machine head can make a significant change in the shape and
magnitude of the expansion curve . It was found that a closer similarity between the
two pieces of equipment could be achieved by utilizing the Convair ramp system,
(Reference 3) ,  whereby the air exhaust dur ing forge was controlled by two exhaust
valves and a controlled orifice. Typical expansion traces taken from Northrop and
Convair welding machines for basically the same weld schedules are shown in Figure 65.

Further work was conducted at Northrop in an effort to opthmze the feedback
control features of the new weld schedule to make it effective for controlling nugget
quality. It was found however , that certain characteristics made effective application
of nugget expansion feedback control to this weld schedule unlikely. These characteris-
tic were:

1. For maximum effectiveness and consisten cy in measuring expansion , the
computer must siart its measurements at the specific cycle which repre-
sents the bottom of the forge movement as shown in Figure 66. However ,
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FIGURE 65. COMPARISO N OF EXPANSION TRACES FOR NORTHROP AND
CONVAIR WELDING EQUIPMENT FOR THE SAME WELD SCHEDULE
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due to the fact that (fo r this particular weld schedule), 1)0 th a high forge

pressure and a high heating rate were being applied at the same time , the

minimum expansion value varied significantly from weld to weld due to the

sharp trough formed in the time expansion trace as show n in Figure 66(a).

As a result , the computer could not accurately or consistenly re-zero its

memory to start expansion readings at the exact minimum . In order to

correct this situation , it was concluded that a more delicate balance of the

weld heat and pressure curve would have to be achieved so that a more

gradual trough as is show n in Figure 66(b) was formed to achieve greate r

consistency. This also illustrated the fact that if nugget expansion feedback

is considered for a welding application, the expansion characte ristics of

the developing nugget must be taken into account in developing the basic

weld schedule. The achievement of Class A welds by a particular weld

-

‘ schedule is not sufficient to guarantee that nugget expansion feedback con-

- 

- trol would be effective in maintaining quality.

2. The total nugget expansio’~. for this weld schedule and material combination

took place in approximately 2-3 cycles. It was found that with this rapid

expansion, closed ioop feedback control was ineffective as there were in-
sufficient cycles available for adequate corrections to be made. As in the
previous case, it was concluded that a more delicate balance between the
heat and pressure curves must be achieved so that expansion and resulting

nugget growth occurs over a greater number of cycles as shown in Figure 67.

It was thus concluded that an effort must be taken to revise the basic weld

schedule with the objective of achieving a more gradual change in nugget expansion

characteristics at the minimum expansion value and to achieve a more gradual nugget

growth over a greater number of cycles. By delicatel y balancing the applied heat and

accurately measuring the change in the expansion characteristics on a cycle-by-cycle

basis , this objective was achieved. It was found that by reducing the amount of heat

in the up-slope and by applying greater heat later in the weld program , that the nugget
could be made to expand to the same size and quality over a 5 to 6 cycle time frame

rather than a 2 to 3 cycle growth period previously experi enced. It was also foun d that
by delicately balancing the heat on the up-slope of the curve that a more gradual ex-

pansion change occurred at the minimum expansion point , thereby allowing for a more

accurate zero point to be set by the computer. The resulting weld schedule is shown in

Figute 68 and the nugget expansion trace is shown in Figure 69. It can be observed

that the expansion characteristics were more consistant and could readily be adapted

to both nugget expansion monitoring and feedback control.
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I TIME J TIME

( a )  POOR CONTROL — (b ) GOOD CONTROL —
TROUGH TOO SHARP TROUGH GRADUAL

FIGURE 66. INCREASED NUGGET GROWTH TIME IMPROVES FEEDBACK
EXPANSION CONTROL

POOR GOOD
c:NTR0L CONTROL 

6

TIME (CYCLES )

FIGURE 67. EFFECTIVE CONTROL OF ZERO POINT IN EXPANSION CYCLE

109

~ 
4 I

-- —. .— - - —-— ~~~~~~~~~~~~~~ —~~~~~~~ .—~~~~~ -- - — -  —S-- — ~ -.———---.-- - —-.~— -f.-- ..-- -~~



001401 000 01 TURN - ON APPLY W E L D  P R E S S U R E  
—

01/002 000 00 I TEST FOOT SWITCH 0 040/0 050 SPECIMEN WELDS

o~~soo i~ o 06 ) HOLD 180 CYCLES . CONTACT GAGE CHECK MAXIMUM EXPANSION CONTROL

03/4 03 000 01 I T URN-ON - BRUSH R E C O R D E R 0 040 0 050 GAGE
04/ 800 000 00 SPARE HOLD COMMAND
05/ 00 4 000 00 DO NOTHING -- ONE CYCLE 2024-T3 7015-T6 ALLOY 

—

06/498 011 01 I RE-ZERO FEEL )BAC K ENCODER AFTER 1 1 CYCLE S — - - J -

01/498 010 00 START READING FEEDBACK EXPANSION — A F T E R  10 CYCLES ALCL AD BARE CLAD/BARE
08/402 005 01 J APPLY FORGE PRESSURE -- AFTER 5 CYCLES ~~

— -
~~~~~~~~~

- T - - -

I S V  PSD

09/191 025 30 VOLTAGE SPIKE — 1 CYCLE AT 30%
11/000 000 01 ONE CYCLE COOL 5/8 5/8 ELECT - DIA

13/000 000 09 
- - - - —

10 I 10 TIP RADI I
15/000 000 19 ‘ —- -—
1 7/000 000 21 1 1 CLA SS
19/000 000 31 I _______

21/ 000 000 30
23/000 000 48 HEAT UP-SLOPE — 9  CYCLES 500 CBS / 2000 LBS WELD/ FORGE

25/000 000 50
21/000 000 48
29/000 000 50
31/ 000 000 42
33/000 000 42
35/000 000 41
3 7/000 000 39
39/000 000 37
4 1/0 00 000 34
43/000 000 30 

HEAT DOWN -SLOPE — 14 CYCLES
45/000 000 29
41/000 000 28
49/000 000 21
51/000 000 26
53/000 000 25
55/000 000 24
57/000 000 24

10/ 255 000 00
12/255 000 00
44/25 5 000 00
16/255 000 00
18/255 000 00
20/255 000 00
22/255 000 00
24/255 000 00
26/255 000 00
28/255 000 00
30/255 000 00
32/255 000 00 EXPAN SION MONITORING34/ 255 000 00
36/255 000 00
38/255 000 00
40/255 000 00
42/ 255 000 00
44/255 000 00
46/ 255 000 00
48/255 000 00
50/255 000 00
52/ 255 000 00
54 2 55 000 00
56/ 255 000 00

58/403 000 00 T U R N - O F F  BRUSH R E C O R D E R

59, 800 200 00 HOLD 200 CYCLES
60/498 000 01 RESET FEEDBACK ENCODER
64 (003 000 00 FINISH WE LD RETURN TO STEP 00

FI GURE 68. WELD SCHEDULE FOR 0.040/0.050 MATERIAL COMBINATION FOR
OPTIMUM NUGGET EXPANSION CONTROL
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FIGURE 69. NUGGET EXPANSION TRACE FOR OPTIMIZED WELD SCHEDULE
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Feedback control commands were then added to this basic weld schedule using
the Convair approach, and a series of single-spotweld lap-shear specimens were made.
The results, as shown in Table 11, prove d that expans ion consistency was improved
with the application of feedback control . The average variation in expansion readings
was 18 percent without feedback control but was reduced to 6 percent when feedback
control was applied. Howe ver , it should be noted that th is basic weld schedule (without
feedback control added) was extremely effective in producing consistent quality welds.
Inasmuch as only a limited (10 specimen) sampling was used , the addition of feedback
control to the basic schedule did not result in improved consistency in weld strengths
in spite of the improved consistency in nugget expansion characteristics. It is felt
however that improvements could be expected for other welding situations in which
welding variables are more critical.

I
. 

TABLE 11, NUGGET EXPANSION CONSISTENCY FOR WELDS MADE WITH AND
WITHOUT FEEDBAC K CONTROL

NUGGET EXPANSION

SHEET MAXIMUM WITHOUT FEEDBACK CONTROL WITH FEEDBACK CONTROL
THICKNESS CURRENT ____________ __________

(INCH) (%) 0.001 INCH RANGE 0.001 INCH RANGE

0.040 53 45-55 20% 49-53 8%
TO _________

0.050 50 43-51 17% 47-49 4%

NOTE: NUGGET EXPANSION WAS MEASURED FOR 10 WELDS AT EACH CURRENT SETTING

Conclusions and Recommendations of Feedback Control

As a result of this work it can be concluded that feedback control appears to be
an effective aid in maintaining nugget size and quality. However, it is imperative
that a good basic weld schedule be developed considering the application of feedback
control. It also must be recognized that feedback control is a tool for achieving
nugget consistency with a good weld schedule and to minimize the effects of process
and equipment variations. It should not be thought of as a crutch for making an in-
adequate weld schedule effective.

Based on this work, a guide was developed which can serve as an aid for proper
use of nugget expansion feedback control in any spotwelding s ituation.
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1. The basic weld schedule must be developed considering the expansion
characteristics of the nugget. ft has been found that there are many
different heat and pressure combinations that will achieve Class A
welds. However, the achievement of Class A welds by a particular weld
schedule does not indicate that this particular weld schedule may be readily
adapted to feedback control conditions.

2. Both the basic weld schedule and feedback control adaptation must be
developed considering shunting effects. Certain weld schedules, partic-
ularly those with long heat up-slopes , are more prone to shun ting than
others. If a particular weld schedule is prone to shunting , the schedule
should be developed using multiple spots rather than single spots on m div-
ual specimens.

— - 3. In developing the bas ic weld schedule , consideration must be given to
controlling the zero point of the expansion trace. if the expansion charac-
teristics of the system are rapidly changing at the minimum value, result-
ing in a sharp trough , as shown in Figure 66 (a), the computer is not able
to accurately determine the actual zero point and large errors may result.

A proper heat and pressure balance resulting in a more gradual expansion
change (gradual trough) near the minimum expansion point prior to nugget
expansion as shown in Figure 66 (b) , should be achieved for consistency.
If possible , the use of an early forge force should be used which results in
most of the expansion taking place under a constan t pressure condition.

4. It is imperat ive that the nugget growth period be maximized and occur ov er
approximately 6 or more cycles of heat . As shown in Figure 67 , if the
nugget growth is too rapid , it is unlikely that feedback control will be
successful .

5. Accurate target values mus t be determined us ing an adequate sampling.
A minimum of 25 welds involving some proces s condition variables is
recommended .

6. Correction gain factors should be applied in an increasing magnitude. It is

advisable to apply a small gain factor in the f i rs t  few cycles of expans ion and
to increase the gain factor as the nugget begins to grow. In certain instances ,
i t is not adv isable to apply a gain correction on the first cycle of expansion

part icularly if the expans ion is small and a large var ia t io n occurs in the
target value .
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In summary, feedback control has been shown to be an effective aid to maintain
consistancy with a good welding schedule. Further development and understanding
of this powerful tool , however, must be forthcoming before its ful l utilization can be
achieved. A word of caution , for the prospective user. Feedback control cannot be
used as a supplement for a bad or marginal weld schedule. A good weld schedule
must be developed preferably one that shows wide flexibility in accommodating
variations in the processing parameters , surface conditions , and machine charac-
teristics. We have found this to be an achievable goal utilizing microprocessor
programmable control. If this approach is taken and an adequate engineering effort
put forth to develop appropriate target and gain factors for a given weld schedule ,
feedback control can be a powerful tool for achieving consistancy in a production
welding situation , and allowing for in-process control of the weld nugget. This will
result in an economic benefit by reducing the amount of inspection required on the
finished product.
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FATIGUE EVALUATION

The effects of material and process variables on the fatigue and fracture behavior
of weldbonded joints were determined: a) to establish optimum nugget size and spacing
for best fatigue resistance of weldbonded structures at reduced man ufacturing cost ,
b) to compare weldbonding with adhesive bonding and riveting and C) to determine the
effect s of poor weldbond processing control on the fatigue and fatigue crack growth be-

• havior of weldbonded joints. Fractographic and metallographic investigations were
performed to explain the fatigue test results and to provide a basis for meaningful
process control .

OVERVIEW OF THE TE~~ PROGRAM

Two types of specimens were utilized for fatigue testing in this program . The
majority of the testing was performed with a low-load transfer specimen geometry to
simulate a commonly used aircraft construction, a skin stiffened with doublers. The
other specimen geometry utilized was a lap-shear specimen which simulated the less
common high-load transfer joint .

Two material combinations commonly used in aircraft structures were evaluated.
These were : 1) 7075-T6 bare skin with 7075-T6 bare doublers and 2) 2024-T3 aiclad
skin with 7075-T6 bare doublers.

Table 12 summarizes the various par ameters evaluated. The par ameters receiving
the most attention were changes in nugget size and nugget spacing. Nugget size and
spacing influence several areas including design , fatigue behavior and manufacturing
costs in the application of the weldbond process to aircraft structures. The effe cts of
poor process control were evaluated by modifyin g the weld schedules and surface pre-
paration procedures to produce subsurface and surface-cracked nuggets , nuggets with
excessive indentation , and nuggets with expulsion.
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TABLE 12. SUMMARY OF VARIABLES INVESTIGATED FOR FATIGUE
EV AL UATION OF W ELDBON DED JOI NT S

7075-T6/7075-T6

• Low-Load Transfe r

1. Manufacturing Variables
a. Nugget Size and Spacing
b. Manufacturin g Defects

• Surface Cracked Nugget
• Subsurface Cracked Nugget
• Nugget Porosity
• High Indenta tion Nugget
• Expulsion
• Misce llaneous

2. Compariso n Tests

• Adhesive Bond
• Adhesive Bond with Anti-Peel Rivet
• Riveted

• High-Load Transfer

1. Manufacturing Variables
a. Nugget Size

b. Manufacturing Defects

• Expulsion
• Subsurface Cracked Nugget

2. Comparison Tests

• Adhesive Bond
• Adhesive Bond wi th a Disbond
• Riveted

• Fatigue-Crack Grow th

• Flawed Weldbon ded
• Flawed Riveted

2024.T3 Alc lad/7075-T6

Low-Load Transfer — one nugget size and spacing
High-Load Transfer — one nugget size
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~-\1l failed specimens were examined to determine fatigue-crack initiation sites.
In some cases, these examinations revealed minor defects in nugget quality and mate-
rial quality that would pass normal quality standards. The defects included nugget
porosi ty, handling nicks and scratches, pits and second phase inclusions.

The weldbond fatigue behavior was compared to that of competing joining tech-
niques commonly used in airframe assembly. For this purpose , low-load and high-
load transfer specimens were fabricated by riveting, adhesive bonding and adhesive
bonding with anti-peel rivets. Fatigue-crack growth testing was performed on pre-
flawed weldbonded and preflawed riveted specimens.

EXPE RIME N TAL PROCEDURE

The low-load transfer specimen shown in Figure 70 was designed to simulate a

typical aircraft skin stiffened with doublers. The design is basically no-load transfer
with some load transfer occurring at the doubler radius. The tests were conducted in
tension-tension fatigue with a load ratio , H (minimum load/maximum load ) of 0. 1 in a

temperature and humidity (75 ± 5F and 50 ± 5 percent rh) controlled laboratory atmos-
phere at a frequency of 10 Hz. A majority of the tests was performed at a maximum
stress of 32 ksi to produce fatigue failure in reasonable times for the different cond i—
tions being evaluated. Several specimens were strain gaged and tested to verify
alignment. The m aximum bending was found to be less than two percent.

The high-load transfer specimen , used for weldbonded and adhesively bonded
joints , shown in Figure 71, was designed to simulate a lap joint and to force failure to

occur in the joint rather than in the base material. Failure was forced to occur in the
joint by adhesively bonding doublers to the specimen as shown . Weldbond adhesive was
used to bond the doublers and the assembled specim ens were cured in one cycle. Pre-

limina ry testin g showed that without the doublers the specimen failed near the edge of
the lap which prevented comparing weldbonding and adhesive bonding. The riveted high-
load tran sfer specimen (Figure 72) was based on MIL— STD—1 312 — 21A for shear joint
fatigue testing of fasteners. The results of tests with this specimen can be compared
only indirectly to the weldbonded and adhesively bonded results because of the diffe r-
ence s in specimen geometries. The fatigue load levels were selected to produce failures
in the 1O4 to i06 cycle range. Tests were conducted with the same load ratio and
environmental conditions as the low-load tran sfer tests.
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To evaluate the effects 01 weld nugget size , the welding current was varied to
produce nuggets in the size range desired. Three nugget Sizes  we re selected based on

past experience (Hel ’erences 3 and 5): small , with a 0. 18 - 0. 22-inch nugget diameter ,
medium with a 0. 23 - 0. 27-inch diameter , and large , with a 0. 28 - 0. 33-inch nugget
diameter. Any signifi cant variations from the intended range are noted in the tabulated
results. All specimens were radiographically inspected for nugget quality and deter-
mination of nugget sizes.

Spot weld spacing was varied on low-load t ransfer specimens to evaluate its effe ct
on fatigue. The weldbond process places limits on the range of spacing because the

spacing must be large enough to avoid shunting and small enough to control the bondline
thickness. Working within these limits , spacings of 1.0- , 1.5- , 2. 0— and 3. 0-inth were
selected.

Various weld nugget defects were intentionally produced by de viating from the
normal weldbonding weld schedule and/or surface preparation as described below.
Since different deviations in the weldbond procedure were required for the various
types of defe cts , the nugget sizes were not the same for each type of defect.

a) Cracked weld nuggets were produced by polishing the sheet at the nugget
location to remove the oxide and by using a lower electrode force. Two
cracked nuggets were produced on six specimens . Three specimens con-
tained one surface cracked nugget. The other nuggets had subsurface cracks
of vary ing crack sizes. The nugget size of the cracked nuggets was large .

o) Expulsion was produced by creating a thicker oxide and by using a lower
electrode force . The size of nuggets with expulsion was medium.

C) High indentation nuggets were produced by using higher current and higher
electrode force . The size of high indentation nuggets was about 0.37-inch
diameter.

Fatigue—crack growth data was obtained for weldbonded specimens with surface

and subsurface cracked nuggets. Data was obtained visually at regular intervals utili-
zin g a traveling microscope after the crack s appeared on the surface of the specimen.
in all the surface cracked specimens , the crack length on the surface was initially
known but the actual shape of the surface crack was unknown . The actual shape and size
of surface and subsurface cracks at the failed nugget was obtained by observing the
fracture surface under a microscope . No in formation on the size and shape of initial
surface or subsurface flaw was obtained for the un failed nuggets.
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The F P L / B R - 12 7/ F M  123-2 adhesive system was seli cted for adhesive bonding

comparison testing as this system is well known and is currently be ing used to fabricate

aircraft structure . -\ dhesive bonded low-load transfe r specimen s \vt -re also fabricate d

with anti—peel rivets. These specimen s used two round head 1/8-inch diameter rivets

(MS 20470AD) with a 4. 5-inch spacing. The rivets were wet installed per T~llL—S- s 1733,

“Sealing and Coating Compound , Corrosion Inhibitiv e , ” with PR 1431G Type IV sealant.

To evaluate the effect of a typical flaw tha t could occur in a high-load transfe r

adhesively bonded structure , high-load transfer specimens were fabricated with a 0. 7-

inch diameter disbond (approximately 25 percent of the joint area). This defect was

formed by cutt ing a hole in the film adhesive and placin g a 0.003-inch thick Teflon disc
in the hole centered in the lap .

Riveted specimens as shown in Figure s 70 and 72 \vere used for l)aseline riveted

data. These specimens were riveted with flush head 5/32-inch diameter rivets , MS

20426—AD. The rivets were placed on 5/8-inch centers. Riveted specimens were also

fabricated with EDM flaws per MIL-A-83444, “Aircraft Damage Tolerance Require-

ments , ” utilizing three combination s of flaw locations as shown i~i Figure 73 . Fatigue

crack growth data was obtained for these preflawed riveted specimens w ith the sanie

techniques utilized for the weldbonded specimens with cracked nuggets.

Doublers were used in the grip areas to avoid premature failure . For riveted

specimens , the gr~~ doublers were adhesively bonded , afte r riveting. For weldbonded

specimens the grip doublers were weldbonded , while for the adhesively bonded , the grip

doublers were adhesively bonded , and the specimens and doubler assemblies were cured

in one cycle.

RESULTS AND DISCUSSION

The majority of the experimental work on this program was performed on 7075-TG

bonded to 7075—T6. After complet ion of these tests, selected tests were performed on

2024-T3 aiclad weldbonded to 7075—T6. Therefore , the results on the 7075-TG/7075-T6

will be discussed first followed by a discussion of the 2024-T3 alclad/7075-T6 results.

Furthermore , for the 7075—T6/7075—T 6 , the low—load transfer results will be discussed

first followed by the high-load transfer results.
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Low-Load Transfe r 7075-T6/7075-T6

Effe cts of Nugge t Size and Spacing on Fatigue Life. Test results on the effects of
nugget size and spacing on fatigue life are summari zed in Table 13. Figure 74 shows the
effects of nugget size and spacing on the fatigue life . These results show that in gen-
eral , weldbonded specimens with smaller nuggets have bette r fatigue life . The im-
proved fatigue life of specimens with smaller nuggets may have been due to the smaller
volume of the relatively weaker f usion zone and heat affected zone. Also , residual
stresses may be lower in the smaller nuggets, as less heat input is required for pro-
ducing the smaller nuggets. Closer nugget spacing appears to offer a slight improve-
ment in fatigue life , p robably due to a reduction in stress concentration . The slight
improvement in fatigue life with closer nugget spacing would not warrant selecting one
nugget spacing over another in the range tested because of the additiona l cost of extra
nuggets.

Effe cts of Manufacturing Defects on Fatigue Life. This evaluation was approached in
two ways. The first method was to intentionally induce flaws. These included flaws
likely to occur with improper process control and flaws of such severity that with normal
qual ity control measures it is highly unlikely that they would end up on aircraft struc-
tures. The second method was to evaluate each fatigue failure to determine the fat igue-
crack initiation site . These evaluations revealed some material defe cts and inad vertent
handling damage . The results were separated into those common to any aluminum
fabr icating process such as nicks and minor scratches, and those related to weldbonding.
One type of defe ct, which could have been due to weldbonding or to normal aluminum
fabrication and handl ing procedures , was pitting. One heat of material was found to be
extensively and deeply pitted (0.008-0.010-inch deep) after weldbonding (Figure 75). One
possible explanation for the pitting is that the material got wet in storage because of
improper packaging. Therefore , these results were considered to be material related
failures. Howe ver , for three other specimens with fatigue crack s initiating at small
pits , one in the parent material and two within the nugget indentation (0. 0004-0. 001-inch
deep), shown in Figure 76, it was difficult to determin e whether the pits were relatable
to the weldbonding process or were pre sent in the as—received material . Nevertheless ,
the results of these latter tests are listed and plotted as if the failure were related to

— the weldbond process.
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TABLE 13. EFFECT OF NUGGET SIZE AND SPACING ON
WELDBONDED LOW-LOAD TRANSFER FATIGUE

Materiai: 7075-T6 Al , 0.063 inch thick

Test Conditions: 32 ksi maximum stress R( . . / ~y - ) 0.1minimum maximum
Frequency = 10Hz , Temperature = 75 ± 5 F,

Humidity 50 ± 5 %rh

TARGE T
NUGGET SPOT SPACING CYCLES TO

SIZE(1) INCH FAILURE

SMALL 1 .0 695,000
SMALL 1.0 755,040

SMALL 1.5 204,450 (2)
SMALL 1.5 459,590
SMALL 1.5 514,760
SMAL L (3) 1.5 544,360
SMALL (3) 1.5 611,420

SMALL 2.0 340,350
SMALL 2.0 395,420

SMALL (4) 3.0 529,600

MEDIUM 1.0 90,750
MEDIU M 1.0 313,550
MEDIUM 1.0 321,010

MEDIUM 1.5 177,700 (5)
MEDIUM 1.5 206,700
MEDIUM 1.5 215,990
MEDIUM 1.5 465,130
MEDIUM 1.5 547,380

MEDIUM 2.0 391,900
MEDIUM 2.0 403,360
MEDIUM 2.0 449,940

MEDIUM 3.0 182,120
MEDIUM (6) 3.0 240,850

LA R G E  1.5 70,920
LARGE 1.5 72,420
LARGE 1.5 85,260

125

. , 

~~ .- -—~~~~~~~~~ -~~~~~~~~-



--  ~~~~~~~~ ~~~~~
1.A-=--’. - - 

- - - 
-

TABLE 13. EFFECT OF NUGGET SIZE AND SPACING ON WELOBONDED
LOW-L OAD TRANSFER FATIGUE (CONTINUED)

T A R G E T
NUGGET SPOT SPACING CYCLES TO

SIZE~
11 INCH F A I L U R E

LARGE 1.5 207,200
LARGE (7) 1.5 463,690

LARGE - 2.0 161,380
LARGE 2.0 254,430

LARGE 3.0 83,450
LARGE 3.0 139,400
LARGE 3.0 209,530
LARGE 3.0 232,480

NOTES:
1. Peak current was varied to produce various nugget sizes.

Small: 0.18-0.22 inch diameter, Medium: 0.23-0.27 inch,
Large: 0.28-0.33 inch

2. Initiation site was a small depression within nugget indentation
3. Nugget diameter — 0.13 inch
4. Nugget diameter — 0.25 inch
5. Initiation site was a small pit on sheet surface
6. Nugget diameter — 0.30 inch
7. Nugget diameter — 0.35 inch
8. A specimen with a small nugget and a 2.0 inch nugget spacing was

tested at 22.9 ksi maximum stress. The test was discontinued
after 3,000,000 cycles.
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FIGURE 74. EFFECT OF NUGGET SIZE AND SPACING ON FATIGUE LIFE
OF LOW-LOAD TRANSFER 7075-T6 WELDBONDED SPECIMENS
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FIGURE 75. SEVERE PITTING ON THE SURFACE OF A
7075-T6/7075-T6 WELDBONDED SPECIMEN
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F R AC T U R E

SOO X SEM

FIGURE 76. PI TTE D SURFACE AT OR IGI N OF FATI GUE
CRACK IN 7075-T6/7075-T6 WELDBONDED SPECIMEN
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The intentionally induced flaws selected for evaluation on low-load transfer
specimens include’i: expulsion around nuggets, cracked nuggets and spot welds with
high surface indentation . Cracked nuggets of two types were made , those with visible
surface cracks (Surface Cracked Nugget) and those without visible cracking (Subsurface

Cracked Nugget). On some subsurface cracked nuggets , a dimple could be seen on the
nugget surface . Both the surface and subsurface cracks were easily detected by radio-
graphy. Crack si zes will be discussed in the fatigue crack growth section .

Fractographs and micrographs of typical cracked nuggets after fatigue testing are
shown in Figures 77 and 78 . Both figures contain a fractograph of a fatigue failed
nugget and a micrograph of the same nugget from the mating fracture surface .

The fatigue results for intentionally flawed low-load transfer specimens are
summarized in Table 14. These fatigue results are plotte d in Figure 79, while in

- 
. Figure 80 the results at a maximum stress of 32 ksi only are summarized. These

figures also show results for adhesively bonded and riveted specimens which will be
discussed later. It can be seen that surface and subsurfa ce cracked nuggets sign ifi—
cantly reduced the fatigue life of low-load transfer weldbonded specimens. Thi s re-
duction is due to eliminating or shortening the crack initiation phase of the fatigue
failu re , which is discussed later in more detail in the section “Fatigue-Crack Growth
Behavior of Weldbonded Specimen s with Cracked Nuggets. ”

Hi gh surface indentation spot welds reduced the fatigue properties compared to
weldbonded specimens with flawless nuggets of normal indentation. This is probably

due to the rather large (approximately 0.37-inch diameter) nugget associated with the

creation of a deep indentation as well as the increase in stress concentration due to
indentation itself.

The fatigue results for specimens with expulsion s were inconclusive . Only one
specimen had a fatigue crack initiation directly relatable to expulsion, and it had a
fatigu e life less than the good weldbond . Crack s in the other two specimens initiated
due to other causes as listed in Table 14.

Other manufacturing defects evaluated included mechanical damage such as
scratches and n icks, and inclusions. These results are summarized in T able 15. In-
cluded are results of adhesively bonded specimens that failed due to manufacturing de-
fects. These results are also plotted in Figure 79 and summarized in Figure 80 for
32 ksi maximum stress .
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TA BLE 14. EFF ECTS OF WELD BOND MA NU F A C T U R I N G  DEF ECTS
ON LOW- LAOD TRANSFER FATIGUE

Material: 7075-16 Al , 0.063 inch thick

Nugget Spacing: 1.5 inches

Test Conditions: R( a - - / a - ) = 0.1, Frequency = 10Hzminimum maximum
Temperature 75 ~ 5 F , Humidity = 50 - 5 %rh

SPECIMEN MAXIMUM CYCLES TO
NO. DEFECT STRESS, PS I F A I L U R E

Cl Surface Cracked Nugget 15,900 22,000
C3 Surface Cracked Nugget 9,500 87,980

S4 Subsurface Cracked Nugget (1) 32,000 11,140
Si Subsurface Cracked Nugget 19,000 197,140
S2 Subsurface Cracked Nugget 15,900 308,530
S3 Subsurface Cracked Nugget 15,900 2,619,400
C2 Subsurface Cracked Nugget 12,700 61,000 (2)

H2 High Indentation Nugget 32,000 33,000
H3 High Indentation Nugget 32,000 51,480
Hi High Indentation Nugget 32,000 54,970

El Expulsion 32,000 28,530
E3 Expulsion 32,000 39,690 (3)
E2 Expulsion 32,000 77,700 (4)

NOTES:

1. Nugget spacing 1.0 inch.
2. Specimen also contained a surface cracked nugget that was estimated to be within

approximately 1,000 cycles of failing.
3. Failure initiated at a pit on sheet surface within a nugget with expulsion.
4. Failure initiated at a pit on sheet surface within indentation of a good nugget.
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TABLE 15. EFFECTS OF MANUFACTURING AND MATERIAL DEFECTS NOT
RELATABLE TO WELOBOND ING ON LOW-LOAD TRANS FER FATIGUE

Material: 7075 - T6 A l , 0.063 inch thick

Test Conditions: 32 ksi Maximum stress , R( iJ • • / 
~~ - ) = 0.1minimum maximum

Frequency 10Hz , Temperature = 75 ± 5 F, Humidity 50 ‘ 5 %rh

J O I N I N G  
- 

CYCLES TO
SYSTEM F A I L U R E  F A I L U R E I N I T I A T I ON SITE

ADHESIVE BOND (1) 64,700 0.010 IN. DEEP NICK IN SKIN
A DHESIVE BOND (1) 153,200 S U R F ACE PIT , 0.001 IN . DEEP

W E L D B O N D E D , SMALL N U G G E T , 198,980 TI TA N IUM R ICH IN C LUSION AT
3.0” SPACING SURFACE , 0.001 IN, DEEP

WELD BON D E D , LA RG E NUGGET , 48,400 T I T A N I U M  R ICH INC LUSION A T
1.5” SPACING SURFACE , 0.002 IN. DEEP

W ELD BON D E D , M E D I U M  NUGGET , 124,960 TI TAN IUM R ICH INCLUSI ON AT
2.0” SPACING SURFACE , 0.002 IN. DEEP

WELDBONDED , M E D I U M  NUGGE T, 11,140 X-RAY DETECTED WELD
1.0” SPACING CRACKS (INCORRECT WELD

SETTINGS)

W E LDB ONDE D, SMALL NUGGET , 46,610 SURFAC E PI T, 0.010 IN. DEEP
1.0” SPACING

WELDBONDED , SMALL NUGGET , 48,970 SURFACE PIT, 0.008 IN. DEEP
1.5” SPACING

WELDBONDED , SMA LL N U G G ET, 29,240 SURFACE PIT
3.0” SPACING

WELDBONDED , M ED IUM NU GG ET, 247,610 SCRATCHES, 100AA SUR FACE
1.0” SPACING ROUGHN ESS

WELDBONDED , LAR GE NUGG ET , 98,750 SCRATCHES, 100AA SURFACE
1.5” SPACING ROUGHNESS

WEL DBONDED WITH EXPULSION 192,960 BU RR ON SPECIME N EDG E
1.5” SPACING 

__________ __________________________-

1. FPL/BR127/FM123-2
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Large inclusions were found to be the initiation sites in two specimens made from
different lots of material. The inclusions in both specimens were near the specimen
surfaces and they were found to be t i tanium rich by energy dispersive analysis.

The microstructure of several representative weldbonded nuggets is shown in
Figures 81, 82 and 83. Figure 81 is typical of most of the nuggets . The dark-etching
crack—like area shown by an arrow in Figure 81(a) and magnified in Figure 81(b),
81(c) and 81(d) was found to he a cyP~er— ri ch area by electron dispersive analysis
(Figure 81(e)) which indicates the occurrence of eleme ntal segregation in the fusion
zone . The globules and streaks in Figure 81(c) are probably due to trapped adhesive .
The nugget shown in Figure 82 is som what less typical . It has a row of dark—etching
areas across the nugget (Figure 82(a)) . These areas were also foun d to be coppe r
rich . Porosity and incomple te fusion were also seen in some cases as illustrate d in
Figure 82(b) . Fatigue failure in the weld’)onded specimens initiated -.. ither in the fusion
zone near the edge of the nugget as seen in Figure 83 or from porosity caused by
alloy segregat ion , incomplete fusion, or trapped adhesive.

Comparison Tests. The low-load transfe r fatigue results comparing ~ve1dbonding
to riveting, to adhesive bonding, and to adhesive bonding with anti-peel rivets are
summarized in Figure 84 at a maximum stress level of 32 ks i . The data for riveted ,
adhes ive bonded , and adhesive bonded wi th  anti-peel rivets are listed in Table 16 .
Both r iveted specimen s failed at about 33, 000 cycles under the same loading conditions
and both specimens had cracks growing from at leas t f ive other rivet holes . This
indicates good reproducibility of the riveted specimen fatigue data as 12 of 42
rivet holes had cracked during the test. One adhes ively bonded specimen failed at
1. 2 mill ion cycles in the rad ius , and the other Specimen failed in the grip area after
2 .5 mill ion cycles. The two adhes ively bonded specimens with anti-peel rivets failed
in 37 , 000 and 75 , 000 cycles . As can be seen in Figure 84, the low—load transfer fatigue
behavior of weldbonded specimens is as good or better than that for riveted specimens
and adhesive bonded specimens with anti-peel rivets . However , the adhes ively bond ed
low-load transfer specimens had better fatigue properties than the weldbonded specim ens .
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F I G U R E  81 . 7075-T6/7075-T6 WELDBOND-SMALL NUGGET
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I I I I

RIVETED MAXIMUM STRESS = 32 KSI , R = 0.1
FREQUENCY 10Hz
TEMPERAT URE = 75 ± 5°F
HUM IDITY = 50 ± 5% rh

WELDBOND ‘~~~~ -

ADHESIVE BOND WIT H 0 0
ANTI-PEEL RIVET

FAILED IN GRIP

ADHESI VE BOND 0 0

I I I I
io6 10~

FATIGUE LIFE , CYCLES

- - FIGURE 84 . COMPARISON OF LOW~LOAD TRANSFER FATIGUE RESULTS
ON 7075-T6/7075-T6 COMBINATIONS AT 32 KSI
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TA BLE 16. ADHESIVE BONDED AND RIVETED LOW-LOAD TRANSFER
FATIGUE RESULTS

Material: 7075-T6 Al , 0.063 inch thick

Test Conditions: R( (r . - / T . ) = 0.1 Frequency = 10Hzminimum maximum
Temperature = 75 ± 5 F, Humidity = 50 ± 5 %rh

MA X IMUM CYCL ES TO
JOINING SYSTEM STRESS, PSI FAILURE

Adhesive Bond (1) 32,000 2,532,840 (2)

Adhesive Bond (1) 32,000 1,229,990

Adhesive Bond (1) 32,000 37,300
with Anti-Peel Rivet (3)

Adhesive Bond (1) 32,000 75,170
with Anti-Peel Rivet (3)

Riveted (4) 32,000 33,160

Riveted (4) 32,000 32,930

NOTES:
1. FPL/BR 127/ FM123-2
2. Failed in Grip
3. MS20470-AD4 Rivets
4. MS20426-AD5 Rivets
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Fatigue-Crack Growth BehavioL’o f Weldbonded Specimens with Cracked Nuggets. Six

weldbonded specimens with cracked nuggets were tested at various stress levels to

obtain fatigue-crack growth data. The test parameters are listed in Table 17 . (The

total l i fe  of these specimens is listed in Table 14 .)

Specimen Cl contained one surface c racked nugget and one subsurface cracked

nugget. Both cracks propagated with the final failure occurring from the surface

cracked nugget. Plots of crack lengths (2a) observed on the skin and doubler faces of

thi s specimen versus fatigue cycles for both nuggets are shown in Figure 85. The

initial crack shape and size for the failed nugget (number 4 in Figure 70) is also shown

in Figure 85 . For nugget 4 , when the crack on the doubler face was about 0, 2~ inch
long it broke through the skin surface of the spec imen . immediately after breaking

through the skin surface , the crack front in the skin propagated at a faster rate than the

crack front in the doubler. This is evident from the plot of crack growth rate (da/dN)

versus crack length (2a) shown in Figure 86 . The crack growth rate in the skin de-

creased up to a crack length of about 0. 45 inch and then increased with further increases

in crack length. This change in the crack growth rate in the skin occurred when the

crack lengths in the doubler and skin became approxi mately the same. The reason for

the observed crack growth behavior in the skin is as follows: when the crack in the

skin is not a through crack , a considerable load transfer takes place from the doubler

to the skin with the result that the stress in the skin at the crack plane is considerab ly

higher than the stress in the doubler. This will cause a higher stress intensity factor

and , therefore, a faster growth rate in the skin. As the cracks in the skin and doubler

propagate and the difference in the crack lengths between doubler and skin decreases ,

less and less load is transferred to the skin from the doubler. This causes lower

stresses and stress intensity factors in the skin even though the crack length in the

skin is increasing with the crack propagation . Thus , the crack growth rate in the skin

decreases with the crack propagation. When the crack lengths in the doubler and skin

become approximately the same there is little load transfer between the doubler and

the skin. This causes the stress intensity factor and the resultant crack-growth rate - •

in the skin to increase with crack length as it would for a through crack. Similar

crack-growth behavior has been observed in two-ply adhesively bonded structure with

a through cra ck in one ply (Referenc es 7 and 8).
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- TEMPERATURE = 75 ± 5F , HUMIDITY = 50 ± 5% rh

- 

NUGGET 4 — SURFACE CRACKED
- 0 DOUBLER

• ~~S KIN
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FIGURE 86. FATlGUE~CRACK GROWTH RATE VERSUS CRACK LENGTH . SPECIMEN Cl.
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The crack length versus cycles plot for subsurface cracked nugge t 7 (F i gure -~ 5)
indicates tha t the crack in the skin initiated when the length of surface-crack in the
doubler was relatively small (about 0. 08 inch). There was ve ry little load transfer
taking place from the doubler to the skin and hence , the crack-growth rate increased
Inonotonj caj l 3— with the crack length in both the doubler and the skin .

For this low-load transfer specimen , when the crack lengths in the skin and
doubler are approximately equal , they propagate together. Thi s stress intensity factor
can be computed from the through-the-thj c~~ess flaw analysis of cracked monolithic
structure of the same configuration , assuming that load transfer compensates for the
difference in the finite width correction factor of the sheets . The plot of crack growth
rate (da/dN) versus stress intensity factor range (~~K) for the case of through crack s at
at nuggets 4 and 7 is shown in Figure 87. The data points are shown separately for
crack lengths smaller than 0. 3 inch (diameter of the nugget) and crack length s larger
than 0. 3 inch . The figure also shows a fatigue-crack growth curve for 0. 063-inch thick
7075-T6 aluminum alloy at R = 0. 1 (Reference 6). The crack-growth data for crack
lengths larger than 0. 3 inch agrees with the monolithic 7075-T6 data , because here the
crack is growing in the aluminum outside the nugget surface indentation and heat
affected zone . The crack-growth rates for crack lengths smaller than 0.3 inch (within
the nugget) are about two times faster than those in the basic material for the same
value of stress intensity factor.

Specimen C2 had a surface cracked nugget at nugget 4 on the skin side and a
subsurface cracked nugget at nugget 7. The final failure of the specimen occurred from
the subsurface cracked nugget , nugget 7, The initial crack profile at nugget 7 and the
plot of crack length versus number of fatigue cycles for both cracks are shown in Figure
88. In this specimen , the crack from nugget 7 broke through the surfaces on both the
doubler and the skin at almost the same time .
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NUGGET 4
- • CRACK LENGTH > 0.3”
- 0 CRACK LENGTH- 0.3”

— NUGGET 7
- A CRACK LENGTH > 0.3”
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- 
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FIGURE 87. FA TIGUE-CRACK GROWTH RATE WHEN CRACK
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Specimen C3 had a surface cracked nugget at nugget 7 and a subsurface cracked
nugget at Nugget 4. The initial crack profil e at nugget 7 and a plot of crack length
versus fatigue cycles are shown in Figure 8h . In this case the crack becam e a through
thickness crack in the doubler at a crack length of 0. 13 inch in the skin . The behavior
of the surface crack in this specimen is almost identical to that in Specimen Cl except

— in this case the initial crac k appeared on the skin surface.

The profile of the initial subsurface crack for nugget 7 in specimen Si is shown
in Figure 90 . The initial crack-front in the skin is closer to the surface than in the
doubler and hence the crack would become a through crack in the sld n first .  This is
also evident from the plot of surface crack lengths and number of cycles shown in
Figure 90. When the crack breaks through in the doubler , the surface crack length in
the skin is about 0. 2 inch. The fatigue crack growth behavio r of this s))ecimen is
similar to that of specimen Cl and specimen C3. The subsurface crack at nugget 4
did not propagate to the surface.

Figure 91 shows the initial profile of the subsurface crack observed at nugget 4
in specimen S3. The plot of surface crack lengths versus number of fatigue cycles is
shown in Figure 91. Here the crack breaks through the doubler and skin surfaces after
a large number of fatigue cycles due to the smaller initial crack size. The surface
crack appears on the doubler side of the specimen first due to the smaller thickness
of ligament in the doubler than in the skin. The subsurface crack in nugget 7 did not
propagate to the surface.

The fati gue l ife of specimens with cracked nuggets depended on the size of the
initial flaw , not whether it was a surface or subsurface flaw . (Table 17 , )

Preflawed Riveted Fatigu e Crack Growth. Two r iveted specimens with EDM flaws were
tested for comparison to the fatigue characteristics of flawed weldbonded specimens .
The fatigue lives are listed in Table 18, and plotte d in Figures 79 and 80. As seen in
Figure 80 the total l i fe  of these specimens lies wi th in  the scatter band for the cracked
nugget welcibond lives .
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TABLE 18. LOW-LOAD TRANSFER FATIGUE RESULTS OF
PRE FLAWED RIVETED SPECIMENS

Material : 7075-T6 Al, 0.063 inch thick

r Rivet Holes : 0.050-inch radius EDM flaw

Rivets: MS20426-AD5

Test Conditions: R( 0 minimum’ 
G

maximum ) = 0.1, Frequency = 10Hz

Temperature = 75 ± 5 F, Humidity = 50 ± 5 %rh

SPECIMEN MAXIMUM G ROSS CYC LES TO FAI LURE FROM
NO. STRESS , psi FAILUR E F LAW TYPE (1)

LR4 32,000 9,137 A

LR3 19,000 63,510 (2) B

_ _ _ _ _ _  -~~~~~__--

(1) See Figure 4.

(2) Test stopped when skin completely cracked but with no crack visible in the doubler.

154

_ _ _ _ _  
_ —_ _ _ _ _ — - _ —-



The fatigu e—crack growth I) chavior of the two spec imens is shown in Figures 92
and 93. For a large portion of the life , the crack grows in only one of the riveted
sheets , ~vli ile in weidhonded specimens a nugget crack grows into both sheets and into
1)0th halves of the sheet.

High-Load Transfe r 7075-TG/7075-Tc

Effects of Nugget Size on Fatigu e Li fe. The test results under thi s task are summarized
in Table 19 . Figure 94 shows the effe cts of nugget size on the fatigue l ife of the high—
load transfer weldbonded specimens. In thi s test , the weldbonded specimens with
large weld nuggets generally had a better fatigue life , which is opposite to the results
for the low-load transfer weldbonded specimens. The fatigue life of the high-load
trans fer specimens depends primarily upon the nature of the adhesive bond. Because
of the location of the weld nugget in the center of the lap joint rather than near the
edges of the joint , the weld nugget has only a secondary effect on the fatigue life .
However , larger nuggets create a thicker adhesive bondline in these specimens which
suggests that the increased adhesive thickness is the reason for the better fatigue
behavior of the specimens with large nuggets.

Effects of Manufactu ring Defects on Fatigue Li fe. The effects of two types of defects
that can occur with poor weldbond process control were evaluated. Results for these
two types of defects (subsurface cracked nuggets and expulsion around nuggets) are
summarized in Table 20 . In Figure 95, these results are compared to the fatigue
results for defect-free high-load transfer specimens. The cracked nugget had no
effect on the fatigue life of these high-load trans fer specimens because these specimens

test primarily the adhesive bond. Expulsion in these specimens did reduce the fatigue
properties as compared to specimens without defects. This pro bably results from two
factors : one , due to the severity of expulsion the bond area was reduced , and more
impor tantly, the expulsion destroyed the bond at the more highly stcessed edge of the
joint (Figure 96). This region is generally the fatigue failure initiation site .
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- TEST CONDITIONS:
MAXIMUM LOAD = 10000 LBS. R 0_ i

0.9 - TEMPERATURE 75 I 5F , H U M I D I T Y 50 5~ rh
FIGURE 73 SHOWS LOCATIONS AND SKETCHES OF F LAWS

0.8 - SPECIMEN FAILED IN 9137 CYCLES

0.7 - 

FROM FLAW A2
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A 2
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0 0
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FIGURE 92. FATIGUE CRACK GROWTH IN PREFLAWED RIVETED
SPECIMEN NO. LR4
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1.5
- TEST CONDITIONS:
- MAXIMUM LOAD = 6000 LBS. R = 0_ i
- T E M P E R A T U R E  = 75 ± SF , H U M I D I T Y  = 50 ± 5% rh
- FIGURE 4 SHOWS LOCATIONS AND SKETCHES OF F LAWS

TEST STOPPED AT 63,531 CYCLES WHEN SKIN
1.0 C O M P L E T E L Y F R A C T U R E D A T F LAW B2

- NO CRACK VISIBLE AT B2 ON DOUBLER AT
- E N D O F TEST

05 IFLAW B2 I

- 

SKIN-LEFT SKIN-RIGHT

10  I I~~
W B 11
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0.: 
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70

CYCLES , THOUSANDS

FIGURE 93. FA TIGUE CRACK GROWTH IN PREFLAWED RIVETED SPECIMEN NO. LR3
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TABLE 19. EFFECT OF NUGGET SIZE ON THE FATIGUE LIFE OF
HIGH-LOAD TRANSFER FATIGUE WELDBONDED SPECIMENS

Material : 7075-16 Al , 0.063 inch thick

Test Conditions: R( o-
~~~~~. /  

~
Tmaximum ) = 0.1, Frequency = 10Hz ,

Temperature = 75 ± 5 F , Humidity = 50 ± 5 %rh

N U G G E T  MA X I M U M  CYCL ES TO
SIZE 11

~ LOAD , POUN DS F A I L U R E

SMALL ( 2) 3,500 3,010
SMALL 3,500 4,860

SMALL ( 2) 2,250 98,560
- 

‘ 
SMALL 2,250 99,020

SMALL (2) 2,000 1,083,090

LARGE 3,500 5,380
LARGE 3,500 8,450
LARGE 3,500 12,020

LARGE 2,250 130,970
LARGE 2,250 133,670
LARGE 2,250 187,780
LARGE 2,250 235,230
LARGE 2,250 296,120

LARGE (3) 2,000 934,870
LA RGE (4) 2,000 1,229,810

NOTES:
1. Small: 0.18-0.22 inch diameter , Medium: 0.23-0.27 inch diameter ,

Large: 0.28-0.33 inch diameter.
2. Diameter — 0.15 inch
3. Diameter — 0.26 inch
4. Diameter — 0.36 inch
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TABLE 20. EFFECTS OF WELDBOND MANUFACTURING DEFECT ON
HIGH-LOAD TRANSFER FATIGUE

Material: 7075-T6 Al , 0.063 inch thick

Test Conditions: R( ( T u
rn ! (T V )  = 0.1 , Frequency = 10Hz

Temperature = 75 ± 5 F, Humidity = 50 ± 5 %rh

MA X I M U M  CYCLE S TO
DEFECT LOAD , POUNDS F A I L U R E

Subsurface Cracked Nugget 2250 207,620
Subsurface Cracked Nugget 2250 283,090

Expulsion 2250 68,930
Expulsion 2250 106,640
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Comparison ‘Fests. ‘I’he results from the tests on adhesive bonded and riveted high-
load tran sfer specimens are summarized in fable 21 .  These results are compared
to those for weldbonded specimens in Figure 97 . I’his fi gure shows that adhesive bond
specimens have onl y sli ghtly better fatigue behavior than the weldbonded specimens,
As alread y noted , this similar  behavior is expected because this high-load transfer
geometry primari ly tests the adhesive bond strength at the edge of the j oint. The
riveted specimen results canno t be directly compared to the adhesive bonded and weld-
bonded results because of the differences in specimen configuration . However , the
significance of these results is that the adhesive system for weldbond ing gives excellent
fatigue performance relative both to a standard riveted joint and a well developed a~-
hesive system in a high-load transfer fatigue mode.

Table 21 also lists the results for adhesively bonded spec im ens ma~1e with a disl)ofld ,
centered in the la~ constituting about 25 percent of the area of the lap. The results are
essentially the same as the results without disbond . The disbond did not extend to
the edges of the lap, the critical area in fatigue , and the remaining area of bond was
large enough so that no reduction in fatigue life was seen.

2024 —T3 Alclad/ 7075-T6

Selected fati gue tests were performed on low—load and hi gh—load transfe r
weldbonded 2U24 -T3 alciad ; 70 75—TO specimens. The low-load transfe r fatigue res~ 1ts
are listed in Table 22 and plott ed in Figure 98 wi th  the 7075-T6 , 7u 75-T6 r esults  as a
reference. Fi gure 98 shows that the fati gue properties of the 2e24-T 3 alciad 7 0 75—T 6
are sli ghtly below those for the 707 5— T6/ 707 5—T6 c o m b i n a t i o n , This  d i f fe ren ce  may
be due to the strengt h of the nugget which has a diffe rent met~i l lurg ical s t ructure or
due to the lower strength 2024-T3 aiclad portion of the specimen

The hi gh-load tr ansfe r fati gue results are listed in Tabl e 23 , These results are
compared with the 7075-T6/7075-T6 results in Fi gure 99. As seen , the fatigue prop-
erties of 7075-T6/7075-T6 and 2024- T3 alclad/7075-TG high-lo ad transfer specimens
are essentially the same. This shows that in hi gh-load transfer geometry , the adhesive
bond is being tested , and tha t the adhesive bonded qualities are s imi la r  in fat igue for
thes e two combinations .
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TABLE 21. ADHES IVE BONDED AND RIVETED HIGH-LOAD
-: T R A N S F E R  F A T I G U E  R E S U L TS

Material: 7075 -T6 A l , 0.063 inch thick

Test Conditions: R I r - , / r - ) = 0,1 Frequency = 10Hzminimum maximum

Temperatur e = 75 ± 5 F , Hum i di ty 50 ± 5 %rh

JOINING SYSTEM M A X I M U M  CYCLES TO
LOAD , POUNDS FAILURL

Adhesive Bond ( ‘U 2250 409,490

Adhesive Bond (1) 2250 457 ,420

Adhesive Bond (1) 22 50 574 ,210

Rivets theared at
R iveted (2) approximately

2000 pounds

Rive ted (2) 1500 - 17 ,630

Rive ted (2) 1000 130,760

Adhesive Bond with
Disbond (1 ,3) 2250 386,660

Adhesive Bond with
Disbond (1,3) 2250 461 ,850

NOT ES:

1. FPL/ BR127/FM 123-2 Adhesive System

2. MS 20426-ADS Rivets

3. Disbond: 0.7” diamete r Teflon disc in center of lap

/
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TABLE 22. FATIGUE BEHAVIOR OF 2024-T3 ALCLAD/7075-T6 BARE
LOW-LOAD TRANSFER

Material : 2024-13 AIcIad/7075-T6 Al , 0.063 inch thick
Nugget Size: 0.27 — 0.32 inch diameter
Nugget Spacing: 1.5 inch

Test Conditions: R( °minimum’~ 
O maximum) = 0.1, Frequency = 10Hz

Temperature = 75 ± 5 F, Humidity = 50 * 5 %rh

MAXIMUM STRESS, PSI CYCLES TO FAILURE

32,000 42,730
32,000 60,770
32,000 62,040
32,000 66,420
32,000 70,830
32,000 89,630
32,000 152,740
32,000 251,750
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I
TEST CONDITIONS : MAXIMUM STRESS = 32 ksi, R = 0.1

I FREOUENCY = lOHz
L TEMPERATURE 75 ± 5 °F, HUMIDITY = 50 ± 5% rh

I III I I I I 2024/7075

I 1 7075/7075

I i i i  I ~~~ i
io6

FATIGUE LIFE, CYCLES

FIGURE 98. FATIGUE BEHAVIOR OF 2024-13 ALCLAD/7075-T6 LOW-LOAD
TRANSFER SPECIMENS
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TABLE 23. FATIGUE BEHAVIOR OF 2024-T3 ALCLAD/7075-T6 BARE

HIGH-LOAD TRANSFER SPECIMENS

Mater ial: 2024-T3 AIcIad/7075-T6, 0.063 inch thick .

Nugget Size: 0.27-0.32 inch diameter.

Test Conditions: R( °
~minimum~

” 
~max imum 1 = 0.1, Frequency = 0.1

Temperatu re = 75 ~ 5 F, Humidity = 50 e 5 %rh

MAXIMUM CYCLES TO
LOAD, POUNDS FAILURE

3,500 6,000
3,500 6,630
3,000 18,360
2,250 148,460
2,250 152,710
2,250 633,110
2,000 637,020
2,000 1,192,500
2,000 1,337,410
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FIGURE 99 FATIGUE BEHAVIOR OF 2024-T3 ALCLAD/7075-T6 HIGH-LOAD
TRANSFER SPECIMENS
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SUMMAR Y AND CONCLUSIONS

Weldbonded 7075—T6/7075 -T6

1. Weldbonded low—load transfer specimens with small nuggets generally
have better t~tigue properties than medium and large nuggets. The opposite
is true for high-load transfer specimens.

2. Adhesive bonded (FPL/BR 127/FM 123-2) specimens have better fatigue
properties than the weldbonded specimens, although the d ifference for high-
load transfe r specimens is small .

3. Weldbonded low-load transfer specimens have better fatigue properties than
adhesively bonded specimens with anti-peel rivets .

4. Weldbonded low-load and high-load transfer specimens have significantly
better fat igue properties than riveted specimens.

5. Defect-free weldbonded low-load transfer specimens had as good or better
fatigu e resistance than spec im ens with material defects (small pits and
titanium-rich inclusions ) and with minor handling damage of the type (scratches
and nicks ) likely to occur in production .

6. Severe cracks in weld nuggets significantly decreased the fatigu e life of
weldbonded low-load transfer specimens.

7. In weldbonded low-load transfer specim ens with cracked nuggets , the
cracks became through cracks in both sheets before propagating.

8. In low—load transfer weldbonded specimens with cracked nuggets, when the
cracks in the two sheets were nearly equal in length, the cracks propagated
as a thr ough crack in a monolithic material. Whenever the cracks En the
two sheets were of unequal length , the shorter crack grew faster until the
two cracks were of similar length.

9. Cracked weld nuggets did not degrade the fatigue properties of weldbonded
high-load transfer specimens.

10. Severe expulsion extending to the edge of the joint slightly lowered the
fatigue properties of weldbonded high-load transfer specimens.
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~l. The scatter in fatigue is reasonable even when the results for various
nugget sizes and nugget spacing are considered together , showing good
reproducibility of the fat igue behavior of weldbonded join ts.

12. A nugget meeting Class A size and strength requirements is not necessary
to achieve good fatigue resistance in weldbonded specimens. In fact ,
better fatigue properties can be obta ined w ith smaller nuggets that may
not meet Class A strength requirements.

Weldbonded 2024-T3 Alclad/7075-T6

1. The low-load transfer specimen fatigue results are slightly below those
obtained for 7075-T6/7075-T6.

2. The high-load transfer specimen fatigue behavior is essentially the same
as that for 7075-T6/7075-T6 , as the adhesive bond is the controlling
factor.
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RELIABILITY EVA LUATION

The objec tive of the reliability evaluation was to determine the reliability and re-
pea tability of the weldbonding process under a range of standard manufacturing
variables , and to obtain lap-shear strength des ign information based on a testing popu-
lation of at leas t 300 specimens . The variables cons idered in this evaluation were
aluminum sheet obtained from three different manufacturers , three different lots of
adhesive , and specimens that were processed on three different days .

RELIABILITY TEST PLAN

Lap-shear strength for weldbond ed joints was obtained for 308 test specimens .
Tes t panels,5 x 15 inches~were cleaned and anodized and weldbond ed according to the
weldbond procedures established for this progr am . Alciad 2024-T3 , 0. 040-inch thick ,

• was weldbonded to 7075-TB , 0.050-inch thick , using a 1-inch overlap . This combina-
Lio n was selected because it represented the hig hes t load-carry ing panels on the A-b
air craft. After the panels were weldbonded , doublers of 7075-T6 , 0 . 063-inch thick
were bond ed to the 7075-TB panel and to the 2024-T3 panel in order to prevent parent
material failure and to assure that shear values would be obtained for the weldbond
joints.

Paste adhesive A1444B was used for weldbonding the lap j oints and for bond ing
the 7075-T6 doubler panels. These test panels were then cured at 250°F for 1 hour.
Twelve lap-shear specimens were cut from each test panel. The test specimen con-
figuration is included in Figure 100.

Each test panel , consisting of 12 lap-shear specimens , represented one of 27
d ifferent material/proces s combinations . These combinations included sheet material
obtained from three different aluminum manufacturers; three different lots of A1444B
adhesive , and the use of three different process days for surface treatment and weld-
bonding. The purpose of this test matrix was to determine variability of weldbond
lap-shear strength as a function of material supplier , adhesive lots , and variations
in process that migh t occur for different process days .

WE LDBOND D~~ IGN ALLOWA BLES

The strength distr ibution curve for all the lap—shear data (308 tests) is pres ented
in Figure 100. Lap-shear Strength values were rounded up to the nearest 100 lbs. , e.g. ,
5 specimens failed at 4150 to 4200 lbs., and were plotted at 4200 lbs. For a test pop-
ulatiori of 308 shown in the curve , the lap-shear design allowables , A and B, as defined
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in MIL -HDBK -- 5, were determined to be A - 3600 lbs., and B = 4400 lbs. The mean
for this data is 5247 lbs. and the standard deviation is 498 lbs.

WELDBOND R ELIABILITY

The weldbond lap-shear strength as a function of the aluminum manufacturer , the
adhesive batch , and the process day is shown in Figure 101. Each bar represents data
from 10, 11, or 12 tests , or a total of 308 tests . The processing used fo r day 1 was
not as good as the process ing used for day 2 and for day 3 although no r eason was
apparen t for the d ifferences. The cleaning and anodiz ing procedures are well estab-
lished and the process used on day 1 met the process requirements in terms of bath
etch rate , bath chem istry , and resulting aluminum surface cleanliness as evaluated
by the Scanning Electron Microscop e ~ EM). However , it is assumed that a minor
variation in procedures or bath chemistry occurred which resulted in approximately
11 percent lower average lap-shear strength i .e . 4800 lbs . vs . 5400 lbs . than panels
that were processed on day 2 and day 3. This reduced strength is insignificant when
consid ering the design allowables of 3600 and 4400 lbs . described above. In fact , the
low value of one tes t spec imen , 3600 lbs ., was obtained for material processed on day
2 . Also , the minimum lap-shear strength represented for all three process days was
approx imately the same, 4200 lbs . to 4300 lbs., except for one value at 3600 lbs .

There was no difference in stren gth as related to adhesive Lots E , F , or G.
Also, there was no difference in lap-shear strength as related to aluminum manu-
facturer. In summary , the weldbond process prov ides high strength lap-joints with
excellent process reliability .
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LAP-SHEAR STRENGTH ILBS I

FIGURE 100. WELDBOND LAP-SHEAR STRENGTH DISTRIBUTION CURVE

NOTES: 1. EACH BAR REPRESENTS DATA FOR 10 , 11 , OR 12 TESTS ,
TOTAL 308 TESTS.

2 ADHESIVE LOT E , F , AND G FOR THE A 1444B PASTE

PROCESS DAY 1 PROCESS DAY 2 PROCESS DAY 3

7000 _ _ _ _ _ _ _ _ _

KEY 
~~

- ‘j ALCOA

[
~~~1 REYNOLDS

4000

III ONE SPECIMEN FAILED AT 3600 LBS FOR THIS GROUP

r IGURE 101. WELDBOND LAP-S HEAR STRENGTH AS A FUNCTION OF
PROCESS DAy ’ ALUMINUM MANUFACTURER , AND ADHESIVE LOT
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DURA BILITY EVALUATION

One of the pr imary concerns in the use of adhesive bonded structures is pre-
mature fai lure due to a time-dependent crack-growth in the bond joint under the com-
bined influence of applied stress and a corrosive environment . This type of fa ilure is

commonl y termed “environmental stres s cracking . ” Resistance to environmental stress
cracking is defined for this program as durability .

In order to compare the durabil ity of the weldbond system with that of the PABST
adhesive bonding system and with the standard FPL (Forest Products Laboratory) etch
adhesive bonding system , an addendum to the current weldbond contract was funded.

The scope of this program is as follows :
a) Three bond ing systems are being evaluated

(1) FPL/BRI27/FM 123-2
(2) Weldbond System
(3) PA BST - Phosphoric Acid/BRI27/FM73

— b) Four material combinations are being evaluated.

(1) 2024 -T3 alclad to 7075-T6 bare
(2) 2024 -T3 bare to 7075-T6 bare
(3) 2024-T3 bare to 2024-T3 bare
(4) 7075-T6 bare to 7075-T6 bare

c) Three tes ting configurations are being used for this program.
(1) Wedge test
(2) Cons tant load/salt water immers ion tes t
(3) Surface scra tch corrosion tes t

d) Six different exposure conditions of atmosphere and loads are being
used for many exposure times .

In all , 72 differen t tests are being conducted . The surface/adhes ive systems
being evaluated are illustrated in Figure 102. The tes t cond itions and specimen types
are summarized in Figure 103.

This addendum is still in progress and will be reported in a final addendum
report.
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BR 127 WELDBONO SR 127
FM 123 A1444B FM 73

ALUMINUM I ALUMINUM ALUMINUM
ALLOY ALLOY ALLOY

OXIDE 400 A° OXIO~ 600 A°
PRIMER BR-127

S \‘ s ,  . 
~~~ OXI DE 3000 A°ADHESIVE A 1444B

ADHESIVE FM-123 ~~~~~ 
-

PRIMER BR=127
FPL ETCH ANODIZE 1.0-1.5 VOLTS ‘ ‘ ‘ ‘ ‘  ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

H2S04 - 40 0Z/GAL H3PO4 . 1.301/GAL ADHESIVE FM-73
SODIUM DICHNOMATE DIHYDRATE : SODIUM DICHROMATE DIHYDRATE :

8 01/GAL 1301/GAL

- 
• 2024 ALUMINUM - 0.2 01/GAL ANODIZE 10= 15 VOLTS

H3PO4 13 OZ /GAL

FIGURE 102. SUR FACE /ADHESIVE SYSTEMS BEING EVALUATED
IN THE ADDENDUM PROGRAM

WEDGE TEST CONSTANT LOAD/SALT SURFACE SCRATCH
WATER IMMERSION TEST TEST

INITIAL _____

CRACK

CF
w~~~~~~~~~~1 

_

EXPOSURE 
— 

[j) 95°F SALT FOG
SEA COAST 12 MONTHS 500 HRS
95°F SALT FOG — 3 MONTHS 1000 HAS
120°F RELATIVE HUMIDITY 60% ULT. — 1000 HAS 1500 HAS

— 3  MONTHS 50% ULT. — 2000 HAS 2000 HRS
ICRACK GROWTHJ IRESIDUAL STRENGTHI [CORROSION ATTACK I

FIGURE 103. TEST CONDITIONS AND CONFIGURATIONS BEING
USED IN THE ADDENDUM PROGRAM
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MANUFACTUR E OF TEST PANE LS

Follow ing the selection of the demonstration test panel configuration and the
optimization of the cleaning and welding procedures , manufacturing plans for the
fabrication of the flat test panels were developed j ointly by Northrop and Fairchild.
The plans for the different pane l combinations were nearly identical. A sample
manufacturing plan for the 0. 040/0. 050 panel combination is contained in Appendix F
of this report. The manufacturing plans were used for the fabrication of the flat
beaded panels for structural test , as shown in Figure 104 , and the curved demonstration
panels , as shown in Figure 105. All skin and beaded panel details for both the adhesive
bonded and weldbonded configurations were fabricated by Fairchild . Fairchild adhesively
bonded all test assemblies while Northrop performed all required weldbonding
operations, The processing of the weldbonded details followed the Northrop
Process Specification (XPS—WB) which is shown in Append ix A . A desc ription of
the individual processing procedures that were followed including observations
made dur ing manufacture is contained in the following description.

MANUFACTU RE OF PRODUCTION DETA ILS

As previously indicated , all skin and beaded pan details for both the adhesive
and weldbonded panels were manufactured by Fairchild. The beaded pans supplied
to Northrop and Fairchild ’s bonding facility at Hagerstown were processed together
as one batch. A standard production forming block was fabricated out of aluminum
for trapped-rubber forming of the beaded pans. The bead depressions for a female
forming tool were machined using a formed cutting tool. Bead depths , widths and
lengths were identical for all four beads.

All beaded pans and skins were fabricated with 3-inches of excess material on the
widths and lengths to provide subsequent test materia l for SEM evaluations and spot
weld process control coupons . Each pan blank was sheared to template , and required
tooling holes were added. The blank was then formed in the “0” condition , solution
heat treated , quenched in water , straighte ned and aged to the T6 condition. All heat
treat processing was performed according to MIL- I~-~ 0~~ .

To prevent unacceptable thinning at the transition of the bead to flat areas , it
was ne cessary to use a two-step forming operation. Rubber shims of approximately
half the depth of the beads were used in the center two beads to provide a rough formed
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FIGURE 104. FLAT STRUCTURA L WELD BONDED T EST PANEL
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FIGURE 105. CURVED WELDBOND DEMONSTRATION PANEL
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pan in the initial forming step. The shims were removed for the second step to
finish forming the pans. One tool was used to form both the 0. 032-inch thick

and 0.050-inch thick 7075-0 aluminum beads.

Thirty-four (34) pans (18 pieces of 0. 050-inch and 16 pieces of 0. 032-inch 7075-

T6 bare ) were shipped to Northrop for weldbond processing. Approximately the same

number of pans were shipped to Hagerstown for adhesive bonding.

ADHESIVE BONDING ASSEMBLY

Adhesive bonding of the pans to flat 2024-T3 aiclad skins was accomplished at

Hagerstown with an FPL etch surface preparation , BR-l27 adhesive primer and

FM-l23-2 film adhesive autoclave cured at 250 F for one hour . Details of the pro-

cess are as follows:

Surface preparation included vapor degreasing and alkaline cleaning (Altrex 1097 ,

10-20 minutes at 160°F - 190°F), followed by immersion rinsing in water (5 m inutes),

deoxidizing (sulfuric acid/sodium dichromate 12-15 minutes at 160°F + 10°F) spray
0 0rinsing and drying (at 130 F-150 F). After the details were cleaned the BR-127 ad—

hesive primer was applie d by spraying to a thickness of . 1 to . 4 mils on each adhesive

bonding faying sur face. The parts were transferred to a controlled clean room en-

vironment for film adhesive (FM-l23-2) application , layup and leak checking, followed

by autoclave curing 250°F for one hour and a final harmonic bond inspection.
Assemblies were then shipped to Fairchild Republic , Farmingdale , for drilling the

fixture holes to complete the assembly. No bonding difficulties were experienced

‘md acceptable parts were produced.

WE LDBOND ASSEMB LY

When the pans were received at Northrop , a problem was encountered in achieving

full weld nuggets during weldbonding . It was found that this problem was caused by

localized fit-up gaps due to the distortion of the panel. Two types of distortion were

observed. The first was an overall slight curve in the panel which was easily corrected

by hand-pressure. This distortion is common , normally acceptable , and did not cause

a problem for weldbonding. A second type of distortion which appeared as local dimples

(approximately 0. 005-inch deep) was believed to be caused by local working of the part

by the heat treat straightener following the solution heat treatment. This condition is

considered acceptable for adhesive bonded assembl ies, as autoclave pressure tends to

overcome the dimple and the gap is completely filled with adhesive . However , because

of the high stiffness of the sheet in the area of the dimple , the gap was too large to allow
for adhesive squeeze out and the necessary metal contact for initiating a weld. Tests
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showed that eveil with a 4 , 000 pound weld force (50 0 pound weld lorce was nor ma l ) ,
it was impossible to squeeze-out the adhesive under the weld . Thus , the absence of
metal/metal contact prohibited weld initiation.

In order to meet the program schedule , a special tool was made and the distorted
pans were annealed , flattened and re—heat treated by A lu i i i —A —Tli e rm , a Ju s  Angcl cs heat
treating company. To minimize the necessity for any furthe r check and straightening
operations a fter re—solution heat treating, the pans were quenched in a p olym er  ( lUe n Chan t
used by Northrop and other aerospace firms for minimizing heat treat distortion.
Utilizing this technique , the distortion was removed and panels were successfully weld-
bonded . A subsequent series of pans , formed by Fairchild on a hydraulic press , were
water quenched and were successfully checked and straightened with no evidence of the
dimple condition.

~~
.

FIGURE 106. PANEL MOUNTED IN SURFACE PREPARATION FIXTURE
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It was concluded from this effort that care must  be taken to avoid local distortion
of the details to be weldhonded . Polymer quenching following the solution heat treat-
ment  procedure is recommended. Using this quenching procedure , quenching distor-
tion wil l  be minimized thereby reducing the need for extensive straightening operations
which caused the observed local distortion.

SURFACE PREPARA TiON

After the production beaded pan details were received in the flattened condition
from Aluma-A-Therm , they were hardness tested and dimensionally inspected to insure
that drawing requirements were met. Each detail was then positioned in a special sur-
face preparation fixture shown in Figure 106 which supported the detail during processing.
The fixture contained a main copper supporting bar , aluminum rods which supported the
part , and titanium spring clips which were used to position the part against the support
rods and to insure electrical contact. The end s of the copper bar were covered with
electrical tape to insure that the part was electrically insulated from the deoxidizing/
anodizing tanks. The parts were degreased and alkaline cleaned according to the
specification XPS-WB, (Append ix A). After alkaline cleaning , the parts were spray
rinsed and deoxidized in the modified Amchem 7/17 deoxidizing bath for 6-8 minutes.
They were the n immediately transferred to the spray rinse tank and rinsed with a
combination of deionized and tap water. As previously discussed , the inclusion of
the tap water was found to be necessary in order to eliminate the staining of the 2024
alclad skins . The tap water was applied using a hand-spray technique for the f irst
one minute of rinsing. An adequate flow to insure flooding of the complete part was
found necessary in order to achieve effective rinsing. Particular attention was paid to
insure that adequate rinsing was achieved around the clip-contact area , as it was this
location that was found to be most prone to staining. A deionized water spray rinse
was used for the balance of the rinse cycle.

Following the rinse , the part was given a water break test and immediately
immersed into the anodizing tank. The electrical connection for the anod izing voltage
was connected w ithin 15 seconds after the parts were immersed. Previous stud ies at
Northrop have shown that if connections could be made and current applied within thirty
seconds after the parts were immersed into the anod iz ing bath , effective anodizing would
result. The positive pole was then connec ted with a simple bull-dog clip to the copper
contact bar. The negative ground was permanently connected to the tank . This technique
is preferrable to connect ing electrical leads prior to immersion in the anodizing solution

because it eliminates the possibly of high local current densities during the immersion
operation. 
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The required anodizing voltage was applied using two techniques and effective
results were achieved using both techniques. Initially an ope n voltage was applied
to the tank using a preset higher value which was predetermined for each specific pane l
size. The higher than specified applied voltage was necessary due to IR drops in the
electrical circuit and the resistance of the solutions being used . The actual voltage
applied to the part was maintained within the + 0. l-volt tolerance and was monitored
continually by a digita l voltmete r (which was also used to preset the voltage prior to
pane l processing) and by a recording voltmete r as shown in Figure 107 . The continuous
voltage recording was used to insure that no stray voltage or current spikes occurred
during the anodizing process. Using this technique , it was found that the voltage climbed
to the required range within five to ten seconds and thereafter dropped slightly due to the
resistance build-up of a surface oxide which resulted during the anodizing process.
This technique also resulted in a high current surge initially during formation of the
barrier layer followed by a sudden current drop afte r the oxide barrier layer was formed.
A gradual increase in current to a stable value then occurred. The current was con-
tinually recorded during the processing of all panels. Typical voltage and current traces
for the processing of panels are shown in Figures 108 and 109.

Later in the program , it was found that more consistent results could be achieved
by applying the voltage gradually to the maximum value ove r the first two minutes of
anodizing. It is felt that if this technique were to be used in a production environment ,
It would be desirable to automate this process using a proportiona l controller recorder
to automatically control the rate of voltage application and to insure against voltage
spikes. It has been previously shown that even a very short voltage spike can signifi-
cantly increase the oxide barrier layer thickness and inhibit subsequent welding
operations. It is recommended for production usage , that a recording voltmeter be
used In the system to insure proper voltage control . The use of current recordings is
recommended when the process is being qualified in a new installation to insure tl.at
proper anodiz ing is being achieved. However , continuous current recordings are not
necessary in a production situation if adequate voltage control is mainta ined.

After anodizing , the panel was rinsed for seven minutes using either deionized
water or a deionized/tap water mix. It was found that use of tap water was not man-
datory following anodizing for the stain control , but could be used as an alternate.

To protect the finished surfaces , following rins ing, the panels were handled
only at the edges using white gloves. The pane l was removed from the fixture and
oven dried at 150°F for thirty minutes in conformance to the process specification.
After drying, the panel was removed from the oven and allowed to cool to room tern-
perature . Approximately 1 1/4 inches were then sheared from two sides of the panel
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FIGU RE 107. VOLTAGE AND CURRENT MONITORING EQUIPMENT
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and this was then sheared into 1 1/4 by 2 1/2 inch spot weld control specimens. During
the shearing operation , the panel was protected with a kraft paper to avoid damaging the
a nodi. ’.ed oxide. A f t e r  sacaring , the pane l was wrappe d in chemically iner t  hlue line
Lr at L h~ nd paper to protect the ~lcta i l pr~ur  io app lication of the adhesive.

APPLICATION OF ADh ESIVE

The A- 1444B adhesive used in the program was received in one gallon batch lots

starting with batch D and each lot was packed in four one quart cans . All adhesive was
stored in a -IOF deep freeze box. In order to extend the shelf life of the adhesive ,
the adhesive was removed from the can and transferred into glass containers which
contained sufficient adhesive for approximately two test panels. This adhesive was then
returned to the freezer .

Prior to the application of the adhesive on the panel, the glass container was re-
moved from the freezer and allowed to stand unopened at room temperature until the
adhesive reached ambient temperature. The adhesive was then applied to both skin and
pan details with a wooden applicator and spread evenly with a notched saw-toothed plastic
spatula as shown in Figure 110 to a nominal thickness of 0. 008-inch on each surface.
The thickness of the adhesive was measured using a standard film thickness gage.
The details were then assembled and positioned by inserting tooling pins into two tool-
ing holes located in the trim area of the panel. The circumference of the panel was

taped using a fiberglass electrical tape (7 m u ,  thick manufactured by the Permacel
Corp. ) to control excess adhesive run-out and to insure proper filling of all local areas.
After the tape was applied , the assembled panel was wrapped in a kraft paper for

transportation to the weld area located in an adjacent facility.

One set of anodized specimens (tr im stock) was sent to the laboratory for SEM
analysis to determine the quality of the anodize coating. Also , surface contact resis-

tance measurements were made on the remaining trim tabs using the alclad 2024/2024
and the bare 7075/7075 combinations. Typical contact resistance data from a pro-

duction panel are shown in Table 24. It should be noted that the surface contact measure-
ments showed wide variation in measurement readings a~ shown by the readings of
Panel C-l4. Resistance measurements varied from 200 rnicrohms to over 3000 microhms.
However , even with the 3000 microhms readings , high quality welds were successfully
achieved in all panels.
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TABLE 24. SURFAC E CONTACT R ESISTANCE OF PANEL C-14

Resistance Resistance
Test Combination Reading No. Micro-ohms Reading No. Micro-ohms

1 185 7 240
2 860 8 450

7075 bare 3 185 9 270
tO 4 500 10 270

7075 bare 5 230 11 510
6 340 12 560

Averagu - (12 read ings) 383

1 290 7 1600
2 350 8 240

2024 Alciad 3 3300 9 1400

to 4 2200 10 730
2024 AlcIad 5 1500 11 900

6 1600 12 180
Average — (12 readings ) 1190
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RESISTANCE SPOT WELDING

Following application of the adhesive , the preassembled pane l was taken to the
resistance welding area in an adjacent facility. The first step in the welding procedure
was to apply an electrode anti-stick solution to the electrode contact areas of the pane l
to minimize electrode sticking. Further details of this technique are discussed later
in this report . A weld locating tool was then attached to the panel as shown in Figure
111 to insure proper locating and spacing of the spot welds .

The welding electrodes were cleaned with a num ber 320 grit alum inum oxide cloth ,
wipped with acetone and air dried. Two spot weld samples using the pane l set-up
material were welded and lap shear tested. If the nugget quality and lap shear strength
were satisfactory by the third weld , the welding of the panel was begun. If the third
weld was unacceptable , a fourth weld was made and tested . This technique was found
necessary due to the characteristics of the anti-stick solution which are described later
in this report.

The welding of the pane l was begun by making a weld in the trim area adjacent
to the center row of welds of the panel. Three different spot weld patterns were
evaluated during the course of the program and all resulted in acceptable pa nels.
The weld sequence which gave the best results and which was used on most of the
structural test panels is shown in Figure 112. In this sequence , welding was
initiated on one end of the pane l and progressed continuously across the panel to
the opposite end . Approximately 15-16 welds were made between each tip cleaning.
Upon completion of each row , a lap shear test specimen was made using the panel trim
material to determine the weld quality and strengt h that would characterize the final
weld of the sequence. It was fo und that lap shear strengths of these final welds were
generally higher than the initial welds due to the use of the anti-stick solution.
This phenomenon is discussed later in the report. The quality of all welds was
excellent with no cracking or expulsion in evidence and the resulting lap shear strengths
were well in excess of minimum requirements.

After the completion of each weld sequence , the tip was cleaned and three control
welds were made prior to the next sequence of welds. This procedure was repeated
until the pane l was completely welded after which it was removed from the tooling
fixture. Excess adhesive was removed by wiping with a dry Kimwipe . The pane l
was the n wrapped in acid-free kraft paper for transportation to the curing oven.
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FIGURE 112. PANEL WELD SEQUENCE*
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The panel was placed horizontally in the curing oven and cured for one hour
at 250-260°F. A thermocouple was attached to the panel using fiberglass tape to
monitor the curing process. As a slight distortion (in the form of a gradual
curvature) resulted from the spot welding operation , it was necessary to lightly
load the panel with weights in the reverse direction to achieve a final flat panel.
Because of this distortion , the use of simple curing fixtures will probably be
required in production operations to maintain tight dimensional tolerances. Also
was previously noted , because of the batch consistency problem of the adhesive ,
future curing of production panels should be accomplished at 250-260°F for a
minimum of two hours to insure an adequate cure of the adhesive.

After completion of the curing cycle , the panel was allowed to air-cool to room
temperature. The anti-stick solution was removed with alcohol and the panel was
X-rayed to determine spotweld and bond qua lity. The panel was then trimmed to
final dimensions and indentation measurements were made on each panel to confirm
that the spot weld aerodynamic smoothness requirements of MIL-W-6858 were meL
Fifteen measurements were made on each panel as shown in Figure 113. It was
found that all panels met the aerodynamic smoothness requirements of MIL-W-6858.
A simiinary of the indentation measurements made on 14 panels is shown in Table 25.
Two hundred and ten measurements were made on the 14 panels and all welds
were well within maximum limits. These represented a total of 1498 indi vidual spot
welds. The panels were the n packaged and shipped to Fairchild Republic. Upon
rece ipt at Fairchild, the panels were X—rayed , and also harmonic bond tested to
evaluate the weld and adhesive bond quality . No discrepancies were noted in the
production panels.

MANUFACTURIN G OBSERVATIONS

During the manufacturing portion of this program , a number of minor problems
and observations occurred which are worth noting. As each of these problems were
solved dur ing the course of this prograr~, discussion and understanding of each is
worthwhile to enable a more successful integration of the weldbonding process into new
manufacturing environments. Each of these areas are discussed in detail in the
sections that follow :

L 
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Effect of Oxide Thickness and Surface Resistivity

Previous weldbond experience at Northrop had indicated that the ideal oxide
thickness for welding was in the range of 400-700 angstroms. Experience in this
program both at Northrop and Fairchild have indicated , howe ve r , that although
thickness is a contributing factor for producing a high quality expulsion-free weld ,
other oxide characteristics are also critical factors. Under certain cond itions , the
achievement of high quality welds through a much thicker surface oxide (as high as

0
3, 000A ) was possible. Conversely, in some instances, welding was difficult and
frequent expulsion resulted when the resulting oxide was within the 400-700~
recommended thickness range. It is believed that this phenomenon was due to some

characteristics of the (1) residual oxide left on the part after deoxidation and (2) the
barrier layer which was formed during the first 30-60 seconds of anodizing. It is also

believed that the oxide character is affe cted by extraneous particles or contamination

in the bath , as bath filtration appeared to produce a thinner (approximately 500X) and
more consistant oxide. Although the scope of this contract effort did not allow investi-

gation into this phenomenon, it can be concluded that the oxide thickness , as measured
by the Scanning Electron Microscope (SEM), is not an absolute measure of the weld-

ability of a specific oxide. SEM analysis on a periodic basis is a necessary process

control tool for checking the adequacy of the deoxidization , the presence of contamination
and the character and thickness of the resulting anod ize. However , the oxide thick-

ness as measured by SEM analysis, cannot be used for accepting or rejecting a specific

lot of parts without additional information.

In orde r to more fully understand this phenomenon , addit ional work must be

undertaken to enable a greater understanding of the initiation and growth of the boehmite
oxide and the contributing factors that affect weldability. Particular emphasis should
be placed on the effect of the barrier layer and particle contamination.

Shape and Alignment of Electrodes

One of the more critical factors in the successful achievement of high quality spot

welds through anodized surfaces was found to be the care of the welding electrodes. The

cortlition of the dome radius and the alignment of the electrodes appears to be more
critical than for standard resistance spot welding procedures due to the characteristics

of the surface oxide. The Importance of initiating the nugget near the center of the
electrode was discussed previously in this report. To achieve this condition , an

accur~ite ly shaped electrode of the proper radius is essential. Also the electrode

contact area must be accurately centered at the dome tip. A small misalignment of the
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elect rodes (due to imprope r conditioning ) may cause a non-centered nugget initiation

po int resulting in i rregular  shaped nuggets and possible expulsion. It was found both

, tt No rthrop and f’a i r c h i l d  that the use of a small electrode centering device during

electrode-cleaning was extremely helpful in maintaining the prope r electrod e condition

and in lengthening the l ife of the electrodes. It is recommended that if the

condition of the electrodes remain margina l after dressing, they be replaced with

a fresh set.

Use of Spot Weld Anti-St ick Solution

in spot w e ld ing  aluiii inum alloys through an anodized aluminum surface , sufficient
heat is gc~ierated at the electrod e and between the part interface to cause electrode
st icking.  It was found that this sticking condition is particularly severe on the 2024-
T3 alclad a luminum surface , anodized with the 1.0 V PSD anodize treatment. in order
to overcome this sticking problem , an evaluation was made of a commercially avail—
able anti—stick solution which , was reported to reduce the sticking problem . The anti-
stick solution used in the program was called P-2 , and is available from the Swiss
Federal Aircraft Factory, Emmen , Switzerland. A second product called Weldeze ,
available from Farbest Inc. , Los Angeles , Calif. , was evaluated later in the program
and found to give equivalent results. As claimed , the use of the solution greatly re-
duced the frequency of sticking. It was found that as many as 15 to 100 welds could be
made before the first instance of sticking was observed which necessitated cleaning of
the electrodes. Without the use of the solution , sticking sometimes occurred in as
little as four welds.

Production use of the solution was a simple task . The solution was brush applied
to the electrode contact area of the panel to be welded and allowed to air dry. Welding
then progressed in a normal manner. The anti-stick solution was left on the panel
through the cure , and then was easily removed from the panel by hand wiping w ith
alcohol.

The anti-stick solution was found to be extrem ely effective in minimiz in g the
number of electrode clean in g operations and aided in the manufacture of Class A
welds . An unusual circum stance was noted during the manufacture of the panels , how-
ever. The first  few welds made after each electrode cleani ’)g were undersize. The

exact number of welds needed before full size welds were achieved appeared to be a
function of the heat generated in the electrode. Fewer welds were need ed on higher
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heat weld schedules than on lower heat weld schedules. It was also noted that the
weld strength tended to progressively increase as an increasing number of welds were
made. A production procedure was then initiated for the thin gage material combina-

tion so that by the 5th or 6th weld (using auxnmy material) a weld strength of approxi-

mately 350 to 400 pounds was achieved and welding of the panel could begin. As the
number of welds increased, however , the strengths progressively increased. Tes ts

conducted on separate test material showed that by the 50th weld , 500 pound lap shear

strength was being achieved. This phenomenon appeared to have no detrimental effect
on the weld quality except that the weld cons istency requirenents per MIL—W-6858

may have to be modified when the anti-stick solution is used.

The Welding of Curved Panels

The final effort of this program involved the actual weldbond ing of production A-b

curved panels. The panel conf iguration selected for this demonstration was panel C-5
show n in Figure 105. It is an 0. 032-7075-TG bare pan , 0. 025-2024-T3 alclad skin
combination located on the top of the aircraft as shown in Figure 3. Three panels were
welded both at Fairchild and at Northrop to demonstrate feasibility of applying the
weldbonding techniq ue to an actual production Panel. These panels were cured and

underwent non-destructive inspection to evaluate the weld and bond quality of the panel.
It was the inte nt of this evaluation to determine the feasibility of weldbond ing curved
panels. It was found that no significant problems we re evident as a result of applying
the technology up to a curved pane l design . For this material thickness and alloy
combination , high quality welds were easily obtained .

Summary
The manufacture of the production test panels was overall a successful operation

and proved that panels of this type could be manufactured in a production environment

with a high leve l of success and a low reject rate . This program also proved that

there is a wide versatility to the process as the first fi ve . 050/. 040 combination

panels were manufactured before the final weld schedules were de veloped and

showed marginal weld quality in regard to nugget roundness and consistency . The se

panels were included in the test program , however , and all were found to be accept-

able. The final twelve weldbonded panels were made according to the complete

finalized process. These panels included a total of l2~ 4 spotwelds , and all welds

were acceptable as measured by X-ray inspection. Confirming tests conducted at

Fairchild substantiated the Northrop results. Fairchild X-ray and harmonic bond
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inspected all panels made at Northrop and found no rejectable defects in either the
weld or bond qua l ity.

The aerodynamic smoothness measurements made on the fourteen panels (210
welds) also demonstrate that using the techniques developed in this program , the
application of the process for exterior skin aircraft components will present no
problem.
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PANF: L TEST PROGRAM

TEST PROGRA M APP R OACH

The bonded beaded skin panels in the A-b A fuselage center section are in a
region of hi gh shear intensity and significant fuel pressuri zation. The desi gn require-
ments for these panels include both static strength and fatigue life requirements for
shear and normal pressure.

Although a considerable number of panel tests were performed in the design de-
velopment phase of the A- 1O program , these tests were configured to develop design
data and to study failu re modes for shear and norm al pressure loading. Both static
and constant amplitude fatigue tests were performed. Structu ral qual ification of these
panels was achieved as part of the overall testing of the static and fatigue airframes.

The objective of the test program was to perform , on a one-to-one bas is , com-

parative tests of weldbonded and autoclave bonded beaded skin panels for the A-b crit-
ical load ing modes of in-plane shear and normal pressure. The program was designed

to investigate relative performance with respect to static strength and fatigu e life and
to evaluate fai lure characteristics .

Additionall y ,  it was intend ed to determine if the weldbond adhes ive is more sus-
ceptible to moisture intrusion than the autoclave adhesive either through porosity or
diffusion and whether this intrus ion , if it occurs, produces significant deleterious effects .

TEST PANEL DESIG N

The test panel was designed to be representative of those in the fuselage mid-
section in terms of materials , material thicknes s , bead conf iguration (including end

geometry), b ead length and spacing, and the distance from the ends of the beads to

edge fasteners . The panels’ contained four beads which were adequate to permit devel-

opment of the static and fatigue fai lure modes as observed in prior testing.

FIgure 114 presents the critical panel dimensions and the configuration, of the
stiffening beads . Figure 115 presents photographs of the skin and bead sides of the
panel pressure tes t after dri l l ing for pressure panel testing.

The table in Figure 114 presents the combinations of skin and beaded pan
thicknesses used in the processes development and tes t evaluation phases of the pro-
gram. As show n , the skin was fabricated from 2024- F3 alclad sheet per QQ-A-250/5
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and the head ironi 7r~ , , — ’1M l)Zu • c per QQ—A—2 50/ 12 . The autoclave tnded and vs ‘ ;

bonded panels were ’ l’a 5ricatcd a~ i itisp ecte d as described in ~1~e prev io us sect s .

ThL- aut oc- la ~ c bonded ,anels were prepared using FPL etch , BR 127 corrosion inhi-

bited primer , and FM 123—2 adhesive . ‘i’he wekihonded panels were ’ prepared with

a low voltage phosphoric acid anodize and A-144-I B adhesive.

TEST RATIONA LE

As discussed previousl y, autoclave bonded skin panels are used in the A-b

center fuselage in areas of high shea r intensity and/or significant fuel pressure. There-

fore , the test program was designed to provid e the one-to-one test evaluation of panels

under static and fatigue conditions for shea r and normal pressure loading.

The static shear panel tes ts included one autoclave bonded and one weldbond ed
panel in each of the three skin and beaded pan thickn ess combinations , i .e. , 0.025/
0.032 inch panel , 0.040/0.050 inch panel and 0 .071/0. 050 inch panel .

Two approaches were used for the fatigue tests ; (1) spectrum load tes ts for the
0. 025/0. 032 inch combination and the 0.040/0. 050 inch combinat~ion , and (2) cons tant
ampli tude tes ts for the 0. 071/0. 050 inch combina tion. The spectrum loads and test
sequences used in testing of the lighter gage panels were repres entative of thos e in the
shear critical side fuselage panel . The constant amplitude fatigue load for the heavier
gage panel was at 75 percent of the average failing load of the static fuselage panels .

The purpose of the constant amplitude tests was to evaluate the tendency of the
bonded lands between beads to “disbond” due to shear buckling of the skin across the
bead. Experience with shear buckling beam webs or skin pane1s~ when stiffeners are
bonded to the skin, have shown a tendency for local disbondtng. This disbonding occurs
when free buckling of the sheet is restricted by the stiffener and the buckle wave tends
to peel the sheet from the stiffener. It can be expected that the tendency to “disbond”
increases with increasing skin thickness of the buckling skin , higher ratios of the
applied shear to the sheet buckl ing shear and decreased adhesive peel strength. Thus
the heavier gage , 0. 071 in. skin was selected for constant amplitude testing to evaluate
the disbondtng tendency.
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sa v to cc - r~ - e l  - - . the  I etnel sec. Therefore the panel configuration, used for the

ot ~~er static and fatigu e tests , as shown in Figure 114, was also used for the pressure

pane l tests. Pressure fatigue panel tests were run at constant amplitude from zero
pressure to (10 percent of the static panel failing pressures. Again , these were

comparative tests of the autoclave bonded and weldbonded panels to determine cyclic

life and failure mode.

To evaluate possible deleterious effects due to moisture intrusion into the bond

lines , one autoclave bonded and one weldbonded panel were subjected to an environment

of 95-100 percent relative humidity at 95 F for 120 days . The panels were subsequently
sectioned to obtain lap shear test specimens from all metal-to-metal bond ed areas
within the panel and to examine the interior of the beads for evidence of corrosion or

moisture intrus ion.

TEST METHOD AND RESULTS

Shear Panel Static Tests

The shear panels , Figure 114, were reinforced around the edges, to prevent
inducing panel failure at the edge loading bolts , and in the loading corners, to prevent
local compression instability or tension failures as shown in Figure 116. The reinforced
panel was then mounted in a loading fixture as shown in Figure 117.

The panel and loading fixtu re were mounted in a hydraulic test frame as shown in
Figure 118 and loaded across the diagonal of the panel. The load was controlled and
monitored by a computerized load control system as shown in Figure 11.9. This
loading system was the same as used in the fatigue tests and its function is described
later.

The 0. 025/0. 032 inch panels were loaded in 1250 pound increments to failure and

the 0.071/0. 050 inch pan panels were loaded in 5000 pound increm ents . The failure
loads for the various panels tested are summarized in Table 26.

The failure mode for all panels was overall panel instability resulting in diagonal
shear failu re across the beads as shown in Figure 120. In no case was the failure
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TABLE 26 . SUMMARY OF STATIC SHEAR PANEL TEST R ESU LTS

AUTOCLAVE WELD BONDED
SKIN BEAD B O N D E D P A N E L  P A N E L F A I L I N G  VARIA TION

THICKNESS THICKNESS FAILING LOAD LOAD (LB) (PERCENT)
(LB)

0.071 0.050 91 ,500 82,500 11

0.040 0.050 65,000 67 ,000 3

0.025 0.032 33,0p0 35,600 8

p
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mod e a function of the panel ad h esive or the spotwelds . Also shown in Table 26 is

the difference in load between weldboiided and autoclave bonded panels . The di f fer ence
is cons iderecl to be w i t h i n  n ormal  test s ca t t e r .

Shear Pane l Fatigue Tests

As described previous ly , the two lighter gage combination panels , 0. 025/0. 032
inch and the 0. 040/0. 050 inch , were tested under spectrum fatigue conditions and the
heavier gage combination panel , 0. 071/0. 050 inch , was tasted in constant amplitude
fatigue. For these tests , the edges were reinforced , as shown in Figure 116, and
mounted in the same configuration fixture as the static test shear panels, as shown
in Figure 117. Testing was performed in t le same hydraulic loading frame, and the

load controlled and monitored by the same computerized load control system , as
used for the static test (Figures 118 and 119).

The fa tigue test spectrum used for evaluation of the lighter gage panels was the
same as the 6000 flight hour test spectrum used in testing the A-b fatigue airframe.
This spectrum cons ists of 394 , 218 cycles of flight, gust, and ground maneuvers. There

are 186 loading cond itions in the spectrum , 174 fligh t conditions and 12 ground

cond itions . The complete flight spectrum is given in Append ix H. The maneuver
corresponding to each of these conditions is assumed to be initiated from a flight
attitud e of n~ = 0. 0 at the aircraft velocity and gross weigh t of the maneuver and to
r eturn to this condition after the maneuver.

The panel shear intensities corresponding to each of the tes t conditions were
based on the theoretical aircraft internal loads distribution in the structurally critical
0.040/0 . 050 inch panel as shown in F igure ~~.

In addition to definition of the test conditions , the flig ht spectrum given in
Appendix H contains the panel shear intensity for both the maneuver conditions, peak

load , and for the 1. Og initiation condition , ba.seload . The calculated loads were based
on the assumption that the door cover ing the trough area is ineffective in carrying
fuselage shear . Strain surveys of the fatigue aircraft revealed that approx imately 25

percent of the fuselage shear was carried by the trough doors. Therefore, the
experimental shear values for this panel were 33 percent greater than those encountered
in the tes t of the A-b fatigue airframe.
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The basic load sequence was crea ted by randomizing approximatel y 16 , 000

loading cycles corresponding to -I percent of a l ifetime of test ing. This 4 percen t of a
life t ime sequence contained 117 simulated flights , 104 of which are at 28 , 000 pounds

gross weight and 13 started at 43 , 000 pounds gross weight and , as the flight continues,
decreased to 28 , 000 pounds gross weight. Between flight s, a series of ground
maneuvers occur. This basic sequence is repeated 25 tim es per lifetime of testing.
Since some conditions do not occur 25 times per lifetime or even multiples thereof ,
and becaus e of their intensity, it is not desirable to overtes t for these conditions ; they
are inserted in the sequence at predetermined discrete locations .

Tables 27 and 28 present the results of the spectrum tests of the 0. 040/0. 050
inch panels and the 0. 025/0.032 inch panels , respectively . The spectrum factor listed
in these tables is the factor by which the spec trum loads were multipled in the specific
test. As determined by visual and dye penetrant inspection , the crack initiated in the
end radius of the beads for all panels , as shown in Figure 121. After detecting and
recording the initial crack , the test was continued until the crack grew to approximately
a 900 arc , which is also shown in Figure 121. The panel was then tested to failure in
a static mode to determine the residual strength.

For these spectrum tests , both the percent of life at which the crack had initiated
and propagated to a 900 arc , as shown in Tables 27 and 28, are presented
graphically in Figures 122 and 123, for the 0. 040/0. 050 inch panels and the 0. 025/
0.032 inch panels , respectively. As noLed in Table 27, difficulties were encountered
due to the initiation of cracking in scratches in one panel , and at the corner doubler in
another panel where the technician had scribed the surface of the skin while cutting the
adhesive film used in bonding the corner doubler. The data presented in Figures 122
and 123 exhibits scatter typical of fatigue testing, but shows no trends that would
differentiate the weldbonded from the autoclave bonded panels In fatigue life.

There were two modes by which the crack propagated to the 90° arc as shown in
Figure 124. Typically, the crack propagated low in the radius , Mode 1, but occa-

sionally propagated high into the spherical end of the bead , Mode 2. The residual panel
strength was not dependent on the mode of propagation and Figure 125 is typical of
the failure mode which was not an overall panel instability failure , but an extension of
the fatigue induced cracks to failure . in this case , cracks were evident at the ends of
the beads in three locations by the time the first crack had grown to a 90° arc. Each of
these crack s extended significantly at panel failure . One precracked panel did fail in

— 211

IIIIII.L. ~-~ - _ - . 5— -— -- —- -‘---- —-5--5--- 5-5- — - -5- .— -- .——- -S--- ---- - - --—-- ’ -’-- ~~~~~~••~5-~~5~~~ ~~~~~~~~~~~~~~~~ _ — - - - - -~~ -~sS. -



_ - - --- 5- -

TABLE 27.  SPECTRUM FATIGUE RESULTS FOR THE 0.04010.050-INCH PANEL

•0

INITIAL GROWTH TO RESIDUAL
SPECTRUM CRACK 90° AR C STRENGTHCONSTRUCTION TEST CODE FACTOR % LIFE % LIFE LB

MBOO1-3-SF S1 1.75 11 .0 14 .8 56,300AUTOCLAVE -SFS2 1.40 22.0 40.8 49 ,100BONDED -SFS3 1.15 52.0 —

WBOO1 -9-SFS1 1.40 24.5 28.8 60,100
WELD -SFS2 1.15 “31.5 86.6 58,600

BONDED -SFS3 1.00 108.0 201.0 56,000

‘SECOND CRACK INITIATION IN SKIN AT PANEL CORNER DOUBLER.
PROGRESSED TO FAILURE BEFORE 90° ARC GROWTH OF INITIAL CRACK OCCURRED .

“FIRST CRACK INITIATED IN SCRATCH IN RADIUS OF BEAD .
EXHIBITED VERY SLOW CRACK GROWTH IN INITIAL STAGES .

“‘STATIC PANEL STRENGTH — 66,000-LB AVERAG E.

TA BLE 28 . SPECTRUM FATIGUE RESU LTS FOR THE 0.025/0.032-INCH PANEL

INITIAL GROWTH TO RESIDUAL ’
CONSTRUCTION TEST CODE SPECTRUM CRACK 90° ARC STRENGTH

AUTOCLAVE MBOO1-5-SFS6 1.11 38.5 82.0 33,500

BONDE D -SFS4 1.00 69.0 113.6 33, 200
-SFS5 0.90 72.0 140.0 31 ,600

WB OO1-11- SFS3 1.11 60.0 120.0 34 ,000
WELD -SFS1 1.00 78.0 138.0 36 , 100

BONDED -SF52 0.90 72.0 188.0 32 ,400

‘STATIC PANEL STRENGTH — 34 ,300-LB AVERAGE
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FIGUR E 123. SPECTRUM FATIGUE CURVES FOR THE 0.025/0.032-INCH PANEL
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pane l  s t ab i l i t y . This wt ’ldbonded panel , W i3001—1 1—SFS 1 , as shown in Table 2 .
failed at 36 , 100 pounds as coml)ar( ’(l to an average of 34 , 300 pounds for t he a v erage of

the s t a t i c  panels for the th ft ’kncss comb inat ions  from Table  26 . The stat ic resid ual

strengths for the 0 . 0-1 0 0 . 050 inch pa nels were from 74 percent to 91 percent of ftc

a\ t ’ragC ’ st at ic  test panel s t rength and the res iclual strengths for the 0. 025 / 0 . 032

inch panels we re from ~i2 per~-~.~n t to 105 percent of the average static test panel s trength .

~~ p reviousl y discussed , the heavier panels , 0 . 070/ 0. 050 inc h , were
tested in constant ampl i tude  fatigue. The max imum load level was 65 , 000”puunds ,
75 l) erceflt of the average static strength , as shown in Table 26 , H = +0. 1. Table 29
s u m m a r i z e s  the results of thes e tests . As in the case of the lig hter gage panels , all
fat ig ue cracks wei’c initiated in the radius at the ends of the beads as shown in
Figure 124. In both weldbonded panels , the cracks initiated in the scratches in the
head end radius. A l tho ugh th e cracks in the weldbonded panels ini t iated at si gnif ic antl y
few er cycles than in the autoclave bonded panels . the~’ wei’c- not a t t r ibuted to the method
of panel asse ml>l v .  The res idual strength of the panels after 90

0 arc grown were from

~~ Percen t to 95 percent of the av erage s ta t ic  panel s trength . Typical mode of fai lure
is shown in Figure 125.

Pressure Panel Tests

Pressure panel static and fatigue tests were performed to evaluate differences
in the failure mode , static strength and fatigue life . The panels were mounted in a
pressure test fixture , as shown in Figure 126 , and positive pressure was applied to
the bead side of the panel. The pressuriz ing medium was air. Instrumentation was
provided to adjust , control and cycle the pressure between preset limits , and to
count the pressure cycles.

Static tests were run on both autoclave bonded and weldbonded pan els for the
0. 040/0 . 050 inch com bi nat ion and on ly on the weldbonded panel for the 0. 025~ 0. 032
inch combinat ion .

The high pressure cycling switch was set beyond the maximum anticipated static
strength of the panel and the pressure increased gradually until failure occurred.
Table 30 summarizes the result of these tests. The failure mode was crippling
of the bead at approximately mid-span as shown in Figure 127 . The autoclave

bo nded 0 . 1)25 , —0. 032 i nch panel  was not s t a t i c a l l y  tested since the  f a i l u r e  mod e
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TABLE 29 . CONSTANT AMPLITUDE SHEAR PANEL TEST RESULTS
0.070 SKIN — 0.050 BEAD

INIT IAL GROWTH TO RESIDUAL
CONSTRUCTION TEST CODE 

~~~~~~ 
STR~~~GTH

AUTOCLAVE MBOO1-1- SFCI 16 ,000 1 7,300 77 ,000
BONDED MBOO1- -SFC2 16,900 19 ,600 78,400

WELD WB OO1- 7-SFC 1 7,600 10,300 77 ,500
BONDED -SFC2 11 ,800 17 ,600 82,500

FIRST CRACK INITIATED IN SCRATCH AT RADIUS OF BEAD
“STATIC PANEL STRENGTH — 87 ,000-LB AVERAGE

TABLE 30. STATIC PRESSURE PANELS — TEST RESULTS

SKIN BEAD F A I L I N G  PR ESSURE
CONSTRUCTION THICKNESS THICKNESS TEST CODE PSI

AUTOCLAVE 0.~~0 0.050 MBOO1 -3-PSi 56.0

W E L D  0.040 0.050 WBOO1-9-PSI 76.0
BONDED 0.025 0.032 WB OO1-11-PS1 16.5
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on the other panels was independent of the method of assembl y.  A fa i lure  anal ysis
subsequent to tes t revealed no explanation for the difference in the static strength of
the 0. 040/ 0. 50 inch combination . Since the weldbond ed panel failed at a higher load
than the autoclave bond ed panel , the test objective of s ide—by—side testing l)rOVed the

~veldb onded panel ad equate.

The sam e test setap was used for pressure cycling the panels . The high pressure
cyc l ing  switch was set at the desired value and the low pressure switch was set as low
as possible and still produce cycling. This lower l imit  was always below 0 .5 psi .
Table 31 summarizes the results of these tests. The panel pressure was cycled

TA BL E 31 . PR E SSU RE PANEL FAT IGUE T EST RE SU LTS

SKIN BEAD PRESSURE CYCLES*
CONSTRUCTION THI CKNESS THICKNESS TEST CODE TO FIRST CRACK

AUTOCLAVE 0.040 0.050 MBOO 1-3-PFC1 2,580
BONDED 0.025 0.032 MBOO1-5-PFC1 7,128

WELD 0.040 0.050 WB OO1-9-PFC1 2,191
B O N D E D  0 .025 0.032 WB OO1-11- PFCI 23 .700

‘PRESSURE CYCLED AT 60% OF STATIC STRENGTH
0.040 SKIN — 0.050 BEAD 0-46 PSI
0.025 SKIN — 0.032 BEAD 0-10 PSI

between essentially zero (0. 5 psi) and 60 percent of the static pane l strength of the

weldbonded panels as shown in Table 30 i.e., the 0. 04/ 0. 050 inch panels were

cycled froth 0 to 46 psi and the 0. 025/ 0.032 inch panel was cycled from 0 to 10 psi .

The failure mode was the cracking of the skin along the row of panel fasteners at the

ends of the heads , as shown in Figure 128. Also shown in this figure are crack
detector wires which were connected to the pressure cycling circuit to stop the test
when they were broken . The test of the panel shown in Figure 128 was carried beyond

the point where ini t ial  cracks were detected to emphasize the mode of fai lure.

Althoug h there were differences in the fatigue l ife of the weldbond ed and autoclave

bonded panels , the weldbonded panel life was essentially equivalent to or in excess

of the autoclave bonded panel life. The failure mod e was independent of the method of

assembly.
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Environmenta l Panels

One autoclave bonded and one weldbonded panel with 0. 040/0 . 050 inch combi-
nation were subjected to a 95 to 100 percent relative humidi ty  at 95 F for 120 days .
Thes e panels were prepared by appl ying an epoxy-polyamide paint pr imer to all sur-
faces , then removing it from all edges to expose the bond line. Immediatel y upon
removing the panels from the environmenta l cham ber , an aluminum tape was applied
to al l  edges to seal in an moisture that may have entered the bond line. The panels
were then sectioned, first to obtain lap shear specimens, as shown in Figure 129,
and second to examine the interior surfaces of the beads for evidence of corrosion or
trapped moisture.  The edges of all test specimens were covered with the foil tape as
soon as the specimens were cut to retain any moisture.  This tape remained in place
until the t ime 01’ tes t.

Visual examination revealed no evidence of corrosion or moisture intrusion in
the interior of the beads of either the autoclave bonded or weldbonded panel. Fig-
ure 130 presents the test results of the lap shear specimens taken from the autoclave
bonded and weldbonded panels. Table 32 presents the mean and standard deviation
of the test results for each panel. All failures were cohesive in nature. The weld-
bond adhesive , A- 1444B , average lap shear value was 11 percent greater than that
of the autoclave adhesive , FM 123-2 , and the standard deviation in both cases was less
than 5 percent of the mean. It was anticipated that , if adhesive degradation occurred
due to the moisture intrusion , the pane l edge specimens would display lower lap shear
value s than the specimens fr om the center of the panel , but , to a small degree , the
opposite was true . It should be pointed out that the stress level in the 0. 040 inch
2024-T3 clad skin exceeded the yield strength , typically 45 , 000 psi , in all tests , and
indeed exceeded the typical ultimate strength , 61, 000 psi for some of the weldbonded
specimens . Adherend strains above yield can significantly reduce the apparent shear
strength of thc adhesive since the local strain at the ends of the lap can exceed the
limiting strain of the adhesive.

SUMMARY OF TEST RESU LTS

In summary , there were not distingui shable differences in static strength or
fatigue life that could be attributed to the weldbond process . Test scatter was encoun-
tered, particularly in fatigue , but variations in performance occurred as frequently for
the autoclave bonded panels as for the weldbonded panels. Static and fatigue failure
modes for both the shear and normal pressure panels were not direct functions of the
performance of the bond lines.
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FIGURE 130. LAP .SHEAR TEST RESULTS FOR THE ENVIRONMENTAL
0.040/0.050-INCH PANELS
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TABLE 32. LAP-SHEAR TEST RESULTS FOR THE ENVIRONMENTAL
0.040/0.050-INCH PANELS

MEAN LAP SHEAR STANDARD
CONSTRUCTION STRENGTH DEVIATION

PS I PSI

AUTOCLAVE 4340 182
BONDED

WELDBONDED 4836 232

Test panels assembled h~’ e i ther autoclave bonding or weldbonding subsequent to
exposure to high hum idity at. elevated temperatures for extended time (95 to 100 percen t
RH , 95 F, 120 days) exhibited excellent res idual lap shear strength with the weldbond ing
adhesive slightly outperform ing the autoclave bonding adhes ive.
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TEC h NOLOGY TRANSFER

The objective of this portion of the program was to successfully transfe r the al-

uminum weldbond process , established at Northrop, to the Fairchild manufacturing

area. This program involved the establishment of equipment , the transfe r of procedures

and the effective training of personnel.

The program was carried out in a planned series of transfer steps. Initial con-
tacts were made by Fairchild personnel visiting Northrop on two d ifferent occasions to
observe the prope r process steps involving the fabrication of weldbonded panels and

to discuss the requirements for necessary equipment. Also constant phone commun-

ication was established between technical personnel to explain details and transmit
new information as it was deve loped. Fo1lo~~ng the final establishment of the surface
preparation, welding, and inspection procedures , and the successful fabrication of the
Northrop structural panels , Fairchild installed the required equipment at their Farm-
ingdale , New York facility. Northrop personnel then visited Fairchild and spent approx-
imately two weeks training personnel and assisting with the fabrication of structural
panels. During this visit , several cur ved A-b  panels were successfully fabricated
with Fairchil.-~ ~ierforming the hands-on work.

The following sections describe the equipment and procedures which Fairchild
has installed to fabricate weldbond panels per the results of this program. A few of
their observations and problems which they encountered during this technology transfer
phase are also discussed .

WE LDBOND CHEMICA L PROCESSING

Chemical Process Line

The pilot chemical process line for the Northrop weldbond process was estab-
lished in the Manufacturing Development Laboratory of Fairchild Republic Company .
The equipment used in the process line consists of the following:

Water Demineralizer - Permutit , Sybron Corporation, Model No. 1001628
The unit utilizes three cubic feet of M-100 m ixed bed resin which is fitted
with a Baisbaugh 500 Resistivity Meter.
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Spray Rinse Tank

This tank is of polyethylene construction , 48 inches long x 24 inche s w ide x

30 inches deep, fitted with PVC piping, ball valves and fo ur stainless steel

spray heads. The rinse can be either demineralized water , tap water or a

m ixture of both

Solvent Vapor Degrease

Fairchild Republic Company has a production line , deep well , solve nt vapor

degrease tank employing 1, 1, 1 trichloroethane as the degreasing solvent.

The tank has a lance for clean distillate liquid solvent spray .

Alkaline Clean Tank

This tank is of Type 321 stainless steel welded construction with a volume

of 100 gallons. The tank measures 48 inches long x 18 inches wide x 30

inches deep. Heat is supplied to the fiberglass insulated tank by two CLEPCO-

WSE-6409 6000 watt heaters and a CLEPCO Model C954HT temperature

controller.

Deoxidizer Tank

This tank is of Type 321 stainless steel welded constru ction with a volume of

100 gallons. The tank measures 48 inches long x 18 inches w ide x 30 inches

deep. The tank is fitted with an exhaust fum e hood , filtered air agitation and

continuous solution filtration provided by a Sethco ZDX-lOOB pum p motor and

filter assembly with a 15-micron polypropylene cartridge filter.

Anodize Tank

This tank is of Type 321 stainless steel welded construction with a volume
of 100 gallons. The tank measures 48 inches long x 18 inches w ide x 30
inches deep. The tank is electrically isolated from the support frame and
house ground and has four polyeth ylene electrical isolators: two isolators
for rack support along the length of the tank and two isolators for short
rack support across the width of the tank. The tank has filtered air agita-
tion and continuous solution filtration provided by a Sethco ZDX-100B

p~imp motor and filter assembly with a 15 micron polypropy lene cartridge

filter.
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Electronics Equipment

Power to the anodize tank is controlled by a Harr ison 1.~iboratorie s, Regulated
Power Supply, Model 8l4A with a range of 0-36 volts d. c. and 0-2~ amperes.
Vo l tage is monitored by a Weston Model 901 D. C. Voltmeter and current is
monitored by a Weston Model 901 D. C. Ammeter. After anodizing , surface
resistance is measured wit h a C. B. Smith Co. Model VT-UA Surface
Resistance Ana lyzer.

Chemical Surface Preparation

The chemical surface preparation for weldbond ing was accomplished in accor-
dance with the Northrop weldbond process specification. The procedure is detailed

and clear cut and there were no problems experienced in the chemical processing.
Figure 131 show s the rinsed deoxid ized beaded pan being lowered into the anodize
solution.

Chemical Process Controls

Etch rate determinations on the deoxidizer bath and chemical analyses of the
solutions were accomplished at regular intervals. The etch rate at Fairchild during
the course of this study was 0. 1296g. weight loss , which is higher than the Northrop
etch rate of 0. 082 g. weight loss . The difference in etch rate is due to the fact that
the i”airchi ld pilot line is in a production line environment where the temperature
range wa.s 75-~ 5F during the course of this progr am , while the Northrop process
line was in an air conditioned laboratory environment of 68F . Solution temperature
differences account for the differences in etch rate. The etch rate determination at
Fairchild at 70F was 0 . 085g. weight loss which is only slightly higher than the 0. 082
maximum specified by Northrop .

Ch r - - - - ical analyses of the solutions during the technology transfer showed tha t
no ackitions were necessary . It should be noted that in the makeup of the original
solut ’ns in the proces s line , the chemical concentrations were used at their upper-

liowab le l imi t .  Subsequently, the baths were intentionall y heavily loaded with
a lu m i n u m  test specimens and doublers to tax capacity . Chemical analysis then showed
that  additions of Tur(~ ) - 1215-S to the alkaline cleaner and Amchem 17 to the deoxidizer
were necessary . Lap shear and wedge crack extension process control specimens
showed i 5 l l  psi for the 1 inch lap shears (FM 123-2 adhesive with BR-127 primer)

229 

-- — 5-- . - —.—
~~~~~~~~- ,“ 5-. .- - -5 -”--

~~~~~~~~
. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



_ _  — ~~~~~~~
_ - 5

~~~~~~
5 - _ _

~
- 5 5-

~~~~ 5-5-~

L L I t I’i
~~~~~~~~~~~~~~~~~~~~ ~~~~~t .__~~~ — ~—---%

~ - 0

~~ I .

~~~~~ ~~- ~~
. ‘ A ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1 ~~~~~~~~~~~~~I .  .~~

.

A7~~ ~ —‘
~~~~

4 
~
.. CI, .

& .

. .\ ~~~~~• 
‘

4~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- fl 6~’

a ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~

2 ~ 0

_ _ _ _  — - i--- . _
~~~
-

~~
•5 - _

~~-55-5-



- —- .,~ --— ,, . .- — —5--’— - 5- -- -r
5- . . . . .

and a maximum 1, ~ ineh wedge crack growth in 24 hours at 120F and 95- 100% relative

humid i t y .  The lap shear failures were cohesive failures.  There have been no

failures in the adhesive bonded doublers used in the fatigu e test program .

La!) Shear and Environmenta l Proces s Controls

During the technology transfer , lap shear and wedge crack extension control

specimens were processed with their respective skin and beaded panel details .

There was an ini t ial  diff iculty with the wedge crack testing. Tes ts showed crack

extensions up to 1 ‘2 inches in the f irst  two hours of environmental exposure.

Consultations with Northrop clarified the test techn iques as follows which were required

to obtain good test resu lLi . The method of preparation of the tes t specim ens was changed

to add spacers which kept the bondline thickness at 8 mils . initial specim en preparation
resulted in 2—4 mil bondlines . The method of wedge insertion into the crack was changed
from a sharp , bottoming hammer blow to a gentl e insertion using a vise. In the
majori ty of test specimens , the insertion of the wedge meets some resistance.
Howeve r , in som e specimens , the insertion of the wedge results in a resounding bang.
The cause and effects of this anomaly have not been determined .

The process control specimens cons isted of two pieces of 6 inch x 6 inch x
0.125 inch 2 024— T3 aiclad aluminum and two pieces of 6 inch x 6 inch x 0. 125 inch

7075—T 6 bare aluminum . Specimen fabrication matched one 2024-T3 sheet with  one

7075—T 6 sheet. The pieces were adhesive bonded with a 5 inch x 6 inch overlap area
for the wedge crack exten’~ion specimens and a 1 inch x 6 inch overlap area for the

lap shear specimens . The wedge crack panel had a 1 inch x 6 inch teflon insert spacer
to facilitate crack initiation. Both types of specimens had S mu aluminum wire spacers
around the periphery to provide constant glue line thickness . The per iphery was trimmed

off and discarded a ter curing and the tes t specimens were cut to 1 inch widths .

Typical test results using the B. F. Goodrich weldbond adhesive A-l444B were

4830 ± 70 psi for the one inch lap shear specimens and 1/8 inch wedge crack extension
for twenty-four hour exposure to 120F and 95-100% relative humidity . The lap shear

failures were all cohesive failures . Fairchild investigators hav e never seen adhesive
failures with the Northrop weldbond process. Wedge crack growth in tes t specimens
generally occurs in ~he first hour of environmental exposur,.
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SCANN ~~ G E LE CTRON MICRO SC() PlC INSPECTION

Fairchild Republic Company las purchased and installeu an Internationa l

Scie ntific Instruments 151-60 Scanning Llectr on Microscope for the examination of

aluminum surfaces prepared in accordance with the Northrop weidbond process

specification and for in-house fractography investigations. This instrument , shown

in Figure 132 processes the following characteristics:

• 60 Angstroms guaranteed resolution

• Magnification from lOX to 260 , 000X

• Five selectable acce lerating voltages to 30KV

• Large specimen handling - 3 inches to 4 inches w ith flexible

exter nally controlled manipulation controls

• Dual magnification display - lets you observe the sample at

different magnifications simulataneously on two view ing screens

• Automatic micron bar display, w ith alphanumerics video

input

• Automatic filament saturation

Fairchild samples aluminum for SEM examination in accordance with instructions

from Northrop Corporation. The sample surfaces were prepared for weldbo nding in

accordance with the Northrop weldbond process specification . The samples were

cut into strips 1/4 inch wide x 3/4 inch long , bent with two pairs of pliers to start

the angle and then cracked by squeezing gently in a vise. Care is taken not to touch

the m~dd1e of the sample with the pliers. The cracked specimens are mounted on
aluminum SEM planchets using Duco cement. When the mounting cement is dried ,
a conductive silver-filled cement is used to provide a conductive pate from the sample

to the planchet.

The sample is placed in a Kinney High Vacuum Evaporator Type 80-3 , approxi-

matel y 4 inche s away from a conical tungsten wire filament containing a small quantity

of gold wire and arranged so that the crack in the sample extends radially away from

the filament. The evaporator is pumped down to a pressure 0. 5 microns of mercury

at which point an electric current heats the filament to the melting point of the gold.

The gold is allowed to evaporate for four seconds . The sample is allowed to cool before

the evaporator is shut down and vented to atmospheric air . The samples are examined

on the scanning electron microscope. Anodic oxide coatings deposited at Fairchild

typically run approximately 400-600 Angstroms.
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Several d ifficulties have been experienced by Fairchild in the scanning electron
microscopy work. In the initial series of runs , chromium was evaporated on the

sample surfaces. The chromium film (lid not l)rovide sufficient secondary electron

emission for oxide thickness determinations . Under Northrop ’s guidance , Fairchild

switched to gold for highlighting the oxide coating. The conditions for gold deposition
from the evaporator d iffered from the sputtering technique used at N orthrop.  Fairchild

had to empirically determine the time necessary for coating the oxide in order to gu t
good resolution at the high magnification ~~O , 000 X) required for examination of the
oxide thickness . Thick gold coatings tended to spall off on cooling, giving a false
indication of no oxide coating. Also , a thick coating which remains on the sample tends
to mask the true features of the oxide coating.

The vapor deposition of gold upon weldhond aluminum oxide layers and the
examination of these specimens by scanning electron microscopy has become a
routine procedure at Fairchild Republic Company .

PASTE ADHESIVE APPLICATION

The B. F. Goodrich A-l444B weldbond adhesive is a one-part epoxy paste
adhes ive which cures at 250F. The adhes ive contains strontium chromate for
corrosion inhibition and Cab-O-Sil as a flow control agent. The material is shipped
from the manufacturer surrounded by dry ice . At Fairchild Receiving, the adhesive
is dated and stored at —3F in sealed plastic containers.

Prior to use , the full can of adhesive is equi l ib rated to room tc i~perature , the

p lastic container is removed and the can is wiped dcv prior to thorough nl L\ ing and

div ision into smaller aliquots. Care is taken not to introduce air into t~ e a dh e s i \ c

d uring the mixing. The aliquots are transferred tQ smaller containers, seal ed ,

labeled , dated and stored at — 5F. The adhesive viscosity spans the gamut of being

easy to spread through being difficult to spread. Indeed, separate cans of the same

batch of adhesive having identical out-times may demonstrate wide vari ance in

s~-r ea ( l i n g characteristics. There are no discernible difference s in lap shear s t ren gth

a nd in wed ge crack extension test results from samples showing spi - cada h i l i t y  ( I i fk rc nc& -~ .

The latest hatch of adhesive rece l ~ed (A ugust l97~ ) showed some s l i g h t  in hon in —

genei t v  in the form of s k i n — l i k e  curd s wi th in  two cans of a 21 —can hutch of adlies ye.

These curds were separated and discarded dur ing  adhe sive .appl icat ion , ho~ eve r: one

curd apparentl y got into a weidhonded sample . [‘he material shows up as a connected
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t h r ead l i ke  radio—opaque series of spots upo n the x— t’a~’ f i l m .  The curd may be a hea vy

conue n( rat ion of stront iwn ch ron iate. Discuss i n t l  iV ith the supj ) l i e l ’  indicate t li:~’

i mpruve ( l  process control techniques  wi l l  be insti tuted to e l i m i na t e  the problem in the

future.

Aluminum skin-beaded panel detail par ts were cleaned , anodized , dried and
stored in accordance with the Northrop weldbond process specification. Prior to
application of the adhesive , the mylar of the assembly is cleaned and indexed to the
skin panel and the inner area ’s surface in opposition to the beads are traced out.
‘[‘he headed panel is then indexed to the skin and any mismatches between the pen-
meters of the details are traced out. These areas are not coated with adhesive.
The details are separated and the faying surfaces are coated with adhesive.

The adhesive is applied to the faying surface area with clean wooden tongue
depressors or soft aluminum or plexiglas spatulas . The application edge of the tool
is a straight line . The easiest application tool to use is a three inch wide plexiglas s
windshield scraper. Figure 133 shows the application of adhesive to a beaded pan
using a plexiglass scraper. The operator , wearing clean white cotton gloves , takes
care not to dig into or abrade the aluminum surfaces . The adhesive is applied ~-l0
mils thick to each faying surface as measured with a film gage. The time required

for adhesive application to eigh t square feet of faying surface approximates one man
hour . Following adhesive application , the beaded panel is carefully placed on the
skin so that the indexing holes are aligned. Care mus t be taken because any skewing
or mismatch  of parts may require tedious clean up of adhesive. Cleco fasteners are

used to clamp the parts. Excess adhesive squeezeout is removed with clean straight
edge tongue depressors. Clean cotton gauze or cheesecloth slightly wetted with acetone
is used to remove the last traces of adhesive. The edge s and any butt joints of the
mated assembly are taped to pre vent adhesive runout during welding. The cleaned
mylar  is indexed to the part and the spots for welding are indexed.

During the course of this technology transfer , several problem areas for pro-
duction application of weldbonding have surfaced in the adhesive and adhesive

application area as follows :

• There is no second source for weldbond adhesive . A production
hedge is required to guard against (I)  work stoppage at the
adhesive manufacturer ’s plant , (2) unavailability of raw material
for adhesive compounding, and (3) noncompetit ive pricing.
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• There is inhomogeneity in the adhesive which results in incon-
sistencies in spreadability and curing time. Discussions with the
supplier indicate tha t tighted controls in the recommended procure-
ment specification should solve this problem.

• The adhesive application tim e is critical to process cost effectivity ; the
time mus t be shoxtened .

• Thick applications of adhesive are used to provide makeup for

slight mismatches in mating part contours. This results in
(1) waste due to adhesive squeezeout and runou t during cure ,
(2) heavier part , and (3) repeated cleanup. Removal of cured
adhesive runout from parts af ter the curing operation is a difficult,
time consuming chore.

-

‘ 

• Provision must be made for alodining the weld spots after welding.
Removal of adhesive from surfaces with acetone spreads the
adhesive over the oxide layer. After cur ing, some of the cleaned
area has a sheen to it , indicating that the re is a thin coat of epoxy
on the sur face. This coating may not take alodining.

• Judicious sequencing of weldbond manufacturing ope rations is
required for cost effectivity of the process.

ADHESIVE CURIN G

After the spotwelding operation , the Cleco clamps are removed and the indexing
holes are drilled and riveted . The tape along the periphery and any butt joints on the
assembly is remove d and discarded . All excess adhesive is removed with straight
edged clean tongue depressors and cotton gauze or cheesecloth wetted with acetone .
Care mus t be taken to wipe the assembly clean. The edges and any butt joint on the
assembly are ret.a ped. Clamping or fixturing of the part may be required in the
cur i ng operation . The part is cured in an ove n at 260F for two and one—ha lf hours.
Skin-pane l assemblies are generally cured with the skin side down. If the part is
cured with the concave or beaded pane l side dow n, the adhesive runs out into the
bead and dr ips from the hole in the bead.
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RESISTANCE WE LDIN G

Fairchild Resistance Welding Machine

A Sciaky 15OKVA , 10—cycle spot welder was selected for the transfer of welding
technology from Northrop to Fairchild. The machine selected was completely rebuilt
by Sciaky in 1977 and updated with a Sciaky solid state control system for resistance
welding (through a sealant) production panels for the A-b close air support aircraft .
Afte r rebuilding , the machine was located in Fairchild’s Farmingdale , New York
production environm ent , qualifie d to MIL-W-6858 and modified for accepting the
Pertron ~\ 1icroprocessor Control for weldbonding.

This particular machine was selected because of the relatively long cycle tim e
capability , i. e., ten (10) cycles at one hundred (100) per .ent heat phase. It was
necessary to select a ten (10)-cycle machine because of the extended weld and current
decay times associated with the developed Northrop weldbond schedules for 0 . 025~ 0. 032 ,
0 . 040/0. 050 and 0 . 071/0 . 050-inch aluminum sheet material gauges. Conve ntional re-
sistance welding procedures for gauges within this range normally require five (5)
cycle machine s.

Pertron Microprocessor Control

A Pertron Model PWC 300 Weldmaster Controller was procured specifically
by Fairchild for this weldbond progr am in accordance with the recommendations from
Northrop. The controller consists of a PNE300 programmable nugget expansion feed-
back unit , a tape recorder , an SCR f i r ing module , a ten (10) position selector switch
and the necessary interconnecting cables.

The system was installed liv Pc’ ~tron personnel in such a manner that the unit
could be operated either with the Pertron syste m activated or with the Sciaky solid
state system in use, by merely providing two toggle switches in the circuit ,
This was necessary to provide flexibility between weldbond processing and present
A-b p roduction requirements. Training of personnel in the overall operation of the
microprocessor was also provided by Pertron.

Spot Welding Procedures

To affect technology transfer for weldbonding from Northrop to Fairchild , two
material thickness combinations and two panel configurations were selected. The
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r
two thickness combinations consisted of 0. 025-inch 202 4-T3 alclad to 0. 032~-inch 7075-T6
bare and 0. 040--inch 2024-T3 alciad to 0.050-inch 7075-T ’i bare. For the 0.025-inch
and the 0. 050-inch gauges , A - l U  production details were selected from the production
line (P/N l60D2l50u2-4 1 covers , -43 pans). These details are presently autoclave ad-
hesive bonded to form an assembly located on the top of the mid-fuselage of the A-b .
The U . 040-inch and the 0. 050-inch aluminum gauges measured 12 inches x 12 inches and
were flat. These panels were selected to conduct spacing and possible shunting studies ,
as well as demonstrating weld nugget qualities resulting from different weld schedules .

All panels were cleaned , deoxidized and anodized in the pilot plant clean line
setup previously described. Parts were transferred to a clean room environment where
A-l444B paste adhesive was applied , parts were wrapped in neutral paper (MIL— P-l7667)
and then transferred to the production spot weld area for “weld fixtur ing. ”

Resistance welding schedules were developed for the two thickness combinations ,
i. e., 0. 025-inch/U. 032-inch and 0. 040-inch/U. 050-inch using 1 inch x 7 inches overlapped
2024—T 3 aiclad and 7075-T6 bare shear specimens. Spot welding parameters were
adjusted until shear values and weld nugget diameters met the requirements of MIL— W-
6858. Final weld schedules by cycle for both thickness combinations are shown in
Figure 134 and 135. Tapes of the welding variables were made on a standard telex
machine and entered into the Pertron microprocessor. A Duffers meter was used to
indicate maximum current for each weld and a six channel oscillograph was used to
record current and electrode pressures . Figure 136 shows the complete monitoring and
recording setup to weldbond the technology transfer panels and Figure 137 shows a
clos eup view of the resis tance welding operation.

All panels , flat and curved , were subsequently cured at 250F for one hour
and radiographically inspected. The flat 0.040-inch x 12 inches x 12 inches 2024-T3
alclad/0. 050—inc h 7075- T6 bar e panels revealed no weld nugget cracks or expulsion
and good adhesive bond coverage. Panels were spotwelded with row to row spacing
of one and two inches and spot to spot spacings of one inch and one and one—half inches.
The 0.032/0.025 curved A-b panels revealed acceptable Weld nuggets with no evidence
of cracks or expulsion with the weld schedule shown in Figure 134. However , som e
misshaped nuggets were noticed with the thin gauges required in the 0.025/0.032 panel
combination indicating that further work was necessary in developing an optimum weld
schedule for this combination. It was also believed tha t the misshaped nuggets for
thin gauges (0. 032—inch and under) may be associated with the sensitivity of the process
towards electrode configuration and elec trode aligi-im ent requirements, and further
effort would he needed in this area.
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COS T ANALYSIS

A cost aiiah’s is was conducted at both N or th rop  and Fairchild Republic to com-
pare the end iteni manufac t ur ing  cost of weldbond fus elage panels wi th  the mw-c con-
vent  j onal adhesive bonded panels and to determine the major cost drivers of the
sveldbond process. To obtain the most realistic values regarding the pote ntial savings
in applying weldbond methodology to a skin and beaded pan assembl y, indepe ndent cost
analyses were conducted at both Northrop and Fairchild. Complete integration of the
results could not be achie ved due to the different cost analysis techniques and cost
collection systems employed at each company. However , a comparison of the final
cost figures was made.

The cost studies conducted in this program did not take into accoun t the non-
recurr ing cost , including tooling, required for the various processes . The rost anal-
ysis was conducted in this manner because the VI eldbonding process was to be integrated
into an existing manufacturing system and max imum cost sav ings could not be realiz~ ’ 1 ,
as the autoclave tooling already existed. However , in considering the application of
aluminum weldbonding for new aircraf t sys tems , cost savings would be higher , as the
expensive tooling cost associated with autoclave curing for conventional adhesive
)onding processes would not be necessary .

COST STUDIE S AT NORTHROP

Introduction

The cost analysis activities conducted at Northrop included the generation of

cost estimates to fabricate the skin and beaded pan details as well as the assembly

of these details using both adhesive bonding and weldbonding assembly techniques.

A discussion of Northrop ’s cost estimating methodology and the results of the cost

analysis activities are presented in the following paragraphs.
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Cost s t i t i t a t i t ~~~~~~h~do1~~~

Nort hr op ’s detail estimating process was employed to generate the cost estimates
for th k ’  t abrication of the detail parts and tbe assembly of these details into the fina l
com; f I1c (’tt panel . This process utilizes Industria l Engineering Time Standards to
1-LE lcu late  the “pure ” labor hours associated with detail fabrication and assembly
operations. i”igure 138 presents a generalized detail estimating process.

COST ELEMENT
INPUTS STANDARDS

TIME STANDARDS STANDARD

BASIC DATA Pt FACTORY

______________ I LABOR HOURS

_ _ _ _ _ _  DETAIL 
MATERIAL C~~STS

~~~~~J AcIURIN~~
J.
.7 

ES1]MATING 

TOOLING HOURS

TOOL DESIGN [1 MFG ENGR
PLAN 

J 
STANDARD HOURS

FIGURE 138. GENERALIZED DETAIL ESTIMATING PROCESS

In de veloping Industrial Engineering Time Standards , basic Stop watch time
studies were performed at Northrop for operations tha t are involved in the production
of a particular item. The time standards that have been develope d account only for
the basic work content of a task and do not allow for other eleme nts which are part
of fact ~ rv labo r as experienced in a real production environment , e.g. , fatigue ,
wait i ng time for tools and materials , attention to persona l needs , etc. Figure 139
depicts the total work content of factory labor . These time standards have been

mcor p orat cfl int o North i-oji ’s Time Standards Basic Data Manual. Once these stand-
arcis have been established , the production cost elements are proj ected using suitable

labor rate s, improvement curve s, variance factors and othe r economic factors to

arrive at the projected recurring production costs as shown in Figure 140.

In this program cost estimates were made for two different assembly technique s,
adhesive bonding and weldhonding. The estimates for the adhesive bonding process
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PERSONAL DELAYS

UNAVOIDABLE DELAYS ELEMENTS
TOTAL OF
WORK FATIGUE VARIANCE

CONTENT __________________________

OTHER

BASIC FACTORY
WORK LABOR

CONTENT STANDARDS
(SETUP AND
RUN TIME)

FIGURE 139. FACTO RY LABOR BREAKDOWN

i IMPROVEMENT CURVE SLOPE

PROJECTED FACTORY
U LABOR HOURS

C,,

VARIANCE
VARIANCE

FACTORY LABOR
STANDARDS

1 UNIT NUMBER ~,T1000

FIGURE 140. PROJE CTION OF FACTORY LA BOR STAN DARDS
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wci-c made h o r n  the pt -c vi ouslv - eve lope d Industr ia l  Engitiee r ing  Till oc Standards.

The cost est imates  for the we ld ixo nd orocess ~‘ i e made by combin ing  stop~watch

t ime studie s made in this  p r o ’ ”~~ oo whi le  assemb ling tour different (two 0 . i ) - 4 ( i  i i ,

and t wo 0. (( 2 ~ 0 . 032 in aiei-ial comb inations) panels fol lowing the manufactur ing plan ,

sh own in ~\ pp en d i x  V , wi th  pr ior Industrial  Time Standards for the fabrication of the

skin and beaded pane l detail s .

The We~~~~ dj ~~arp in ~ Curve

Cost element standards are projected from the “pure ” (factory labor hour

standards) to i-c flect realistic production conditions throug h the application of various

cost projection fac t o rs such as variances , imp rovement curve slope s, and material
and labor rate s. These factors are established on the basis of a careful evaluation

of related historical data . Figure 140 illustrates Northrop ’s cost projection pro-

cedure. A variance factor is first applied to the factory labor standards at T1000.
From this point a projection is made to the fi :st unit following a predetermined
improv ement curve slope. Uni t factory labor hours are read off of the resulting

unit curve.

This procedure , presented above , reflects operations that are primarily

accomplished manually (hands on labor) in the shop where learning can take place.

It does not take into account limitations that can be imposed on either the equipment

or the operator , that some type of integration of men and machine may present. In

the spot~velding segment of the ~veldbond assembly proced ure such limiting factors

max’ appear . For example , there is a maximum speed in which the operator can

move and position the fu selage panel under the electrod e to insure high qual i ty  welds.
In addition , there may be a min imum spotweld schedule which produces the optimum

weld in terms of the fatigue environment. This scenario implies that the operator

will  undergo learning in manua l l y moving and positioning the panel , but at some

point (say TN
) any further increase in learning is inhibited by the weld schedule of

the machine.  This analysis is illustrated graphically in Figure 141.

Conversely, if the weld cycle time was capable of being reduced to allow for
a shorte r weld to weld time , assuming acceptable welds , the operator wou ld now

become the inhibiting factor in the procedure since he has an optimum speed in which

he can move and position the panel. This case is illustrated in Figure 142.

This scenario would require that the weld schedule cycle time be reduced to l x-’

c-o mpatib ’e with the speed of the operator .
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(1)

0 LEARNING CURV E
i OPTIMUM WELD IF NOT LIMITED BYSCHEDULE W ELD SCHEDULE

I 

~~~~~~~~~~~ — — — — — a a — —

TN T 10~~
AIRCRAFT UNIT NUMBER

FIGURE 141. ANTICIPATED WELDB OND LEARNING CURVE ASSUMING WELD
SCHEDULE AS LIMITING FACTOR

OPERATOR LEARNING

j ! 
I

TN T 1000
AIRCRAFT UNIT NUMBER

FIGURE 142. WELDBOND LEARNING CURVE ASSUMING OPERATOR
AS LIMITING FACTOR

As indicatea 1~~eviously ,  only four panels were observed by the cost analyst
during this program. This is not a sufficient num ber of observations to generate
highly accurate cost data but it was sufficient to make reasonable projections . Sub-
sequently , it was not possible to develop variance factors and improvement curve
slope s that would be unique to the weldbond assembly procedure. However , Northrop
does have experience in adhesive bonding and the variance and improvement curves
employed for this operation were used to develop the cost projections for weidhonding .
(It should be noted , that a majority of the operations required to adhesively bond and
weidhond were common to both . )
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Whe n the ~veldbonding procedure is moved into a Production environment , cost
data wi l l  become available and a more formalized analysis of variance and improve-
ment curve s can be accomplished. At this tim e, an optim ized weld schedule should
also l~ available to insure man/machine optimization ,

Results at Northrop

Tradeoff analysis between the adhesively bonded panel and the w eldbonded panel
reveal that the tota l fabrication and assembly costs of the weldbond panel is 4. 1 percent
lower than the adhes k-ely bonded panel for Th500 (where Th500 is define I as the actual
cos t, of the 500th uni t ) ,  as shown in Figure 143.

By removing the estimated cost of fabricating the skin and the bea~
1
~ d pan of

the pane l , which is common to bot h assembly techniques , and just isolating the
assembly procedures , the cost savings of weldbonding over adhesive bo nding is the n
7. 0 percent , as shown in Figure 144 for Tu500.

The leve l of detail at which Northrop develops the cost estim ates enables the
cost analyst to identify the significant cost drivers in both assembly techniques. The
cost savings exhibited in Figure 144 is achieved through the reduction in factory labor
hours required to spotweld the panel vs the floor tim e to autoclave cure the adhesively
bonded panels . Figure 145 illustrates that the autoclave time encompasses 65 per cent
of the time required to assemble the adhesively bonded panel . The adhesive bond auto-
clave cure time includes discrete elements embodied in the total operating time for the
operation. These elements include : Obtain required hand tools , clean as required ,
position part on tool , prepare vacuum bag , apply zinc chromate , bag and seal , install
vacuum fit t ing s and thermocouple leads , apply vacuum , check for leaks , move to auto-
clave and load , check master controls and install recording documents . (NOTE : The
actual autoclave cure time is not included in the factory labor hour estimated , as the
Northrop appr oach for estimating this type of operation is based upon “hands-on ” labor
only. In the weldbond assembly, the weld cycle time and adhesive application time
account for 40 percent and 27 percent of the t ime respectively. The weld cycle time

includes the time to position the pane l in the welding machine and the init iation and
completion of the spot weld , repeated until  the pane l is finished . The adhesive applica-
tion t ime includes the t ime to appl y adhesive and l)laCe the pane l in the weld fLxture.  A
sum mary of the results of the cost study at Northrop is given in. Table 33 .
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OTHER ______________—
OPERATIONS OTHER

33’”
1.0 - _____ _______ — OPERATIONS -~0

_____________

ADHESIVE 2~ ’APPLICATION
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FIGURE 145. SIGNIFICANT COST DRIVERS OF ASSEMBLY T ECHNIQUES
(ADHESIVE BOND VS WELDBOND )

TABLE 33. RESULT S OF COST STUDIES AT NORTHROP , Tu 5~~

Adhesive Weld
Operation ______ 

Bond Bond

1) Prefit 0.0139 0.0139

2) Cleaning & Preparation 0.0619 0.0619

3) Layup & Bag 0.1633

4) Suppl y Adhesive & Load 0.3814

5) Spotweld 0.5597

6) Cure 0.97 10 0.1661

7) Tear Down 0 .0937 0. 2119

8) Prepare Test Spec , Handling

9) Add Tack Rivets 0 .1876

Total average manhours per panel : 1.49 1.39 
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COST ANALYSIS AT FAff iC II ILD

Procedures Used

A manufacturing plan for the N orthrop weldbond process was submit ted to the

Estimating Department in Uagerstown , Maryland . This path was pursued because

all of the production adhesive bonding by Fairchild is accomplished in the Bonding

Facility at Hagerstown. The Estimating Department has wel l  established Set -uI )

and run-time standard hours for producing the skin/beaded pan assemblies , and ,

therefore , a meaningful one-on-one cost comparison could be made . TaI , Ic 34 shows

the operati ns required for the weldbond process. Man hour estimates were made

for each shop based on information supp lied to Fairchild by Northrop and from ex-

perience gained by Fairchild during the technology transfer task.

Results at Fairchild

Recurring cost comparison studies between adhesive bonding and weldbonding

the skin/beaded l)an assembly for Tu r.~~t,~ is shown in Table 34. This table reveals that

a cost savings of seven percent (which agreed with the Northrop cost analy sis)  can be

realized through use of weldbonding over adhesive bonding us ing current weldbonding

processing techniques . It is further shown that the principal cost drivers are the

application of the A- 1444B paste adhesive and the relatively long spot~ve lding cycles

required for the weldbond process . Based on experience with  similar processes ,

cost projections were made on an “optimized weldbond ing process. ” Assumptions in

developing this philosophy were made regarding potent ial process improvement , i . C . ,

ir~iproving the time for applying the paste adhesive and shortening the weld times to

below ten seconds per spot weld . This analysis shows a very respec tful cost savings

of 47 percent. When one combines this cost savings with the savings realized by

precision lay-up adhes ive bonding tooling versus simplified spot welding fixtures , then

the cost effectiveness of weldbonding becomes even more attractive.

Additional benefits to be derived from the application of the weldbond process

to the A-b include: (1) production experience with weldbonding, and (2) service

experience to verify durability. These benefits coupled with the reduction in the two

previously mentioned cost drivers (paste applications and spot weld times) represent

the two major areas for attention during the follow-on weldbond contract - “Production

Application of Weldbonding to A-b ” Contract Number F33615-78-C-512 1.
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TABLE 34. RECURRING COST ANALYSIS (MAN-HOURS)
AUTOCLAVE VS WELDBOND ING UNIT 500

Current Optimized
Autoclave Weld Weld

Operation Bonding Bonding Bonding

1. Prefit .25 .13 .13

2. Cleaning and Preparation . 15 . 13 . 13

3. Layup and Bag .67 -- --

4. Apply Adhesive and Load -- .50 .15

5. Spotweld — - .67 .39

6. Cu re .46 .25 .15

7. Tear Down .20 -- --

8. Prepare Additional Test -- .16 .10
Specimens

9. Add Tack Rivets .25 -- --

Total-Avg. Manhours/Panel 1.98 1.84 1.05
Cost Saving -7% -4 7%

COST ANA LYSIS DISCUSSION

The cost analysis activities conducted both at Northrop and at Fairchild Republic
showed that the selected structural panel used in this program provide s a seven
percent cost saving compared to adhesively bonded panels . This cost saving is s ignif-
icant when viewing the potential application of weldbonding to future aircraft  systems
for the following reasons :

a. The results of the studies bot h at Northrop and Fairchild revealed that the
maj or cost dr ivers  were (see Table 35): (1) the time necessary for the
application of the paste adhesive , (2) the relatively long spot welding
cycles.

As both of these factors were unexpected and ident ified late in the program ,
significant effort  to revise procedures to lower their impact was not possible.
As previously indicated , Fairchild will focus attention , as described below
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TABLE 35. COST DRIVER IDENTIFICAT ION ,* (Tu 5WEL DBONDE D ASSEM B LY 00

_____________ 

Operation Fairchild Northrop

1) Prefit  .13 .0139

2) Cleaning & Preparation .13 .0619

3) Supply Adhesive & Load .50 .3814

4) Spotweld .67 .5597

5) Cure .25  . 1661

6) Prepare Additional Test Spec . .16 . 2119
and Handling

Total Manhours per panel : 1.84 1.3949

*Thj s table demonstrates that  through independent cost analysis
activities at Fairchild and Northrop , bot h companies were able to
ident ify the same significant cost drivers of the weldbond process ,
i . e . ,  adhesive application and the spotwelding of the panels.

on these areas in the follow-on program .

Application of Adhesive

At the beginning of the current program , it was felt that it was adequate
to apply the adhesive by hand using a spatula , as is shown in Figure 110.
Fairchild will investigate other techniques for improved application of
adhesive , such as rolling techniques or air pressurized applicators ,
which are current state-of-art for other paste adhesives and sealants.
Adoption of such techniques should significantly reduce the time necessary
for adhesive application .

Weld Cycle Times

The time necessary for the spot welding of the pane l was “time studied”
using earlier panel weld schedules which conta ined a numbe r of “ti .iie
holds ” due to the current spike , the speed of the welding head , and the
long current down-slope. These hold times were successfully reduced
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I:t te i- in the ~)r ( g rai i i  ( lur ing the technology 1 ransler  l ) I i a— ~t a l t e r  thc

in i t i a l  t ime studies were completed. It is k i t  that wi th  fu r th e r e f fo r t

in op t im ii. ing ~~ eld schedule , additional t t i i~e reduct ions can I

achieved - Tb is pos sibility was consider ed y Faj i ch i l d  in the o pt imi  e l

wel d bonding ’’ cost study, show n in Table 34 , i n w hich  it  ~ a s -ass utii ed

that (based on experience with producti on ul assemblies i n v d  v ing  w e l d —

through-sealants)  these cost dr ivers  could he reduced to the v a l ues

show n.

The significance of reducing these t w o  major  cost drivers is evident since

the results of the cost study for the optimized process showed that the cost

savings of the weldbo nding process over the adhesive bonding process

for fabricating these panels is a significant 47 percent.

b. As was previously indicated , the fuselage panel selected for this program

showed only a moderate cost savings compared to other A- b  candidate s

in the original Fairchild analysis.  It is possible that the cost savings to

be realized when applying the optimized approach to these types of components

should be even greater than was shown in this study if these parts were used

on the first production aircraft.

c. It is also anticipated that additional savings can be realized when a design

philosophy for uti l izat ion of the weldbond process is properl y developed.

To date , aluminum weldbonding has only been applied to existing designs

that were previously assembled using othe r techniques , i. e .,  adhesives or

rivets. To take optimum advantage of the higher fatigue properties of the

weldbonding process and to max imize cost savings , a design philosophy

must be developed for the weldbo nding process. Using this design phil-

osophy , optimum designs can be achieved which not only would show significant

cost savings , but could also show reductions in the detail piece count of

built up structure. This could also show a potential weight savings due

to the fatigue advantage of weldbonded joints versus riveted structure.
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SECTION IV

CONCLUSIONS AND RECOMMENDATIONS

The f o l l o w i n g  general conclusions and recommendations regarding the overall
performance of the a luminum weldbonding proces s have resulted from this program .
Detailed conclusions regarding the specific individual aspects of this program are

contained in appropriate Sections of the report.

1 Weldbonding is now ready for implementation on a i r f rame structures .

2 . A luminum weldbonded panels can be successfully fabricated in an aircraft
production environment.

3. The alum i nu m weldbondin , process is an effective manufacturing techn ique
for the assembly of aircraft  structural components such as A— b panel
assemblies which were shown to be structurally equivalent to those made by

the adhesive bonding proce-~s

4 . Significant cost savings can l)e realized whi le  using a luminum ~veldb onding

for the manufacture of a i rcraf t  structural components Us ing optimized

procedures , assembl y cost savings as high as 47 .~ were possible by direct

substitution of weldbonding for adhes ive bonding.

5. Under conditions of low—load transfer , aluminum weldhonded components
exhibit s ignificantl y superior fat igu e performance than structures assembled

by rivets .

6. For optimum low—load transfer fatigu e results , the necessity of achieving
weld nuggets which meet the MIL~-W-6858 Class A size requirement is not

critical . In contrast to standard spot welding criter ia , optimum fatigu e
performance was achieved with the use of subsize , defec t free , and round
spotweld nuggets -

7. The surface treatment procedure used for weldbonding provides a more

stable surface than spot weld etching and may be an attractive cleaning
procedure for standard apot welding operations .
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S.  The use of in-process monitors and welding controls bas ed on the principal
of nugget expansion can be a powerful manufacturing tool for insuring high-
qual i t y  spot welds . Future work should be undertaken to fur ther  understand
and develop the metallurgical aspects ol spot weld nugget expans ion and the
potential of microprocessor welding controls to Lak e maximum advantage of
this potential .

9. Work should be instituted to qualify additional adhesives , including both
pas te and film types , to provide further  process cost reductions .

10. Improved paste adhesive application techn iques need to he developed to
provide additional cos t reductions .

11. Since the welding cycle time has a s~giiificant cost impact on the weldbond
process , effort needs to h~ undertaken to gain further  understanding of the
mec hanisms of weld nugge. growth through oxide coated surfaces so that
spot weld schedules can be shortened fur ther  to provide additional cost
reductions .
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APPENDIX A

PROCESS SPECIFiCATi ON

This specification , prepared in Northrop Company format , is intended to be a
basis for an industry wide specification or individual company specifications to effec-
tively use the aluminum weldbonding process. The procedures and specification
limits outlined herein represent the results of the optimum manufactur ing ~ -c hniques
which have been proven in this program to achieve acceptable results. However , this
specification is not intended to limit potential users from expanding this technical base
or further improving the process to achieve successful integration into their own manu-
facturing operations . As further development is under taken and as production experi-
ence is gained , it is anticipated that many of the process parameters, i . e.,  tempera-
tures , times , voltages , weld schedules , etc. will be modified to fit  specific situations
and some of the current product ion control r equirements can be relaxed . These modi-
fications will not only improve the technical base and confidence in the process , but
should permit  further r eductions in manuf2 turing costs .

--

2 9  - - 
- 
.

— -
~~~~

.-- - ‘— 

f I
’ ~ç-

C •



_ _  
______  -

xPs - .wB
NORTHROP
Northrop Corporation

A irc raf t  0roup - A i rc raft D i v i s o r  DATE

P R O C E S S  ~P E ( I F I C A T I O N  RELEASE FO

TITLE : 
~~~~~~~~~~~~~~~~

- C - ~~-
-
~ -5h1 ‘~~~ . ?  .;C F : t l F t

~~1 Cr . :s spe ’ . I .~~~l. 03C r _ 1  ‘ • - . ‘ .0 -~~- J ~ ‘ - I :  -1 — - r C r  - ‘r e t a l — t - — ’ .- t i  I .e  r .  .. - .~~t C r , r-- : . is- ’:— r , L e s
H “ — ‘ ‘ C u . ’ - - — 1 , i n ’ ;  a 25 ( .- ~ 

1 ;t - e a r : ’ ; -, 

1 2  T A r  r e l a  1r- - - ’ - r  C r  . C ‘ J S  .-
~ 

l
~~~~~~~H- iC  1-1 1 ,, -  IN 1- I 0 o r l e  ~~‘ ‘- r e~~ee :  J C C  Jr .

* 
- . 3  v t , - .; C e e t . , ~~ .’ r - a l - iCr  t r . : s  s ; , - e : t ,  . rC: , : , ,  i s  t I c-C C I ‘ ‘ — N .  r r r ’  ar . r CO 2 v — ~~ : . r r -

a C A :  . n - - - , rio C,- ‘- . N~ Q , t . -  :r . . - , .  C I -u ‘ 2 1  Cr, ,,, ’ , a, . : N 1 2 — — N
a l e - i  — l O o t  , 1 t h  a H ,ress - . - .- - . r 0 IN to ~ .J”i :1- ’ . 2 ’ . - t e  - ,: rr- -
eo r n t L r . a t : u c s  r a N  r - C e  ‘ N C r- . t ’N . ’. ’ & 3Nr .H , -N r C - ; r . - C : ; a t : - - ; , .

N’. C r . - e u s t - : r r a r , - a n i t a :: r l l - a c u , e r r ,.- r . t  . v t - ’ C:r c ’  i n  ir e  f C , H. - . C I V  , — r ’ e -_ r e t ,  ; i  ..r . : t r  a , . :
,.rer, - n I l e , - - a N i N C , - . ‘~ l .. i v  ‘ e riC — - - ‘ n e  r i r : - e ) ,  aS . N , C ’ - r r , a C : e n a  . 1y s C ’ ~r’ iN
A r t ’ : : ,  v ’ - ’ P i C ; r : C r : l  C r -  H t C , s  s;~ - - t C :  a t : - - , . , - 2 , f l .’ C r & i - f l5 .,r€ C r a : r : C N  , N rc x : ’ r at J ,. s .

2 7 .  l A I N

A - - T r .e  fo - .:. - I, ’ uP 2 - C rel i c C Cl . r ’ t r e a r  :zi ,- C Cr- - C 01 C C r -  I i  Ce SC :r a: - C 01 C t C 3
r e 4 ~~’ s C r . r p r o p o s a l  r ’. a t a r t  2 1 1 1 5  N e t - N i -  t i e r ,  t o  t t .  e x t o r t  s p e - i 1 : e :  r r e : r . .

2 . 1 . 1 ,‘~~~~ , Ae ~~:: ’ i , ,  ‘- _ L t

2 . 2 Th . -  IN.  . :-  .- --. ; e  - ; f i e a t : - : r t ~ 1 : , - ’  t N c  r- , a r ” r , a l s  C - I N _ a r e A  N t r i o  s C r .- :r
of ro se Cr  ‘ ions ii r e t  r ’ - N :re d  t e  t e r ’, - , - , - , C .  C a : , . . - - 1 0 - I

2,., 1 — t — - ’.. - ,C r : - t  A e , -1 , To 

2~~ i . 2  — — ‘ Sr l i a r ,  I : e rr .  r- r t - - . Nr N , -a t - , C e

2 -~~ .— A — ,’ 5 0 ’ ’ 2  ~~ t N - ,- 211 ,- C a,-  C ‘ . , .

2 . . , -‘ 
- -  — — a - N  , ,  ‘ ‘ . ,  I N - e a r - .,  A , -- . 101  i r e  r . N e a : e ’ r

~~~~~~ ‘ I N A — . ’ ’ ’ ” i . I t ” r , ar t ; ,:;, ‘ ‘ e a t -a Ny  ‘.‘ - - - ‘-

e r ” — a - - A  A - I ’ , , - a r v e , A ,  j a r  3 : 1  i t . ’i . . e r a :  Ce ‘ r e
t o  Cr ’ ’ C - - -  t o  ~2 C )

3 . 1 ‘ r ’ - - c :

1 . 1 . 1 . 1  A 1 i . n . ” l i l - - y , ’ ’-, ’ , ’ r- ’ A — T r.  , _ — A — - ’-S ’ ’

. 2  A : h e s : v ’-

4 .  2 . 2 .  : v i  H -l i i  - N. -

3 . 1 . ’ , N ’- r ,  1 A N N : -  ron

PAGE 1 - I -

0

20 1141$ - 0 9  ‘Jr

- 

I 
I



_________________________  - - —--- -~~ —-- --~~- -‘--- “ ‘~~~~~~~~~~~~~~~~~~~ ‘~~~~~~‘ _______  .“.‘-. --

NORTHROP i’~., 14 ., )-- 4  N’ - C T !  N :

Northio p Corpo rat ion
A ,ra,it l  Group - Aoc ,a f t  Dia,s, o rr DATE ‘ ‘ - 

1 . 
— - —

4 . 1 . 1 , 4  1 ,0 - 1 : , . ’ 1 ,701 -A A rn - on ” r :  A r , r r l u e t s

3 . 1 .  N- . Ar - Iron 7 Am - -to -c A l  ari a ‘ -:

l . Ni . ’ A n - l i r e  C ’ A rr r -h , - r r l r . - 1- a - ’ -

3. 1 .4 CN~
_
~

4 .1. ’. - I A ii , N C r : : , C e d A r . i -al — N —  3’,C.

3. 1 ’ ... ’ A - :-i , Pr, - :r lr N.rA - , 85 t - e r r r e r t  Ao rn r ,ercial

1 . 1 . 5  °ir. .’l:ar. -, ’ - ur,

3.1 .5.1 -r ee let h , Co pe C . C l a s s  2 C C ’ .— ‘ - ‘ . 0 3

3 1.5.2’ Paper , C r erl:calI y Neutral , M I L — F — l 7 6 € 7

3,1 .5. ) C loves , k l i C r ’  Cotton Commerc ial

3.1.1’.’ Electrode A r t  :— .‘ N - - r, Commercia l
SO Na t ’.on

3.2.1 n . C .  . “ i t. , - - - T Ie spot aeld:r ,; ma .oni ne shall 10 a t h ree phase rr acr .ine eqa,; . pe :
uN • ~~; ‘ ‘ - C - t y p e  C,: :r:p-rooeSsor w el l ing ea ,rt rolle r c a p a t l e  of -:ycle- ty —c y ie

-:r:t r :-I, The na,h :r .e sha ll also I.e capable of controlling tte ui-Il an: f : r p e  
e a : C r : n ’ - 50 p c r , r - t s  (222 N).

3.1.2 . . C : ’ .; h l e : t r c  N’s — C C ”  electr onic s shall be wa ter cooled Pw ’-CA , lNas 1 or Class 11.

2 . 3 N , o n ; a t . ’ arfec Trea~~~~~~~E u r -~ Ont

3.2 .7 .1 ‘- v.1.:z~-r C n r c  - T n ’  Ir- rr-i: zer tarn s h a l l  te :or,str .,ete-l of PVC , N A , p o l y e t h yle n e .
ru iN ‘- r- , r- 3,10 serIes CRES steel ma t e r i a l .  If A PES steel is asel , means

sIil , be p r ;: In ens..re - -c- -n t  b C e  electrical :nsN.it:On of the a-ore pi ece free
t O e  t ori . N.e ~~r ’ ‘1,2 - r . C  1:1, a means of ag:tut:o r. either ty air or by circu atlor
. :t ’ n a S., ton - ‘ . ‘r ’ i :N~’l :i ’ r C r c i rc u l at : O r  p u l p .  The P u ~~P and f a l t e r  hc u s1r.g s C - a l l t o
“ .1 I- ’ i f  ‘ .1 or ‘PA — ‘—r ial w :Ch poi yp ropy ier.e fa lter car tr :lges,

- : 3 . 2 . 3 . A  - C : : . - T a r N .  — T I e  ann IA Iron InIrO IC- shal l be :onstrar :ted Trot -n Type i3 3  CFET s t . e l .
~~~-T T , o  -.5 -11. to r i  p so m a t  th~ tare is elec tr:,, all y in s a l N t e l  fr -n e tIe r :-oN :ng
f i x t _ r e ’ r  and the ; r r t s  Peon; processed. The tank shal l be p r o v i d e d  a:.t air ag:tat :or
-m i  continuo u s T N  ‘ r - a ’ : r  by coins of a Call ana falte r hous::; male ~f eNt er P A - C

‘ 

or C A 2 7 C  n at e r :a :  a-itS p ral-.pr-:p v le ne filter cartri-:ges . N.e el ec tr ~~oal power supply
C r  the a n . r i a z : r . ; ~‘ Ie r , it i e n  N a i l  produce ripple—free DC - a  2 per cert of ar.cdi z l r g
vo N a,,’-

3 . 2 . 3 . 3  P :n s4 .,T~~,,, ~ j~~p!rern t - Tie equipment shall have provisions for spray rinsing a:tr. e:ther
tx ~ w a t ’ - , ’ r Ce . ‘ ized water , either separatel y or slmu ltar. eo.sl y.

3 . ? . -. 2’ “ ‘:rnN’ C o n ’~ j 7’ v r : ’ : ’ r r’ - The tensile machine shall t-e ca pable of achieving an accuracy
‘-on -3”  C1 e ”T-;ll scale read :r:w-

3 . 2 . 5  , . ‘ ‘ ‘ c )tesistaxc’o AriAjea tors — b r i e surface resistance indicating equipment shall Pr
Ca . on ,e of achiev ing an accuracy of , 10 p e r c e n t  of the full sca le reading.

3. 2 .6 ~~~~~~~ - Tool i n g r e q u i re d to l o c a t e  w e l d s o r ass i st in  assem b l y  sha l l  b e m a d e  f rom
‘-r -r .r r:ntic material and shall be so designed that welding current is ~‘ot shunted

C r n r e 1~ t i e  tool.

3 . 3  Proces s Synopsis — F l . rw  Chart — The process :n; sequence shall be as op e n ’ : )  t e d  in Figure 1.

3. ’. Storage and Handling Al he s ive

3.9 .1 The adhes:v’- shall be st o red as specified in Table 1.

3.4.2 N i r a g e  shall be provided trr protect the rra ’eri a l from moi Sture , direct sunlight , and
cop n: -are to elevated t e r r p e r a t n i r e .
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V A P OR DECREASE

~ - ALKALINE CLEAN4
WATER BREAKS RINSE

OR
CONTAMINATION

• INSPECT FOR CONTAMINATION
BY WATER—BREAK TEST

WATER— BREAK—
FREE ~URFACE

a-DEOXIDIZE4
SPRAY RINSE4

ANODIZE

4
SPRAY RINSE4
OVEN DRY4

APPLY ADHESIVE4
ASSEMBL E PANEL

4
APPLY ELECTRODE ANTI—STICI(

SOLUTION

4
WELD4

CURE ADHEStVE

4
VISUALLY INSPECT4
INSPECT FOR VOIDS4

RAD IOGRAPHICALLY INSPECT
(WHEN REQUIRED)

FIGURE 1. PROCESS FLOW CHART

TABLE 1. STONAGE TIME FOR ADHESIVE

Material Storage Temperature , F (C) Storage Ti~~~~]

Maximum

XMS—WBA 0 (—18 ) 6 months

80 (27) 7 days
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.3  ~~. - a :  - a n ~ . ‘ at or in5tru.~t ions on hand i ng and storage shall form a
,rt o; t i e  ‘. 4 . : r .~~e r t~ 1 4 ic e:ific ation. I n  event of confl ict , the requirements

of U i v  .~ 
i i : at lon sr.:: . ,v .  p r . .

3 . 4... Materials ar-al be used ...n a :.;ue nt i a l basis; the oldest material shall be used first.

I . :,.’ C o r r . : r . e r s - e r r . . v ~- i  from st o r a g e  s h a l l  be identified with the removal time and date and
wit r. t r - - time and date of return to storage. The total out time shall not exceed 7
days.

3. 44 .6 The container reproved from cold storage shall not be opened until it has reached room
tem perature.

3. ’~.7 The unused portion shall be returned to storage as soon as possible.

3. 44 .9 Ma terials n - -t  being used shall be kept in sealed or closed packages or containers.

3.5 Surface Preparation — A l l  surfaces of a 11 ‘ta and test specimens shall be cleaned and
anodized in accordance wi th the followi . - . :ocedure.

3.5.1 v ap 9~~~De~~r e a s i ng  — All parts shall be vapor degreased to remove all oil or grease.

3.5.2 Al kaline Cleaning

3.5.2.1 Immerse parts in a nonsilicate d alkaline cleaner at 125 to 165 F (52 to 74) C) for
12 to 15 min utes.

3.5.2.2 Spra y rinse with deionized water for 5 to 7 minutes.

3 . 9 .2.1 Inspect for water—break—free surface. If parts are not water break free , repeat
3.5.2.1 through 3.5.2.3 until a water—break— free surface is obtained. Parts shall
be considered to pass the water—break inspection if , after completion of rinsing, the
surface of the parts will maintain a continuous film of water for 30 seconds without
sudden flashou t.

3 . 5 . 3  Deoxidizing

3.5.3.1 Immerse alkaline cleaned parts in an agitated deoxidizer solution (~e.3.l.l) at 70to 80 F (21 to 27 C) for 6 to  8 minutes. Higher deoxidizing temperatures may be
used if reduced times are employed which achieve equivalent results. The solution
shall be certified in accordance with 3.144 . Parts and hanging brackets shall be
Suspended in the tank so that they do not make metal-to—metal contact with the tank if
CRES steel tanks are used.

3.5.3.2 Immediately spray rinse with ambient temperature deionized water for 5 to 7 minutes.
The inclusion of tap water for the first 1 to 2 minutes of rinse to minimize staining
on alclad material is acceptable. No drying of the part shall be evident prior to
immersion into the anodizing solution.

3.5.4 Anodizing

3.5.14 .1 Immediately immerse in anodize solution (4.3.1.5) at 70 to 80 F (21 to 27 C) for 18 to
22 minutes at the voltages shown in Table 2. The solution shall be certified as part
of the system In accordance with 3.14. The electrical connection must be made and the
current applied within 30 seconds after the parts are immersed in the anodizing
solution. Electrical connections made to the parts below solution level must be made
with aluminum or titanium electrical connectors. The use of copper or CRES steel
connectors is prohibited.

TABLE 2. ANODIZING VOLTAGES

Alloy Voltage Range

2024—13 bare 1.4 to 1.6

7075—TE bare 1.4 to 1.6

20244—13 alclad 0.9 to 1.1
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3 .5 . 44 .2 Spray rinse with deionized water for 5 to 7 minutes.

3.5.5 Drying — Oven dry parts in a recirculating air oven at 150 to 160 F (66  to 71 C) for 31
to 80 minutes.

3.6 Accep t ance  C r it e r i a  for Surface  P r e p a r a t i o n

3.6.1 Anodize Thickness — The cleaned and anodized surface shall have minimum anodized
thickness of 400 angstroms (Ao) when tested in accordance with 4 4 . 6 . 3 .  The
recommended maximum thickness is 800 angstroms (A°), but thicker oxides are
acceptable if acceptab le welds are achieved.

3.6.2 Surface Resistance — The cleaned and anodized surface shall have an average surface
resistance of 200 to 1200 microhm s when tested in accordance with 4 4 . 6 . 4 4 .

3.6.3 Provisions for Recleaning

3.6.3.1 Parts may be recleaned If they become contaminated , are misprocessed , or fail to
meet the requirements of 3 .6 .

3.6.3.2 If an error occurs in the anodizing process , the part may be reprocessed by rinsing,
deoxidizing for 3 to 4 minutes , and then continuing through the normal procedure.

3.6.3.3 If parts become contaminated after anodizing or fail to meet the requirements of
3.6 , they may be processed starting with the vapor degreasing in accordance with
3.5.1. However , deoxidizing times in accordance with 3 .5 .3  shall be reduced to three
to four minutes.

3.7 Preparation for Welding

3.7.1 Part Handling and Storage

3.7.1.1 The cleaned and anodized parts shall be handled with clean cotton gloves. The
surfaces to be bonded shall not be touched , even with the clean cotton gloves.

3.7.1.2 The paste adhesive shall be applied to the cleaned and anodized parts within 120
hours from the time they are anodized. Parts shall be maintained in a clean room
atmosphere until the adhesive Is applied. If transportation throug h any contaminated
area is required prior to applying the adhesive , the parts shall be wrapped in acid—
free kraft paper or placed in a :rotective container. The wrapped parts shall not be
stacked and shall be handled only 0t the edges.

3.7.2 Adhesive Application

3.7.2.1 The adhesive , warmed to room temp eratu.e , shall be applied to both surfaces of the
part to a sufficient film thickness to achieve a final glue line thickness of from
0.005 to 0.012 inch (0.13 to 0.30 mm). The adhesive shall be applied to the areas
specified on the Engineering drawing.

3.7.2.2 The parts with adhesive applied shall be assembled within 44 hours of the application
of the adhesive. If transportation of the assembled part to any contaminated area is
required , the parts shall be wrapped iii acid—free kraft paper or placed in a protective
container.

3 . 7 . 3  Electrode A n t i - S t i c k  A p p l i c a t i o n  — Apply electrode anti-stick solution to exterior
surfaces of assembled parts in the area that is to be welded.

3.8 W e l d i n g

3.8.1 Welding shall be performed using a certified weld schedule for the material and
thicknesses being joined. The thickness combination of the production parts may var y
from the certified weld schedule within the limits noted below , provided the certified
nugget size average can be reproduced with a weld heat (current) setting that is
within • 10 percent for each cycle of the certified value , all other conditions being
the same.

a. For outer sheets up 0.0440 inch (1.02 mm) inclusive , the variation in thickness
of either outer sheet is within • 0.004 inch (0.10 mm) and the variation in the
summed thickness of the combination is within • 0.006 inch 1. 0.16 mm).

b. For Outer sheets over 0.0’lO inch (1.02 mm ), the variation in thickness of either
outer sheet is within • 10 percent and the variation in the summed thickness of the
combination is within • 10 percent.
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3 .8.2 Welding shall be performed within 96 hours of the appl:~~.tion of the adhesive to the
parts.

3.8.3 Welding shall be discontinued and electrodes recleaned when electrode sticking occurs
or when tip pickup exceeds the requirements of Table 3.

TABLE 3. VISIBLE EXTERNAL IMPERFECTIONS

Nature of Weld Imperfection Acceptance Factor (1)

Cracks open to surface 0

Edge bulge cracks 0

Surface pits over 0.063 inoh 0
• (1.60 mm ) dia

Surface pits under 0.063 inch 0.03
(1.60 mm ) dia

Flash and surface fusion 0.03

E l e c t r o d e  p i c k u p  0 .02

NOTE: I. The number of allowable visible imperfections
is calculated by multiplying the acceptance factor
times the number of welds inspected and raising any
fraotional nuRber product to the next higher whole
number.

3.9 Acceptance Criteria for Welds

3.9.1 Visual

3.9.1.1 Surface Indentation — The surface indentation shall not exceed 0.00k inch (0.10 mm)
on aerodynamic surfaces and 0.lot (thickness of Outer member) or 0.005 inch
(0.13 mm ), whichever is greater , for all other surfaces when measured on the
surface of the part or determined by metallographic methods specified in 4).6.7.

3.9.1.2 External Imperfections — Other external imperfections shall not exceed the limits
specified in Table 3.

3.9.1.3 Weld Location — All welds shall be located within + 0 .060  inch  or • 1.52 mm of the
location specified on the  Engineering drawing. —

3.9.2 Radiographic — Certification welds , first article part welds , and when specified on
the Engineering drawing, production part welds shall meet the following requirements :

3.9.2.1 Welds shall be free of cracks and cladding inclusions , and the fumed zone of the weld
shall be generally consistant in size and regular in shape.

3.3.2.2 No pore or incomplete fusion shall have a linear dimension greater than 0.15 times
the nugget diameter.

3.9.2.3 Porosity or incomplete fusion shall not have an aggregate area of greater than 5
percent of the nugget area when seen in the plane of the radiograph.

3.9.2.4 Expulsion — Three percent of the welds may contain expulsion that does not exceed 50
percent of the area of the nugget , as viewed in the radiograph.

3.9.2.5 There shall be a weld at every location specified on the Engineering drawing.

3.9.3 Metallographic — The internal quality of the weld shall meet the following requirements ,
when tested in accordance with 4 4 . 6 . 7 .

3.9.3.1 Nugget Size - The minimum nugget size shall be 0.100 inch (2.54 mm ); see Sm , Figure 2.
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M E T A L L O G R A P H I C  SI Z E  Sm

)IETALL.OGRAPHIC RADIUS Rm • s -i rMEAsUNE FOR MINIMU~ ]L SH EET SEPARATION AIj ..j

___________ 

1f~
AX PENETRATION

Lt~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I N D E N T A T I O N  DEPTH

FIGURE 2. NOMENCLATURE FOR METALLO GRAPHIC SPOT WELD SECTIONS

3.9.3.2 Penetration — Penetration shall be measured at the center of the nugge t  and shal l
meet the following requirements:

a. Minimum Penetration — The minimum penetration shall be 0.20 times the thickness
of the sheet for equal thickness combinations or 0.20 times tHe thickneas of tie
thinner sheet for unequal thickness combinations.

b. Maximum Penetration — Penetration into each member shall not exceed 0.80 times
the thickness of that member (Figure 2).

3.9.3.3 Sheet Separation — The separation of the sheet after welding shall not be less than
0.005 Inch (ff.127 mm) nor greater than 0.012 inch (0.305 ma) when measured at a
distance (radius) of three (3) times the nugget diameter. See Figure 2.

3.9.3.4 Internal imperfections — Welds shall be free of the following internal imperfections:

a. No nugget
b. Cracks
c. Imperfections exceeding 0.10 times the nugget diameter.

3 .9 , 41 Mechanical Properties — The i n d i v i d u a l  spot welds shall nave a minimum weld strength
exceeding the values given in Table 44 , when tested in accordance with 14.6.6.

TABLE 44~ MECHANICAL PROPERTY REQUIREMENTS FOR SPOT WELD SHEET SPECIMENS

Nominal Thickness
of Thinner Sheet , lb per spot N per spot

inch millimetre S minimum minimum

0.020 0.50 140 625
0.022 0.55 160 710
0.025 0.65 185 825
0.028 0.70 215 955
0.032 0.80 260 1,155
0.036 0.90 305 1,355
0.044 0 1.00 344 5 1,535
0.095 1.10 4)05 1,800
0.050 1.30 4465 2,070
0.050 l,~40 555 2 ,417 0
0.063 1.60 670 2,980
0.071 1.80 825 3,670
0.080 2.00 1000 4,950
0.090 2.30 1000 41,4)50
0.100 2.50 1000 41 ,4)50
0.112 2.80 1000 41 ,4)50
0.125 3.20 1000 14 ,1450
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3.10 A d h e s i v e  C u r i n g  — The welded assembly shall be cured in an oven at 255 F • 5 ( 12 44 C • 3)• for 2 t o 3 hou r s .  The rmocoup les  s h a l l  be used to verify that the proper curing
temperature has been achieved. The cured part may be oven cooled or removed from the oven
and air cooled.

3.11 A c c e pt a n c e  Criteria for Adhesive

3.11.1 The adhesive shall have a minimum strength of 44500 psi (31 ((Pa) when tested In
accordance with 4.6.9.

3.11.2 The void and nonvoid (acceptable bond areas shall be determined by testing in
accorda nce  w i t h  4 1 . 6 . 1 0 .

3.12 F a c i l i t y  R e q u i r e m e n t s  — Subsequent to anodizing, all detail parts , test specimens , and
assembled details s6all be stored or assembled in an environmental controlled room that
meets the following requirements.

3.12.1 The area shall be maintained under positive pressure differential at all times by
a continuously operating air handling system . The following conditions shall apply:

a. Regular maintenance of filters
b’. No eating or smoking in the area
c. Maintain records of the temperature and humidity of the controlled area

• d. Vehicles permitted in th e controlled area must be nonpolluting in operation ,
such as electrically or hand propelled

e. No process or operation which produces uncontrolled spray , dust , fumes , or
particulate matter is permitted in the controlled area.

3.12.2 The temperature in the controlled ares shall be 65 to 85 F (18 to 29 C).

3.12.3 The relative humidity in the controlled area shall be a maximum of 60 percent.

3.13 Qcalification

3.13 .1 Weld Machine

3.13.1.1 All welding machines used for welding to the requirements of this specification
shall be qualified in accordance with 4.4.1 prior to performing production welding.

3.13.1.2 Requa lification shall be required if the machine is rebuilt or if significant
operational changes are made in it. A change of location with in a plant , not
i n v o l v i n g  a change in  power source , or maintenance , or parts replaceaent does not
necessitate requalifioation.

3.13.2 Weldbonding Process Qualification

3.13.2.1 Qualification shall be accomplished by making and testing the first assembly
in a c c o r d a n c e  w i t h  t h e  r e q u i r e m e n t s  of t h i s  s p e c i fI c a t i o n  and the Engineering
d r a w i n g .

3 .13 .2 .2  R e qu a l t f i c a t i o n  shall  be performed when any of t he  p rocess ing  p rocedu re s  are  changed .

3.14 C e r t I f i c a t i o n

3. 14.1 ’ D e o x i d i z e r  So lu t i on  — Each  new d e o x i d i z e r  s o l u t i o n  s h a l l  be c e r t i f i e d  in accordance
wi th  41.5 for:

a. A g i t a t i o n  — Etch  ra te
• b. Su r f ace  c l e a n l i n e s s

c. Degree of etching.

3.14 .2 Surface Prepartion Durability

3.14.2.1 The surface preparation system shall be certified to ensure that when the ind ividual
solution s are used together as a system , a surface will result that is cleaned,
etched , and anodized to the requirements specified herein.

3.14 .2.2 The certification of the surface preparation system shall be by performance of a
durability test in accordance with 4.6.5.
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3 . 1 4 . 2 . 3  C e r t i f i c a t i o n  s h a l l  be p e r f o r m e d  p r i o r  to p l a c i n g  a new d e o x i d i z e r  s o l u t i o n  or
a n o d i z e  s o l u t i o n  i n t o  p r o d u c t i o n .

3.14 .3 Weld Schedule

3. 14 .3.1 A weld  schedule shall be established itt accordance with 4.5.3 for each m a t e r i a l
combination and for each thickness combination to be welded in production.

3.14.3.2 A certified weld schedule shall be established by meeting all the requirements
specified in 3.9.

3.114 .3.3 The certified weld schedule shall be posted near the machine for which the
schedule applies.

3.14.3.44 The weld schedule shall be recertified whet:

a. Machine location change involves a change in power source

b . When the machine is rebuilt excluding replacement of parts and general
maintenance

c. Process con t r o l s  i n d i c a t e  m a c h i n e  is no l onge r  m e e t i n g  the requirements
specified herein.

• 4 . Q U A L I T Y  ASSURANCE P R O V I S I O N S

44 .1 Responsibility for Inspection

4 .1.1 Unless otherwise specified on the contract or purchase order , the processing supplier
shall be responsible for the performance of all inspection requirements as specified
herein. Except as Otherwise specified in the contract or purchase order , the supplier
may use (tim own facilities or any commercial laboratory acceptable to the procuring
activity. The procuring activity reserves the right to perform any or all of the
inspections set forth herein where such inapections are deemed necessary to assure
that the processing conforms to the prescribed requirements.

4.1.2 Inspection records shall be kept complete and available to the procuring activity in
accordance with contract or purchase order. These records shall contain all data
necessary to determine compliance with the requirements of this specification.

4.2 Inspection

4.2.1 Inspection shall verify that all the cleaning and anodizing tanks are within the
requirements specified herein.

8 .2.2 Inspection shall verify that all welding is performed using certified welding schedules.

14.2.3 Al L weldbonded parts shall be visually inspected to assure the parts are free of
su r face  defects  s p e c i f i e d  in 3.9.1.

4 4 . 3  P rocess Control

4 .3 . 1  So lu t ion  Makeup and Control

14.3 .1.1 Deoxidizer Solution Makeqp — For each 100 gallons ( 378 .5  litres)

a. Put approximately 50 gallons (189 litres) of deionized water in the tank .

b. Slowly add 13.0 gallons (49.1 litres) of nitric acid with gentle agitation.

c. Mix thoroughly.

d. Slowly add 19 pounds (8.6 kg) of Amchem 7 with gentle agitation.

a. Mix thoroughly.

f. Slowly add 1.13 litre of Alodine 445 with gentle agitation .

g . Mi x thoroughly
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4 .3 .1 .1 (Contin u ~ d)

h.  S l o w l y  add  1 . 3 3  l i t r e s  of A 1odi r :i~ 1200E activator with gentle agitation.

i. M i x  thoroughly.

j .  Ad ju s t  s o l u t i o n  to  o p e r a t i n g  l e v e l  w i t h  deionized water and mix thoroughly .

44 . 3 . 1 . 2  C o n t r o l  t h e  D e o x i d i z e r  S o l u t i o n  W i t h i n  t h e  F o l l o w i n g  L i m i t s :

a. N i t r i c  A c i d  11 to 144 p e r c e n t  by v o l u m e
Be 42  (70% HNO 3 )

b. A m c h e m  7 2 . 9  to  3.3 wt  o z / g a l l o n
21.7 to  2 4 . 7  g / l i t r e

c. C o p p e r  2 ppm m a x

d. U n a g i t a t e d  e t c h  r a t e  0 .2  to  0 . 3  m i l / s i d e / h o u r

e. T e m p e r a t u r e  70 to 80 F
(21  to 27 C)

f .  P r o v i d e  c o n s t a n t  f i l t e r i n g .

NOTES : 1. W h e n  c h e m i c a l  a d d i t i o n  is r e q u i r e d  to m a i n t a i n  s o l u t i o n  s t r e n g t h ,
A m c h e r n  17 s h a l l  be added to m a i n t a i n  s p e c i f i c  s o l u t i o n  s t r e n g t h
and e t c h  r a t e  r e q u i r e m e n t s .  A l o d i n e  45 may be added as neces sa ry
to m a i n t a i n  r e q u i r e d  e tch  r a t e  if  Am c h e m  17 a d d i t i o n s  a re  not
s u f f i c i en t .

2. A higher deoxidizer temperature bath may be used if reduced immersion
times are employed to achieve equivalent results.

4 .3 .1 .3  C h emi ca l  Analysis and Etch Rate Determination of the Deoxidizer Solution — The chemical
analysis of the deoxidizer solution shall be determined every other day or when
chemical additions are made. The etch—rate shall be determined weekly. Necessary
additions shall be made to the solution to maintain the solution within the limits of
44 .3 . 1 .2 .

44 .3.1.4 Deoxidizer Surface Cleanliness — The cleanliness and degree of etching of the
deoxidized surface shall be determined each week in accordance with 4.6.2.

44 .3.1.5 Anodize Solution Makeup — For each 100 gallons (378.5 litres)

a. Put approximately 50 gallons (189 litres) of deionized water in the tank.

b. Slowly add 135 fl oz ( 3 . 9 9  litres) of phosphoric acid (85 percent H3P04).

C. Mix thoroughly.

d. Slowly add l~40 oz (3.97 kg) of sodium dichromate dihydrate.

e. Mix thoroughly.

f. Adjust solution to operating level with deionized water and mix thoroughly.

4.3.1.6 Control the Anodize Solution Within the Following Limits:

a. Phosphoric Acid 1.2 to 1.5 fI oz/gallon
(85 percent H3PO4) (9.4 to 11.7 ml/litre)

b. Sodium Dichromate 1.3 to 1.5 oz/gallon
Dihydrate (9 .7  to 11.2 g/litre)

o. Temperature 70 to 80 F
(21 to 27 C)

d. Provide constant filtering.

14 .3.1.7 Chemical Anal ysis of the Anodizer Solution — The chemical analysis of the anodize
solution shall be determined weekly or when chemical additions are made.
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44 .3.1.8 Anodize Thickness

a. The anodize thickness shall be determined on a test specimen processed in each
new anodize solution.

b . The anodize thickness shall be determined each week on a separately processed
test specimen or a sample taken from excess trim f rom a p r o d u c t i o n  p a r t .

c. The anodize thickness shall be determined in accordance with 4.6.3.

4.3.1.9 Surface Resistance of Anodized Surface

a. The surface resistance shall be measured on a test specimen processed in
each new anodize solution.

b. The surface resistance shall be measured on a test specimen processed with
each production lot of anodized parts or on one production part from each
production lot of anodized parts.

• c. The surface resistance shall be measured in accordance with 4.6.4.

4.3.2 Welding — Production weld process control , as shown in Table 5, shal l be as follows:

TABLE 5. PRODUCTION WELD PROCESS CONTROL SPECIMENS

Number of
Schedule Specimens Examination

Preproduct~ on 4 Visual , mechanical property, and
metal lography

Production 3 Visual and mechanical property

Post Production 14 Visual , mechanical property, and
metallography

4.3.2.1 Preproduction — Four preproduction weld specimens shall be welded at the start of
each work day or before a new production lot is welded or before welding is resumed
after a machine shut down. The specimens shall be visually inspected and then 3
specimens tested for lap shear strength in accordance with 4.6.6 and one me t a llo -
graphically inspected in accordance with 4.6.7.

44 .3 . 2 . 2  P r o d u c t i o n  — Three production weld specimens shall be welded after an elect -ode
change or other equipment change or at one hour intervals. The specimens sha•. be
visually inspected and then tested for lap shear strength in accordance with 4.6.6.

4.3.2.3 Post Production — Four post production weld specimens shall be welded at the end
of each production work day or after completion of a production lot if more than
1/2 hour has elapsed since the last production test was performed. The specimens
shall be visually inspected. Three specimens shall then be tested for lap shear
strength in accordance with 4.6.6. The remaining one shall be examined metal lo—
graphically in accordance with 4.6.7 after the adhesive has been cured.

4.3.2.4 Welding Control Adjustment — The welding machine control settings may be varied from
the certification settings by + 6 percent on any one or a combination of more than
one current settings. Air pressure settings may be varied * 10 percent. Product ion
specimens welded after the setting changes shall meet all t~e requirements of thisspecification.

4.3.3 Bond Verification — A minimum of one bond verification panel shall accompany each cure
load during curing of the adhesive. The cured panel shall be tested in accordance with
4 .6 .9 .
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L4~~4 Qualifica tion

4 . 14 .1 W e l d i n g  M a c h i n e  — Q u a l i f i c a t i o n  of the  w e l d i n g  m a c h i n e  s h a l l  be performed In accordance
w i t h  t h e  q u a l i f i c a t i o n  r e q u i r e m e n t s  of M I L — W — 6858. Qu a l i f i c a t i o n  may be performed using

• s t a n d a r d  p rocedures  t h a t  do not  i n c l u d e  the  r e q u i r e m e n t s  for weldbonding.

4 .4 . 2  F i r s t  A s s e m b l y  — The first assembly fabricated shall be examined as fo l lows :

4 . 4 . 2 . 1  V i s u a l l y  inspec t  e n t i r e  pa r t  to the  r e q u i r e m e n t s  he re in  and on the Engineering
d r a w i n g .

14 .4 .2 .2  R a d i o g r a p h i c  inspect  a l l  the  welds.

4 . 4 4 . 2 . 3 Inspec t  par t  for void areas in adhes ive .

4.4.2.~1 Dissec t  the  par t  to o b t a i n  m e t a l l u r g i c a l  sect ions  through at least 5 percent  of
welds and examine.

4.4.2.5 Dissect the part to obtain at least 10 adhesive strength specimens.

4 .4 . 2 . 6  Dissec t  the  pa r t  to obtain at least two anodize thickness specimens.

4. 5 C e r t i f i c a t i o n

- ‘ 4 .5.1 D e o x i d i z e r  So lu t i on

4 . 5. 1.1 D e t e r m i n e  the  u n a g i t a t e d  e tch rate in accordance with 4.6.1.

4 .5 . 1.2  A g i t a t e  the  s o l u t i o n  such t h a t  the  a g i t a t e d  etch ra te  is between 2 and 3 times the
e t ch  r a t e  of the  u n a g i t a t e d  s o l u t i o n .  Fix the  a g i t a t i o n  at this rate.

14 .5 .1 .3  Process two c l e a n l i n e s s  samples  in the  a g i t a t e d  s o l u t i o n  s u b s e q u e n t  to degreas ing
and a l k a l i n e  c l e a n i n g  and examine in accordance with 4.6.2.

~4 .5.2 Su r face  P r e p a r a t i o n  D u r a b i l i t y

14 . 5 . 2. 1  Process  two s u r f a c e  p r e p a r a t i o n  d u r a b i l i t y  assemblies (four detail parts) in each
new d e o x i d i z e r  s o l u t i o n  or new a n o d i ze s o l u t i o n .  Locate  the  assemblies  on the
process rack in such a position that they will represent the maximum upper and lower
s o l u t i o n  l e v e l s  to w h i c h  the  pr o d u c t i o n  load d e t a i l s  are  exposed. The assemblies
shal l  accompany  the  p r o d u c t i o n  d e t a i l s th rough  a l l  steps of the surface preparation
process .

4 . 5 .2 .2  Test the  surface preparation durability assemblies in accordance with 9.6.5.

4 . 5 .3  Weld  C e r t i f i c a t i o n

4 . 5 . 3 . 1  Weld  c e r t i f i c a t i o n  s h a l l  c o n s i s t  of p r e p a r i n g  25 m e c h a n i c a l  property specimens
( 50 d e t a i l s )  u s i n g  the  same techniques as w i l l  be used on p r o d u c t i o n  pa r t s , i n c l u d i n g
c l e a n i n g ,  anodi z i n g , a d h e s i v e  application , and anti—stick material application.

14 .5.3.2 Weld the 25 specimens and test as follows:

a. Visually inspect all 25 welded specimens.

b. Radiographica lly inspect all 25 welded specimens.

c. Lap shear test 20 of the specimens.

4.5.3.3 Metal lographica lly examine the 5 remaining specimens.

4.6 Te st M e t h o d s

4 . 6 . 1  Et ch R a t e  — D e o x i d i z e  So lu t ion  — To d e t e r m i n e  the  m e t a l  removal  r a t e , use 7075 — T6 bare
a l u m i n u m  spec imens  of at least 9 s q u a r e  inches  (58 cm 2) in area (one side), and a
gage of 0 .020 to 0.06 3 inch  (0 .51  to 1.60 m m ) .  M ea su re  t h i s  gage w i t h  a m i c r o m e t e r ,
and w e i g h  sp e c i m e n s  b e f o r e  and a f t e r  a m e a s u r e d  immer s ion  t i m e  ( a b o u t  15 minutes )
in t h e  s o l u t i o n .  M e t a l  r emoval  r a t e  is d e t e r m i n e d  w i t h  the  s o l u t i o n  in an u n a g i t a t e d
c o n d i t i o n .  C a l c u l a t e  r a t e  as f o l l o w s :

M e t a l  rem oval  ra te , inches ( m m ) / s ur f a c e / h o u r  o r i g i n a l  weight x gage—in. (mm) ~
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41 .6.2 Deoxidizer Surface Cleanlines s

41 .6.2.1 The material shall be the same nomina l  composi t ion and th i ckness  as tne  p r o d u c t i o n
par t  and sha l l  be of convenient size for processing and examination.

4 . 6 . 2 .2  The s u r f a c e  cleanliness and degree of etching shall be determined using a technique
approved by ‘he p r o c u r i n g  a c t i v i t y .  The use of the scanning electron microscope
( SE M ) ha s pr _ - u n  success fu l .

4.6.3 Anodi ze Thickness  Measu remen t

44 .6 .3. 1 The ma te r i a l  shal l  be the same nominal composition and thickness as the production
part  and shall be of convenient size for processing and examication.

14 . 6.3 .2  The anodize  thickness shall be seasured using a technique approved by the
procuring activity . the use of the scann ing  electron microscope (SEM) has proven
successful.

14 .6.4 Surface Resistance Measurement — The  s u r f a c e  resistance of the anodized parts shall be
measured using surface resistance measuring equipment that is acceptable to the
procuring activity and by the techniques specified by the equipment supplier.

4 .6.5 Surface Preparation Durability

4.6.5.1 The surface preparation durability specimens shall be made from 0.125 Inch (3.18 x~ )thick 7075—T6 aluminum and shall hAve the configuration shown in Figure 3.

4.6.5.2 Clean and anodize the details using the same techniques used on production parts.

4.6.5.3 Apply adhesive and oven cure to achieve a bond line thickness of 0.005 to 0.012 inch
(0.13 to 0.30 am).

~4 .6.5.’4 Machine or saw cut test panels into five one—i nch (25.4 mm) wide specimens ; see
Figure 3.

41.6.5.5 Precrack the end containing the separator film by Inserting a wedge as shown in
Figure 3.

4.6.5.6 Locate and mark the tip of the initial crack.

4.6.5.7 Expose the wedged open specimens to 5 percent salt fog, in a chamber maintained
at 95 F • 5 (35 C *  3).

4.6.5.8 After exposure for 24 hours * 1, measure the increase in crack length resulting
from the exposure. The crack shall not exceed 0.10 inch (2.5 mm ) or the batha
shall be termed unacceptable for further processing.

4.6.5.9 If the crack length does not exceed 0.10 inch (2.5 mm), re--install specimens
in salt atmosphere for an additional 9 days.

44.6.5.10 After exposure for the additional 9 days , measure the increase in crack length
resulting from the exposure. The crack shall not exceed 0.50 inch (12.7 mm)
or the baths shall be termed unacceptable for further processing.

4.6.6 Mechanical Properties of Weld Certification, Preproductlon, Production , Postproduotion
Specimens

41.6.6.1 Fabricate She ipeo imens as shown in Figure II from material of the same composition
and nominal thickness as the production parts to be welded.

4.6.6.2 Clean , anod ize, apply adhesive and anti— stick material using the same techniques
as on production parts.

44.6.6.3 Weld the specimens together to form a lap shear specimen. Do not cure adhesive.

4.6.6.)) Tension test the lap shear specimens to failure and obtain a spot weld strength.

4.6.7 Weld Metallograptty Specimen

44.6.7,1 FabrIcate the weld metal lographic specimens by the same techniques and procedures
used to fabricate the weld mechanical property specimens (4.6.6) except do not
tension test.
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EU- FJ AbITi:)’ FT LI-I Oh 0111 T
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i—— 0.125 non

_ _ _ _ _ _ _  ~j I I
I I 0.75

I I 0.50

~~~~~

— — -I- 1— —
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fr
— _____________________________

/ I \ ~ A D H E S I V E
L TRIM ~

— — — 1.00 * 0.13 “— T R I M  ‘— 0 . 0 0 5 TO 0.0 12
— INCH THICK

F I V E  O N E  IN C H

r 

WIDE SPECIMENS

1.00 ± 0 .03  - 1 i Conversion Key

in ch m i l l i m e t r e

NOTE: ALL 
~ 005 0 13

~T~~~N S I O N S  1.00 I 0.012 0.30
IN INCHES. + 0.03 0.03 0.8

_____________ 0. 50 12.7
I 0.75 19.0

I 1.00 25.4
‘— 0.25 + 0.03 6.00 152.4

A UMINUM OR CRES STEEL WEDGE

~~~~~~~~~~~~~~~~~~~~~~~ c K T ~P

WEDGED CRACK EXTENSION SPECIMEN — THE END AND SIDES
O F T HE W E D G E  S H A L L  BE AP P R OXI M AT E L Y  F L U S H  WI TH

SPECIMEN END AND SIDES

FIGURE 3. SURFACE DURABILITY SPECIMEN CONFIGURATION
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NORTHROP P R O CE SS

Northrop Corp oration
Aircraft Group - Aircraft Division DATE ~~L!~taj’ ch 1979

— 
_

I• H w H

N O T E S :  1. N o m i n a l  T h i c k n e s s  of W Nominal Thickness W
Thinner Sheet , in. in., mm of Thinner Sheet , mm mm , mm

Over 0.008 to 0.030 , 0.68 Over 0.20 to 0.75, 17.0
Over 0.030 to 0.100 , 1.00 Over 0.75 to 2.50 , 25.0
Over 0.100 to 0.130 , 1.25 Over 0.50 to 3.20 . 32.0
Over 0.130 1.50 Over 3.20 38.0

2. L shall be not less than 4W .

F I G U R E  4 .  S P O T W E L D  S P E C I M E N

4 . 6 . 7 . 2  M e t a l l o g r a p h i c a l ly  se c t i o n  the  weld  such t h a t  the  s u r f a c e  be ing  e x a m i n e d  is
t h r o u g h the  cen t e r  of the  w e l d .

4.6.7.3 Etch the meta llographic specinen to reveal the weld nugget.

4.6.8 R a d i o g r a p h i c  I n spec t i on  — R a d i o g r a p h i c  i n s p e c t i o n  of t h e  wel ds  sha l l  be pe r fo rmed
u s i n g  s t a n d a r d  a c c e p t e d  t e c h n i q u e s  a p p r o v e d  by t h e  p r o c u r i n g  a c t i v i t y .

4.6.9 Bond Verification

4 .6 . 9 . 1  The  bond v e r i f i c a t i o n  pane l s  s h a l l  be made from 0 . 0 6 3  inch ( 1 . 6 0  m m )  ~h i c k
7075—T6 aluminum and shall have the configuration shown in Figure 5.

41 .6.9.2 Clean , anodize , and apply adhesive using the same techniques used on production parts.

4.6.9.3 Cure  the  a d h e s i v e  a t  the  same t i m e  as the  p r o d u c t i o n  par t  i t  r e p r e s e n t s .

4.6.9.14 Saw cut test panels into 3 adhesive bonded specimens. Testing of the weldbonded
specimens is optional.

4.6.9.5 Tension test the specimens to failure at a rate of 0.030 to 0.035 inch per minute
(0.76 to 0.89 mm per minute) and obtain adhesive strength.

PAGE 15 of 17

274
Rorm 20-2800 (85-77)

~~~~ 4. I 
- ,

_ _ _ _ _ _ _ _ _ _ _ _  . - - - — - . --J -- -- -~~~~-.-- --~~----- - —~~-~~~ —-~--~~~~~ - - -- - 
- --~~~



NORTHROP PROCESS SPECIFICATION:

NorThrop Corporation
Aircraft Group - Aircraft Division DATE 23 March 1979 

-

5EV EN PLACES
1 in.

~~~~~~~~ 

L~ H~~~~
O. 063

H
5 in.

p

. 
F2~~~~~~H~~~~~~

-

. 

0.063

THREE TEST SPECIMENS

7 in. ,.j Convers ion  Key

inche s mm

0.063 1.60
1 25
2 51
5 127
7 178

FIGURE 5. BOND VERIFICATION PANEL

14 5.10 Ad he s i - ’ -  Void Determination

‘ - - .10.1 Use- technique that is normally used for inspection of adhesive bonded panels and
that is approved by the procuring activity.

- .10.2 TEe levels of irTp ection of the bond , the probes to be used , and the acceptance
readings shall is established for each specific assembly.
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NORTHROP PROCESS SPECIFICATION :

Northrop Corporation
Air cvs ft Group - Aivcn aft th~~jon DA TE - 29 March 1~ 7Q

4.6.11 Assembly Adhesive Strength

4.6.11.1 Prepare the assembly adhesive strength specimen in accordance with Figure 6.
There shall be no welds in the section of adhesive to be tested.

MILLED GROOVES 0.0 7 5  inch * 0.050

~~~~~~~~
_ 1 inch , 0.01 ( 1 .90 mm ± 1.27) THROUGH FiCE TO
(25.4 m m +  0.25) OPP OSITE FACE

• 

_~~~~~~~~_~_~~~~~~~~~~~~~ ES IV E

~~~ ~~~~O.5O inch 
~ 
0.01

(12.7 mm a 0.25)

NO WELDS IN THIS AREA J

FIGURE 6. ASSEMBLY ADHESIVE STRENGTH SPECIMEN

14 .6.11.2 tension test the specimen to failure and obtain the adhesive strength.

5. PACKAGING

This section is not applicable to this specification.

6. NOTES

6.1 Intended Use — this specification is intended to establish the basic controlling
factors in the weldbond ing process through certifioation of weld schedules , designation of
material combinations , methods of preparing materials , and for methods of process control
in the weldbonding .
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APPENDIX B

A DHESIVE SPECIFICATION 
______________________

- NORTHROP 
XMS~WBA

Northrop Corporation
- - — 

Aircraft Group - Aircraft Division DATE Eci ~ - -
- - MATERIAL  SPECIF ICATION RELEASE EO ___

C ODE D E N T  NO 76823

A D H E S I V E , AL UFI IIT U FI W E L U B O F I DTITLE : 2 E H V X C E  R ANGE — 6 7  TO 180 F (—55 t O  82 C)

(PROPOSED COMPAN Y SPECIFICATION)

1. SCOPE

1.1 This specificat :~~n establishes the requirement s for a modified epoxy adhesive- t c  be used
in conjunction with an alum inum spot~ we1i ing operation.

1.2 The molif ied adhesive system shall consist of a catalyzed one—part epoxy adhesive system
containing selected fillers.

1 .3  The service tenperat~.re of the cured material shall be —67 to 180 F (—55 to 82 C).

1. -S T h e  customary units of measurem ent used herein are followed by converted metric unit s ~a n d
w h e n applicable , calcula ted equivalent metric ratios) , using International System (SI)
uni ts. Where appropriate in this specificat ion , conversions are practical approximations.

2. APPLICA B LE DOCUMENTS

2.1 The following publications of the issue in effect on the date of invitation for bids or
reques t for proposal form a part of this specification to the extent specified herein.

2 .1.1 A h r ( i  D1032 Strength Properties of Adhesives in Shear by Tension
Loading (Metal—to—Metal)

2.1.2 ASTM Dl876 Peel Resistance of Adhesives (T—Peel Test)

2.1.3 O(1— A— 25O /l2 Aluminum Alloy 7075 , Plate and Shee t

2.1.14 li—A—25 0 /5 Alu m inum Alloy 2024 A Iclad , P l a te and  Shee t

2.1.5 MIL—S—5 002 Surface Treatments and Inorganic Coatings for
Metallic Surfaces of Weapon Systems

3.  REQUIREMENTS

3.1 Qualification

3.1.1 The adhesive furni~~5ed under this specification shall be a product that has
been tested and has passed th, qualifi cation tests specified herein , and has
been listed or approved for listing on the applicable Qualified Products List
( Q P L )

3.1.2 Subsequent to qualification , any change in the chemical make—up of the adhesive
or method of manufacture shall require requalification of the ad hesive.

3 . 2  Qu a l i t y  — The adhesive shall be of uniform quality and free from lumps and foreign
matter.

3.3  Composition — The composition of the adhesive shall be as follows:

Perce nt

Base Epoxy Resin (1—part system) 90 
~ 
0.8

Strontium Chromate (filler) 3 ± 0.3

Cab— 0— Sil (filler) 7 , 0.5

3.14 Physical Properties

3 .4 .1  V i s c o s i t y  — The  v i s c o s i t y  of t h e  a d h e s i v e  sys t em s h a l l  be a m a x i m u m  of 2 , 000 ,000
centipoises at room temperature , when tested in accordance with 4.5.2.
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NORTHROP ‘ -A: ~~~~~~A l o ~~ .

Northrop Corporation
Aircraft Group - Airc raft Div is ion DA TE • r - — - - —

3 .~~. . . i i ’. i  ~~~r~t c c t — T ie  vola ’ ilr- - e l i - e l  C t  t I c  ren:r . syst .-ri shall r~.t c t - h-c: 0.2 ~~i-r ~~
-
~~

-
~~~. 

It i t  t . 1  I n  a - - - r  - l a n c e  w t h  ‘I - . 3.
~3 ~~1 i l b O  :)LP I n i t  — 1 t.- fi t  I ,r ~e In en t u t  i i .  0€ -c t  I h i - i- i.- -~ I- -I- s. 01 1 . whi tested ii

-
~ ‘ i i . I l t b C  w i t h  

~~.0- .

3 . i .4 Ad h e sive Flow — The adhesive sn:,li ex ’i bit flow t i a r  -t .- ’- n t ics o l  a r ir t:rnu— . of 1 in cr
T~~~~mn) and a m a x i s t a r t  of 3 incit es ( 7’ . tm) when tetn ’. -~d tr ~ - -- -r -,~ w t o  14 .5.’

3.14 .’~ ~~~~~e~- C-F -Th rc  — T t e  idt , - n t a e  sha ll f u l l y  -u r ,- w t — -~ o’- -u i . - : to 255 F I’ 5 (ls ’. C 1 3 )  f o r
Si x t y  m~~r1ut e t i  in a p r € - ( - e - i t e l  r e c t r o u l t t  : t ~~ t i r  o v e n  r. .  - - tested i t  a - - - r lart ce w i l l

9.’ f l e c t a n i n i l (roperties — The -~ Il-e sive shall con fn-rn . I:- t I  - — i t- h i r :~~-~ i I r~~~i - r t y
re- 9airerlents listed in Table 1.

T A B L E  1. ME CH A N I C A L  P RO P E R T Y R F ~~U I F F M ~~U~~~

Test Ident i fication 1Re 9u e~~0t Foss Ten~~era ’ ure M c t . . -l

Lip Shear O tre ngtrt , adhesive I 11500 (31. o~~n : s r ~~n 14 .5.7
bond or welibond , RT , psi (MPa)

T-Peel Strength , RT , 20 ( 3 5 0 2 )  m I n i m u m
P / L W  ( t / n )

3 . 5 T u r a t il : ty  n-f A d h c s ~~ve  — ‘Eh e ma x i m u m  crack extension aft er -~~ 1 n - -srt n nx~~~~~r -- to a S pe r- er. ’
sa l t Fo~ s c - l u t i n r  - it  0’- f (95 C) s h a l l  In -  0.1 m ci . (2.’. no ’ ans i f t er :,vs -xl-

• 
shall Lb 3 . ’. m n o - t ( 1 2 . 7 no ) w Y - n r C  tested in a c c o r d a n c e  w i t ? .  •.5~~~~~.

3. 7 0 t n r . 0 j~r -  — TI • -n a - Thesm v - - shall meet t he  O è l  OlI0,’ i t t if ~~~~~~ Spe i :’- a ’ i ~~r. w i . -  sI r e n
m t - i  -i ri wi na l unopened container at 0 F — i~ C ), or l tw.-r , for S m onLo fr -c. nat e

LI . I J A L I T I  A: : - :HA I ICE PROVISIONS

4 .1 Responsibil ity For Inspection

14 .1.1 Unless otherwise spec ified or. the contract or pu r~~o a se o r d e r , t h e  s u~~~lier ~f t t e
m aterial shall be responsib le for the p - r - r f n r n . a r n - ’ -  . t . 

a l l  ir. s t- en5 mn - ri r e l j C r e T  I I -  .5
specified herein. Except a n  o t h e r w i s e  s ç i - - m f m ~ - l  in t’ e con tract or po rn - I-ac e order ,
the sup p lier nay use his own fa c i l i t i e s  or any i - t o n e r- ial la h orat - -ry a s - e ç t u t  ‘- tI-

the p ro cu ring a c t i v i t y .  The procuring act ivity reserves the rm ~~ht to p er fcrn ~j ’.v
or all  of the inspections set forth herein where sunS inspections are lr-e ~-

necessary to assure thst the material c o n i c r i n s t the prescribed reqn m r e n e r n t S .

4.1.2 In ap ent tmi r records shall be kept comp lete and ava i lable to the p rc . c- a r m r .,’ a - t l v i t v
in accordance wit h the contract or pu r -- ha se order. These re cr 15 s t a l l  contain a l l
data necessary to  l e t e r n m r C e  compliance with the ret~ulr em ent s of In ,— spet-~~f :- - att-tr .

4.2 Sampling

4.2.1 Lot — A lot is de f ine -I as all the material p-ro d- joel in a single ( r s d U C t i o r t  ran S u t r t I ’ t e
?~~ d e l i v e ry  a t  one time.

14 .2.2 Sample Size — Three sampi ’s shal l be taken , one fr—c . CS -h cf 3 n o n t a m r n ,- r n  s e l x - c t e l  at
random from n - i n - h  m t .  Each sample shall compr i e su f fi -:m e rn t m a t e r i a l  for (nrform anc l
of  t E ’-  tests n pen- ~~fm e d in 4.h .

i .~~ L a n i s i f i c a t i o n  C f  Teals

1 C - j a l i f i c a t  ion  — Qua lii: n u t  on shall in c lude all exam r a t  I - - r . a ol t e n t  it  r e c e n s a  -v  t i n
.jete rr-n ine co nplmu r ci- with 3.2 through 9.6.
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Aircraft Group - Airc raft Div is~~n DATE -~ F eor~~~r~ s~~7 .  

- -

-‘ .9.2 A -~~~~ jta I -  — ~tandar d 1t - i r e  tests f- - r n -  i- -h 1. - I of adhesive shall consist ~ f the
S

a. Visual , i x - Inl r ta t isrt in accordance wit ? 4.5.1

b . V~ s -ts ity in a r n - r d a r n c e  wit h 11 . 5 . 2

c. Volat i les in a c n r r i a n c e  w i t h  44 .5.3

I. Filler con tent in accordance w i t h  I. S .O

e. Ad hesive f1 Lw in acc or zlann e with 0 .5.5

f. Room temperat ure lap shear strength in accordance with 11 .5.7

~r .  T—pee l strengt h in accord-ince with 14.5.8.

iI~ 1 .3 Addi tional Acceptance Tests — The following additional acceptance tests shall be
required when spec ’fied on the purchase order by the procuring activity:

a. tn—g r e of cjre in accordance with 4.5.6

b . We-I~r .- crack extension test in accordance with 4.5.9.

Li .i S u r f a c e  P r e p a r a t i o n  — All aluminum parts used for tests in 4.5 shall be cleaned and
anodized in accordance with the following procedure.

I4~ LI - I ~~~~~ r e ~~~~ 3se

4 .~ 4 .i.1 Vapor -legrease in 1 ,1 ,1 trich loroethane vapor (MIL—S—5 002). Suspend the parts
In the vapor zone of the degreaser for a minimum of 60 seconds followed by spray
r i n s e  of c o n d e n s e d  t r i c h l o r o e t h a n e  f l u i d  for  an a d d i t i o n a l  60 seconds.

OA J ’ll sN : The following shall be observed in vapor degreasing:

1. Parts shall be completely free of moisture before
immersion in the degreaser.

2. The rate of mmers ion and withdrawal from the degreaser
shall be slow enough to prevent vapors from rising above
the con ing coils. The immersion and wit hd rawal rate
shall not exceed Il feet ( 3 . 3 5  metres) per minute.

3. The end of the  spray noc z e sha l l  be used on ly  below the
surface of the vapors. iever spray above the tank.

I4~ N e v e r  use compressed a i r  to d ry  p a r t s  in the  vapor
degrea ser.

5. Maintain solvent acid range from 0.03 to 0.17 percent
by weight.

Li .4 .12 Remove the parts from the degreaser and allow to cool for 2 minutes , minimum.

4.14 .1.3 Repea t the degrea sing process once in accordance with 4.4.1.1 and 4.4.1.2.

~4.4 .2 Alkaline Clean

4.~l .2.l Immerse degreased parts in an alkaline cleaning solution consisting of 6 to 8 o u n c e s
per gall..e (44 5 to 60 g/litre) of Turco 4215—S. Immersion shall be for l~ to 15
minutes with the solution temperature at 144 5 to 165 F (63 to 744 C).

4 4 . 41 .2.2 Irime -La tely spray rinse in a cold deionized water spray for S to 7 m i n u t e s .  The
parts shal l be posi t i -tn ed so that all surfaces are exposed to the spray anl i —e
sufficiently flushe d . The parts shall pass a water—break inspection after the
rin sir t e operation. n art shall be considered to pass the water—break inspection
if , af ter c~~r t p l e t i r i —t —ii rinsing , the surface will m~ lnta in a continuous :iln ofwa ’er for 4 f- seconds. Parts wh lOh fa i l  the water—break inspection shall be
rep r -icr-sseil i r s  a c c o r d a n c e  w i t h  4 . Ii .2 i n l i l  the parts pass the water—break inspection.
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-

A,,cr~ft Group - Airc,~ft Diri,ion DATE 23 Fetruarg ,~~ “ i

.i , - . H  l eox idi ze

~ . -. .9.i Imm erse a l t x l i r t e  ~ l ,a r nr l .ir tm a t. .rlIi z r- r solution prepared mr accordance w m t h
the instruct m.,ns of Trt. e . Imrr ’- r-~~i -r. shall be h r  6 to 8 minutes in a room
temperature .,I t t i ’e’.l o  l~~’io In. Parts a r t - I I I r w : n g  bra ckrt s shall t e  s u s p e n d e d  in t I n -
tan e so t h a t  t r . , , do nut marC me t al— t n— r -r eta l contact wit ? , t i e  tant.

IAbn - F: 2. F XI D IZEH MA KE—U P SOLUTION (1)

Material Concent ration

Nitric Acid , 1i ,’ Be ’ 11 to 14 percent by volume
70 percent MV

Amchem 7 2.9 to 3.3 wt oz/ga lln -n (21.7 to 24 .7 g/litre)

Al odine 145 11.2 to 11.5 m I/gallon solution
(2.95 to 3.03 m l /li’ re)

A l od ine l200E A cti x ator 13.2 to 13. 44 mi/ gallon Solution
(3. 47 to 3.53 mi /litre)

Deionized Water Balance

NOTE: 1. When chemical addition is required to maintain solution strength ,
Amchem 17 shall be added to main _ a ir specified solution strength ,
and etch rate requirements. A lodine 45 may be added as necessary
to maintain required etch rate at the required level of 0.20 to

• 0.30 mils/side/hour (unagitated bath ) if Amchem 17 additions are
not suffioient.

4.4.3.2 Immediately spray rinse in cold deionized water spray for 5 to 7 minutes. The
inclusion of tap wale— for the first 1 to 2 minutes of rinse to minimize staining
on alclad material is acceptable.

44 .44.4 Anodize

4.4.4.1 Immediately immerse and anodize for 20 + 2 minutes in an anodizing solution prepared
in accordance with the instructions shown an abie 3. Anodizing shall be conducted in a
room temperature solution using a “ripple—f ree ” DC power supply using the anodize
voltages listed In Table 4. Neither the part nor the hanging bracket shall make metal—
to—metal contact with anodizing tank (voltage will read zero if this occurs).

TABLE 3. AN ODIZING MAKE—UP SOLUTION

Material Concentration

Phosphoric Acid , 1.2 to 1.5 fi oz/gallon (9.4 to 11.7 mi/litre) solution
85 percent H3 PO4

Sodium Dichromate 1.3 to 1.5 oz/gallon (9.7 to 11.2 g/iitre) solution
Dihydrate

De ion ize d Wa ter Bal ance

TABLE 4. ANODIZING REQUIREMENTS

A l l oy V o l t a g e  Time , m i n u t e s

7075—16 Bare 1.5 • 0.1
20 • 2

2O24—T3 Al cIad 1.0 + 0.1
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~~~ m u t e l y  spr :L j  rinse in cold -i ei oniz r 1 water spray for 5 to 7 i t .  niutes .

0 .14 .4.3 °v~~r dry f r  30 t o 53 minutes at 1St. tn 151.1 F (66 to 71 C).

4 •14 .5 Han dling A fier Surface Preparation

4.14 .5.1 Cleaned parts shall be handled only w ith clean wh i t e  cotton gloves. The sarfaci-
to be bonded shall not be touched even w i t h  clean wh~ te cotton gloves.

4 .~1 .5.2 Cleaned and dried parts may be stored in an environmentally controlled area for
periods of up to l~I days prior to bonding by wrapping them in chemically c e n tral
paper.

44.44.5.3 Parts sh a l l  be wrapped with clean i- r -w n k rif t 1-a l e r for transportation to other
areas.

4.4.5.11 No reworking or metal removal shall be permitted of cleaned or anodized surfaces
without provisions for recleaning.

44.5 Test Methods

4.5.1 Etaminati on — The material shall be visually inspected for compliance with the
i1~~~iTrements of 3.2.

r 4 . 5 . 2  V i s c o s i t y  — The adhesive viscosity shall be determined with a Brookfie ld RVT
Viscosimeter. No. 6 spindle at 10 RPPI (or equa l equipment) and at 75 F • 2 (2l’ C * 1)
after stabilization at this temperature for a minimum period of 2 hours. The average
of three readings from one sample sh~ Il be reported and meet the requirements of 3.14. 1.

4.5.3 Volatile Content — Weigh three samples of 1 gram • 0.2 each in three dry tared ceramic
crucibles . Weighing accuracy shall be • 0.001 gram. The crucib les shall then be
placed in a forced air circul ating oven at 250 F + 5 (121 C + 3) for 1 hour. Remove
from the oven , cool in a desiccator , and reweigh when the specimens are at room
temperature.

Calculate the percent volatile content as follows:

r~arcen t Volatile Content a W2 — 
W3 ~ 100W2 —

Whe re: W 1 • Weight of crucible (dry )

V2 • Weigh t  of crucible plus sample

V3 a Weight of crucible plus sample after drying

4.5.4 Filler Content

44.5.4.1 Total Filler Content — Use ‘he samples from the determination made in 4.5.3.
Heat crucibles and samples in a muffle furnace for 2 hours at 1500 F (816 C).
The resin will be burned of f  and the residue will be Cab—O—Si l and strontium
chromate. Remove crucibles from furnace , let cool in air until they reach 200 F
( 9 3  C) or below. Place in desiccator and cool to room temperature. Weigh
crucibles and contents. - t

Calculate the percent filler as follows:

Percen t f il l e r  W4 — V 1 x 100
V2 —

W here: V 44 a Weight of crucible plus contents after burnoff
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4 .’ .~~ . I 1 . n - r t t : f i c a t i o n  of C a t _ t _ 3 i 1 i r d  :trontium Chromate by Infrared ipectronetry

a. M m x 0.8 mg of thr- r g.~nic solids residue from one of the - ru c ib li s from lL ,u .Li .~~
u, t h 750 r g  of ir ir l mrtt r .a r- r.-1 grade potassium irorm ide pc ’wdnr in a mortar ana
pestle unt I l t ite n.iri 1. le is evenly mixed throughout the potassium bromide an
agate mort a r about 1 inch (51 m m )  diameter and an agate pestle about 0.75 inch
(1 - 1 .0 m c I )  -j i ni rteter is adequate ). Pour the total mixture into a potassium
bromide pellet press (Periin— Elri er Model No. 1 , Part Num ber 186—0025 ). Press
the mixture t n  a clear disc by applying 8 to 20 tons per square inch (110 to
276 MPa) for fIve minutes at room temperature. Place the pellet in the infrared
pellet holder and insert into the infrared spectrophotometer (Perkm n-Elrn er Model
No. 1457). Determine t i -  infrared absorption over the wavelength region from
11400 to 300 wavenumbers.

b. Infrared Characteristics of Inorganic Solids

1. Strontium Chromate — A multiple of sharp peaks in the 930 to 8110 wavenumber
region. Pronounced peaks appear at 908 and 840 wavenumbers (Figure 1).

2. Cab—0— Sil — Strong broad bands at 1100 and 465 wavenumber s (Figure 2).

4.5.44 .3 Strontium Chromate and Cab—0— Sil Content — The strontium chromate and Cab—0— Sil
contents shall be determined by either the following or other equivalent chemical
analytical techniques.

a. Strontium Chromate Content — Transfer the solids from each of the two remaining
cruc lb les referenced in 4.5.4.1 into two 250 mil l ilitre beakers. Add 50
mi ll ilitres distilled water and 20 mil lilitres of concentrated hydrochloric acid.
Swirl or stir until the colored solids dissolve; colloidal Cab—0— Sil should remain
suspended but not dissolved. Add 5 m lllilitres of potassium iodide solution
(250 grams El per litre) , swirl and allow to stand for 3 minutes. Titrate with
0.1 N sodium thiosulfate to a straw color. Add 3 mi ll ilitres of starch indicator.
Continue the titration until the blue color just disappears. Calculate the
percent strontium ct rormate as follows:

Percent SrCrO 4 a 0 .00678  a itl of 0.1 N Na2S2O 3 x 100
V2 — V 1

b. Cab— O— Sil Content — The Csb—Q— Sil content is determined as the difference between
the percent total inorganic Solids (4 .5. 14 .1) and the percent strontium chromate
(4.5 .11 .3a )

Percent Cab— O—S il % Filler - S SrCrO~

4.5.5 Adhesive Flow - The adhesive flow shall be determined by fabricating test specimens
to the configuration shown i n  F : e t j r e  3. The specimens shall be cleaned and anodized
in accordance with 11 .11. Four spot welds shall be placed in the sample thereby
controlling the ad he s ive bond line thickness to 0.010 inch • 0.002 (0.25 mm * 0.05).
The specimen shalt be cured by placing the specimen in a vertical position Tn a cold
recirculating air oven and heating to 255 F • 5 (124 C • 3) within 30 minutes [use a
heating rate of 8 to 10 F per minute (4 to 6 C per minute)). Adhesive flow shall be
measured on the specimen using a scale readable to • 0.1 inch (2.5 mm) and shall meet
the requirements of 3.44 .44 .

4.5.6 Determination of Degree of Cure — The degree  of cu re  of t he  a d h e s i v e  u s i n g  t h e  s t a n d a r d
cure cycle of 1 hour at 255 F + 5 (1241 C • 3) will be determined by differential
scanning calorimetry (DSC). 4 4 2 0  to 30 zip sample is placed in the aluminum cup and
cured in an oven for 1 hour at 255 F • 5 (l2~4 C • 3). The cup is then placed in the
DSC cell and analysed . If co m p l ete cure has been obtained , there will be no peaks
between 248 and 356 F [(120 and 180 C) Figure 4). The maximum peak allowed between
2148 and 356 F (120 and ISO C )  -s’ a11 be 0.10 mi liica iori esi second. The experimental
conditions of the DSC analysis are summarized in Table 5.

4.5.7 Lap—Shear Strength Test

4.5.7 .1 Test specimens shall be fabricated to the configuration shown in Figure 5. Specimens
may be fabricated either by weldb ond ing or by adhesive bond ing. Material shall be
0.063 inch (1.60 mm) 7O75—T6 bare aluminum (QQ—A—25O) . Five specimens shall be
machined for test from a bonded panel made from two 5 by 6 inch (127 by 152 mm)
sheets. The 5 inch (127 mm) dimension shall be in the roll direction of the
aluminum aheet. The surface preparation shall be in accordance with 4.4.
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I~ii 8 — 2 inch
1 inch (51 nfl)

_ _ _ _

3/4 inch
(19 mm) -

0
6 inch
(152 mm)

1 1/2 inch C

(38 mm )

• _
3/4 inch t~o~~~ )(19 mm )

MA T E R I A L  —

0.063 inch 7075—T6 ALUMINUM

F I G U R E  3. C O N F I G U R A T I O N  OF ADHESIVE FLOW TEST
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F I G U R E  4 . DSC CURVE FOR CURED A1 II I44B ADHESIVE

TABLE 5. EXPERIMENTAL CONDITIONS OF DSC ANALYSIS

Instrument Parameters Sample Requirements

Temperature Range RT to 300 C Sample size: 20 to 30 mg
(RT to 572 F)

Heat up rate 10 degrees/minute Sample container: open aluminum
cup

Dial Setting 0.5 mcal/sec—in . Sample reference: empty aluminum
cu ps

Gas Flow Nltrogen—O .l4 mi/minute

4.5.7.2 When weld ing, specimena shall be welded on 1.1 inch (27.9 mm) centers to form five 1 by
9 inch (25.4 by 229 mm ) lap—shear test specimens when cut.

11.5.7.3 Place panel in a hot circulating air oven at 255 F • 5 (124 C ± 3). Cure panel for
60 minutes. Cool panel to room temperature and cut panel into one inch (25.44 mm) wide
lap shear test specimens.
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SPOT h I-L I (O PTIONAL)

l~~ _________________________

P ~~~ 
1 .0

.— —‘ (2~i.i sin)

H ~~~~~~~~~~~~~~~~~~~~

4.0 inches _—_—--_-~f4--—__--
_-~
..._- -_ 5.0 inches

(101.6 Sm) (127.0 mm)

7075—T6 BARE ALUMINU M ALLOY SHEET
T H I C K N E S S  — 0.063 inch (1.60 mcI )

FIGURE 5. LAP—S HEA R TEST SPECIMEN

4.5.7.4 Specimens shall be tested at room temperature as specified in ASTM 01002 for adhe5~ ve-
bond lap—shear tensile strength.

4.5.8 T—Peel Strength Test

4.5.8.1 Test Panel Preparation

a. Test panels shall conform to the dimensions of Figure 6. They shall be made
from 2024—T3 Alclad aluminum sheet (QQ—A—25 0), 6.750 by 12.000 by 0.020 inches
(171.45 by 304 .80 by 0.51 millimetres). Five specimens , one inch (25.4 mm)
wide , shall be prepared as one panel and tested for each adhesive lot.

b . The test panels shall be cleaned aM anodized in accordance with 4.4.

c. No primer shall be used. The adhesive shall be applied by roller or by spatula
to both sheets making up a panel. Adhesive thickness shall be 0.008 inch + 0.002
(0.20 mm 

~ 
0.05).

4.5.8.2 Cure Panel — Specimens Shall be cured in an oven with contact pressure of 0.5 psi
(3.45 kPa) at 255 F • 5 (124 C • 3) .  Heating rate of panel in oven shall be 8 to
10 F (4.4 to 5.6 C) per minute. The panel will be cured for 60 minutes after 255 F
(1244 C) oven temperature is achieved .

4.5.8.3 Test Procedure (ASTM 01876)

a. All peel testing shall be done at room temperature.

b. Clamp the bent , unbonded ends of the test specimen into the jaws of a test machine
with self—ali gning jaws and apply the load at a rate of 3 inches (76 mm) per
minute; separation of the bond will then be 1.5 inch ( 3 8  mm) per minute. Record
the load versus distance peeled and determine the “T” peel strength over at least
a 5 inch (127 mm) length of bondline after trl e initial peak.
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4.5. : I~ s t  Pann -l )-g~~paration

a The  t e s t  t i n e !  ~~) . i ) 1  hi.- ; rir l llred Fr~nm tw-C 0 . 125  by 6 n y  I 4 5 C C ? . (3.18 by !5~ by
152 fill ) 7II ~~~—T l. b a r e  a l - i r r I rl u rn C t I e e - t s  I C i- . — A — 2 5 O )  . ~ e-1~~e-s s h a l l  b e  m a r r i i o e l  f rer.
0. 125 i n c h  ( 3 . 1 1 3  fir- . )  7~~7 d — T t  b a r e  a l u m i n u m  s h e e t .  i- t h  itern r s h a l l  c o n fo r r  r- i
t h e  bas i c  d:I r 1 1 1 -  r. of F C v ~1re 7.  Five individual nest spc~cimers , I by : tc r.
( 2 5. 4 by 152 m m ) ,  shall be mac hined t rom the  b000 eli t es t  pane l  f o r  e - i a l u a  CC ~1n .
The edge s of au t e s t  s p e c i m e n s  s h a l l  be m i l l e d ;  s h e a r  edges  a r e  not  a c c e p t a b l e - .

b . The test  pane l sha l t be c l eaned  in a c c o r d a n c e  w i t h  4 . o .

c. The adhesive shall be applied to a thickness of 0 . 0 0 8  i n c h  • 0 . 0 0 2  ( 0 . 2 0  mm
• 0.0 5) by r o l l e r  or s p a t u l a  to each s u r f a c e  of t he  t e s t  panel. Control the
adhesive thickness by the insertion of aluminum shims along the t r i m  p a r t  of t h e
test panel. Do not extend the shin beyond the trim (Figure 7).

d. The test panel shall be cured in an oven using a contact pressure of 0.5 psi
(3.45 kPa) at 255 F + 5 (124 C + 3). Heating rate of panel in oven s h a l l  be
B to 10 F (4.4 to 5.~ C) per minute. The panel will be cured for 60 minutes
after 251 F (1244 C) oven temperature is achieved.

e. The cured adhesive shall have a thickness of 0.005 to 0.012 1 . n c l r  (0.13 to
0.30 mm).

4.5.9.2 Specimens from Test Panel

a. Machine or saw cut test panel into five one inch (25. 4 mm) wide specimens as shown
in Figure 7. Identify all test specimens and their location i n  the original
6 by 6 inch (152 by 152 mm ) test panel.

b. lime a table saw with sharp b lade to cut specimens and exercise extreme care in
sawing to avoid chatter or o v e r h e a t i n g  w h i c h  cou ld  damage  the adhesive bond.

4.5.9.3 Test Procedure

a. Precrack the end of each specimen containing the separator film by inserting a
wedge as shown in Figure 7.

b. Locate and mark the tip of the initial crack.

c. Expose the wedged open specimens to 5 percent salt fog in a chamber maintained
at 95 F (35 C) for 24 hours.

d . Measure the increase in length of the crack resulting from the salt— fog
e x p o s u r e .

e. Return the wedged open specimens to salt fog chamber and continue exposure
for an additional 9 days.

f. Measure the increase in length of the crack resulting from the total 10 day
exposure.

g. Split the specimens apart and observe mode of failure in bond line.

44.5.9.4 Record the information as follows:

a. Average bondline thickness

b. Initial crack length

c. Crack length after 24 hour exposure

d. Crack length after 10 day exposure

e. Estimate percent and mode of failure , such as cohesive (failure within the
adh e s i v e ) ,  a d h e s i v e  ( a d h e s i v e  s e p a r a t i o n  f rom m e t a l  s u r f a c e ) , or v o i d  ( l a c k
of contact during bonding).
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FEP’ SEPARATOR FILM (OPTIONAL )

~~ H I H ~~ 
Inch

2 
0.75 inch 

-

/ - 
/ 

( 1 9 . 0  mm) 
-

/ /
/ /

/
i / /

6.00 inch . 0.125 /
(152. 44 mm . 3.18) /— 1.00 inch ± 0.125 // (2 5 . 4  mm • 3 .18) /

I / ‘ /

I FIVE ONE inch (25.4 no -
TRI ll WIDE SPECIMENS —ADHESIVE

l o 
~ I

WED GED CRACK EXTENSION SPECI1IEN — THE END AND SIDES k— —‘4 ).— 0 125 Inch
OF THE WEDG E SHALL BE APPROXI MATELY FLUSH WITH I I I )  (3 18 mm )SPE C I M E N  END AN D S IDE S —i— 

~~1.0 inCh + 0.03 I I

(25.4 mm ~ 0.8)

0.25 inch 
~ 

0.03
(0.611 mm 

~ 
0.8)

A L U M I N U M  WED GE

F I G U R E  7 .  S T A N D A R D  WEDG E TEST P A N E L  A W O COUPON

‘FEP — Fiu C ri n ate d Ethylene Propylene Release fi li ~ or equivalent.
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4 .b Rejection

44 .6.1 Any material not conforming to the requirements of this specification shall be rejected.

4.h.2 Material rejected in accordance wit h 44.6.1 may be retested once. For retest , the number
of specimens shall be twice the number required by the applicable test methods. If any
retest specimen fails to meet the requirements , the entire lot shall be rejected.

4.7 R~~ orts — Unless otherwise specified, the supplier shall submit a report accompanying each
shipment of adhesive. This report shall include the purchase order number , this
specification number and revision , the supp lier material designation , the quantity of
material supplied , and the results of all individual tests required in 3.4 and 3.5 for
each lot of material in the shipment.

5. PREPARATION FOR DELIVERY

5.1 Packaging — The a d h e s i v e  s h a l l  be f u r n i s h e d  In reclosable metal cans.

5.2 Packing — The material shall be packed in shipping containers of a type which shall
adequately protect the contents during normal handling and meet the minimum packing
requirements of common carriers for acceptance and safe transportation at the lowest
rate to the point of delivery.

5.3 Marking — Each exterior shipping package and interior container shall be legibly marked
1 with the following information in such a manner that the markings will not smear or be

obliterated during normal handling or use :

a. Procuring activity spec ification number

b. Purchase order number (exterior package only)

c. F’anufacturer

d. Product designation

e. Lot (or batch) number

f. Quantity

g. Date of manufacture

h. Date of shipping

I. Caution note (in red): Ship and store at or below 0 F (—18 C)

6. NOTE S

6.1 Information pertaining to this specification may be obtained from procu ring activity.

6.2 Suppliers may obtain information pertaining to , or additional copies of , this
specification from the procuring activity.

6.3 Equivalency — There is no existing Government material specification which meets the
requirements of this specification.
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APPENDIX C

ANALYT ICA L CONTROL PROC EDURES FOR

SURFACE PREPARATION

The following laboratory test procedures were developed to control the cleaning and

anodizing of aluminum parts for weldboading. Procedures are given for the foll ow ing

steps in the process:

DEGR EASE 1,1, 1-Tr~chloroetha ne
- 
. ALKA LINE CLEAN Turco 4215-S

DEOXIDIZ E Amchem 7/nitr ic acid

ANODIZ E Phosphoric acid/sod ium d ichr omate

1. DEGR EASE - 1, 1, 1-Trichioroethane

(Reference Northrop ; Process Specification; C-15, Revision B, page 4 , 1/24/75)

1. 1 Procedure - Acid Acceptance Analys is

1.1.1 The 1,1, 1—trichloroethane shall be maintained with an ac id accep tance range

of 0. 03 to 0 .27  percent by weight.

1.1. 2 The 1, 1, 1—trichioroethane shall be analyzed and maintained in the range

specified.

1.1.3 The following analysis procedure is recommended :

a. Pipette exactly 15 ml of the sample into a 125 ml Erlenmeyer flask .

b. Add exactly 35 ml of standard (0 . 03 ± 0. 002N) hydrochloric acid/

methanol solution.

c. Reflux the mixture for 5 m inutes under a water-cooled condenser.

d. Cool and add 25 ml of distilled water through the reflux condenser.

e. Add 1 ml of phenolphtalein indicator solution and titrate with standard

L 

0.1N-NaOH to a pink end point.

f.  Calculate percent ac id acceptance as Na OH.
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1. 2 Calculation

Acid acceptance (as NaOH) : percent by weight 0. 02 x ml  of 0. 1N-NaOH .

1.3 Specification

Acid acceptance (as Na OH) : 0.03 to 0.27 percent by weight.

1. 4 Control of the Degreaser

1.4.1 Drain the water separator at least once a day and assure tha t it is function-
ing properly.

1 .4 .2  Clean out and recharge the 1, 1, 1-trichloroethane degreaser when any of
the following conditions occur :

H. a. The acid acceptance drops below 0.03 percent by weight of NaOH.

b. The temperature in the sump exceeds 175F , indicating excessive
contamination .

c. The solvent in the sump does not boil vigorous ly indicating excessive
resinous residue on the heating coils or excessive metal chips or fines .

1.5 Reagents

1. 0.03 ±.O.002N-HC1, Hydrochloric acid/methanol solution.

2 . 0.1N-NaOH.

3. Phenolphthalein indicator.

4. Distilled water.

1.6 Equipment

Standard laboratory glassware and stirrers .

1.7 Cleaning of Degreaser

1. 7. 1 Begin distillation of solvent from sump or boiling chamber , cullecting the
distillate in the storage tank or in clean drums. Continue t~~ dist i l lat ion
until the temperature of the boiling solvent reaches 183F.
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1. 7 . 2  In cases where cleaning of the degreaser unit has been initiated due to an
acid condition (decomposition) of the solvent , add a large excess of soda

ash to the boiling chamber to neutralize the acid before distillation is

started . in addition , after disti l lation has been completed , all interior
portions of the unit , including ta nk , sump , lines , and valves shall be
cleaned and neutralized with 5 percent soda ash solution . These areas
shall be thoroughl y dried prior to recharging.

1.7.3 Remove the remaining solvent and discard in a manner approved by the
Safety Engineer.

1.7.4 Remove all dirt , slud ge, metal chips and other foreign mater ials from the

tank and sump.

2. ALKALINE CLEANER ANALYSIS - Turco 4215-S
(Reference, Northrop Lab Tes t Procedure 7.10 , page 1, 6/26/69)

This procedure is used to control the concentration of the alkaline processing
solution by determination of total alkalinity .

2.1 Procedure

21.1 Pipette exactly 25 ml of the sample of the Turco 4215-S solution into a

250 ml beaker and add approximately 50 ml of DI water .

2.1.2 Titrate with 0.5N UCI to an end-point of pH 5.4 usingapH meter.

2,2 Calculations

Turco 42 15— S: oz/ga l = 0. 522 x ml 0. 5N—H C 1

2.3 Specifications

Turco 4215-S: 6 to 8 oz/gal

2 . 4 Solution Control

Turco 4215-S: (8-(current oz/gal)) x tank capacity (gal) = num ber of ounces
of Turco 4215-S to add . Multiply by 28. 35 to obtain the
number of grams to add.
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2 .5 Reagents

1. O . 5 N — H C I

2 . Buffer solutions : p11 4 and p 11 7

3. Deionized water , res is t iv i ty  greater tha n 1 megohm .

2 . 6  Equ ipment

pH meter - any type (calibrate wi th  sta ndard buffers at p11 = 4 and p11 = 7).

3. DEOXIDIZER — Amchem 7 / N i t r k ~ At ~’id

(Reference , Northrop Lab Test Procedure 7.47 , 6/26/69 and Amchem
Deoxidizer 17 , Technical Service Data Sheet)

• P cr lu rn t  the fo l lowing analyses :

Aim-hem 7 Analys is tsame as sodium dichromate)

N i t r i c  Acid Ana ly s is

Copper Analysis

Reaction Products Analys is

Etch Rate Anal ysis

3.1 Amchem 7 Analys is

3.1. 1 Procedure

3.1.1.1 Pipette exactly 5 ml of the sample into a 250 m l beaker and add 50 ml of Dl
water.

3.1.1. 2 Add 10 ml of concentrated HCI .

3.1.1.3 Add 5 ml of KI solution , swirl and allow to stand for 3 minutes .

3. 1. 1.4 Titrate with 0.1N-Na 2S2 O3 to a straw color.

3.1.1.5 Add 2 ml of starch solution.

3.1.1.6 Continue the titration until the blue color just disappears .
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3. 1. 2 Calculations

Amehem 7: oz/ga l 0 174 x m l  0.1N-Na 2S2 O3
3.1.3 Specification

Amchem 7: 2 . 9 to 3. 3 oz/gal .

3.1 . -I Solution Control

Ini t ia l  Make- Up

Amchem 7: (3 .2 - (current oz/gal)) x tank capacity (gal) =

number of ounces of Amchem 7 to add. Multipl y
by 28. 35 to obtain the num ber of grams.

Replenish: Use Amchem 17 instead of Amchem 7 . Calculate
• quantity as for Amchem 7.

3. 1. 5 Reagents

1. 0. 1N-Na 2S2 O3 24. 819 grams Na2S2 O3.5H 2 0 per liter of solution .

2 . Starch Indicator To 100 ml boiling water add 1 gram soluble

starch as a pas te. Stir thoroughly and while
still hot , add 1 mg Hg12 and 0.4 grams KI.

3. C . P. HCI (concentrated reagent)

4 . Deionized water , resist ivity greater than 1.0 megohm.

3.1.6 Equipment

Standard laboratory glassware and stirrers .

3. 2 Nitric Acid Ana~.ysis

3. 2 .1 Procedure

3. 2 .1. 1 Pipette exactly 10 ml of the sample into a 250 ml beaker and add 50 ml of
Dl water.

3. 2 .1. 2 Titrate with 1. ON-Na OH to an end—point of pH = 3.8 us ing a pH meter.

3. 2 .2 Calculations

Nitric Acid: Volume percent 42 ~~~ HNO3 = 0. 665 x m l  1.ON-NaOH
(42 Be HNO3 is concentrated reagent , 69 percent assay)
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3.2.3 Specifications

N i t r i c  Acid: 11 to 14 percent by volume (of concentrated
69 percent HNO3)

3. 2 .4 Solution Control

Nitric Ac id : (13 percent - (current percent)) x tank capacity
(gal) = number of gallons of concentrated HNO3 (70%) to
add. Multiply by 3785 to find ml .

3.2 .5 Reagents

1. 1.ON-NaOII

~~. Buffer Solutions , p 1-I = 4 and pH = 7

3. Deionized water , res is t iv i ty  greater than 1.0 megohm .

3. 2 .6 Equipment

1. Standard laboratory glassware and stirrers .

2 . pH meter — any type (calibrate with standard buffers at p11 = 4 and
pH = 7).

3.3 Cqpper Analys is

3.3.1 Procedure

3.3.1.1 Transfer a 50 ml sample into a clean plastic bottle.

3.3.1.2 Set the following instrum ental param eters on the Perkin Elmer 370 atom ic
absorption spectrophotometer.

Wavelength: 324 .1 nm
Slit: 0. 7 mm

Light Source: Copper hollow cathode lamp .
Nitrous Oxide Cylinder Regulator Pressure : 60 psig .
Nitrous Oxide Flow : 45
Acetylene Cylinder Regulator Pressure: 12 ps ig

Acetylene Flow: 25
Air Regulato r Pressure: 60 psig
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3.3. 1.3 Adjust th e  spectrophotometer burner hei ght for maximum absorption while
aspirat ing a 5 ppm copper sta ndard solut ion .

3. 3. 1. -i Adjust  the meter with  the 1- X PANSION control unt i l  the meter display reads

the concentration of the 1. 0 ppm copper standard solution .

3.3.1.5 Asp irate the sample solution and record the meter read ing in ppm .

3. 3.2 Calculat ions

3.3. 2 .1 The ppm Cu is directly obtained from the instrumental meter reading.

Copper: PPm -- instrument reading

3.3.3 Specifications

Copper : 2 ppm maximum

3.3.4  Solution Control

Add Alodine 1200E in increments of 5 mi/ga l of deoxidizer until  the copper
analysis is w ithin the specification l imits  of 2 ppm maximum as determined
by paragraph 3. 4 .1.

3.3.5 Reagents

1. 1000 ppm Cu standard Purchase from chemical supply house.

2 . 5 ppm Cu standard Pipette exactly 5 ml of 1000 ppm Cu standard
into a 1000 ml volumetric flask and dilute to
volume with distilled water. Store the solu-
tion in a polyethylene bottle.

3. 1 ppm Cu standard Pipette 100 ml of 5 ppm Cu standard into a
500 ml volumetric flask and dilute to volume
with distilled water. Store the solution in a
polyethylene bottle.

4. Distil led water.

3 .3 .6  Equ ipment

1. Standard laboratory glassware and stirrers .

2 . Perk in- Elmer 370 Atomic Absorption Spectrophotometer or Equivalent.
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3.4 Reaction Products:
(Amchem Deoxidizer 17 , Technical Service Data Sheet)

As aluminum is processed in the Amehem 7 bath , reaction product s wi l l
gradually accumulate un l ess there is suff ic ient  drag—out of the bath dur ing

processing. When the reaction products reach the concentration specified

below , the Amchem 7 bath should be discarded and a fresh bath made up.

3.4.1 Procedure

Pipette exactly 5 ml of the sample of the Amchem Deoxidizer bath into a

iodimetric flask and dilute to approximately 100 ml wi th  Dl water.

3.4.1.2 Add approximately 1.0 grams (1/2 teaspoonful) of sodium peroxide.

3.4.1.3 Add sev eral glass beads to the flask and bring to boil on a hot p late.

3.4.1.4 Boil for approximatel y 20 minutes , then cool to room temperature.

3. 4 .1. 5 Add 15 ml of concentrated liCi in three equal portions to the lip of the flask.

3.4.1.6 R inse the lip s everal t imes with Dl wa ter and replace the stopper .

3.4.1. 7 Add approximately 2 grams (1 teaspoonful) of potassium iodide and agitate

the solution unt i l  the potassium iodide is dissolved . Let sample settle for
about 1 minute .

3.4.1.8 Titrate with 0.1N—Na 2S9Q3 until a straw color is obta ined.

3.4.1.9 Add 2 ml of soluble starch indicator solution: continue the t i t r a t i o n  until

the blue—black color disappears .

3.4 .1.10 Record the number of ml of 0. 1N-N a2S2 O3 used .

3.4.2 Calculation

Reaction products (as Na2Cr2O7 
. 21120): oz/gal = 0.133 x m l  O.1N-Na 9S9O3

3.4.3 Specification

When the Reaction Products titration reaches a value of ‘JO. 0 m l  or above .

discard the Amchem 7 bath. This is equivalent to a total reduced ox idized
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chrom i uni content of 0. 133 x 90 12. (I o-i/gal of ~a9Cc~07 2I1~O.

Reaction Products : 90 ml m a x i m u m .

3.4.4 Solution Control

Non e.

3 . 4 . 5  Reagents

1. C. P . Na202, Sodium Peroxide.

2 . C . P. UC 1 (concentrated reagent).

3. C . P. KI , potassium iodide.

-I . 0 .1N -Na .)S.~03 24 . 819 grams per l i ter  of solution . Na 2S2 03~ 5112 0

5. Starch Indicator To 100 ml boiling water add 1 gram soluble starch

as a paste. Stir thoroughly and wh i le st i ll hot,
add 1 mg l-lgl2 and 0. 4 grams Ki.

6. Deionized water , resistivity greater than 1.0 mcgohm .

3. 4 .6 Equ ipment

Sta ndard laboratory glassware a nd s t i r rers .

3. 5 Etch Rate

Etch rate is to be determined on a new bath both in the s t i l l  and agitated
conditions . The etch rate of the st i l l  bath is a measure of the f luoride
level of the tank . The etch rate of the agitated bath is mainly used to mea-
sure the effect of the agi tat ion on the etch ra te of the bath. The etch rate
of the ag itated bath should be 2 to 3 times that  of the s t i l l  bath . After  the
cha racterist ics of a specific tank have been determined , the etching charac-
teristics and fluoride level of the bath may be controlled by measuring the
etch ra te result ing from an exposure of a sample in the agitated bath.

3.5.1 Procedure

3.5.1.1 Test Coupon: Shear two (2) 3.0 in . x 3.0 in. x 0 . 0r~ in. aluminum coupons
of 7075-T6 bare a luminum sheet. Dril l  a 1/~ — ii ic - h  hole in one corner of
each COUpOn (or use titanium clips or other techn ique) to hold the a luminum
coupon in the pr ocess ing and tes t tanks . Clean the test coupons us ing
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standard weldbond cleaning process consis t ing of degreas ing. a l k a l i n e  c-l ( :iII -
i ng , and Amehem 7/ n i t r i c  acid deoxidizing.  Dcv coupons f r  ::u in i n u t & - s  a t

150— 160F’ in a hot air c i r cu la t in g  oven.

8 . 5. 1. 2 Weigh each a l u m i n w u  test coupon on an ana ly t i ca l  balance to the n eare s t
mil l igram .

3. 5.1 .3 St i l l  Etch Bate Procedure

Etch rate determination may be made on a 1000 ml sample of the .-~mch em
7/ni t r ic  acid processing solution or in the actual production tank. In the
1000 ml sample technique , glass containers should not be used . Fluorid e
in the solution ~vi li attack glass.

• 3.5.1.3.1 Turn off ag i ta t ion  and let solution settle for 30 minutes .

3 .5.1.3. 2 Immerse the test coupons without agitat ion or f i l t r a t io i ~ for exactly 20 m in-
utes . Ensure that individual coupons do not rest on the bottom of the tank
or touch each other.

3.5.1.3.8 After 20 minutes , quickl y remove the test coupons and spray rins e with
deionized water for 5 to 7 minutes .

3.5.1.3.4 Dry coupons for 30 minutes in a hot air  c i rcu la t ing  oven at 150— 1GOF .

3 . 5 .1.3 .5 Cool and weigh the coupons on an anal ytical balance to the nearest mi l l igr am .

3.5. 1.4 Agitated Etch Rate Procedure

3.5.1.4 .1 Agitate the bath either through a pump or air agitation (preferred) to give a
moderate agitation in the deox idizer . Start the filter pump. Continue filtra-
tion and agitation for a period of 10-20 minutes to insure complete mixing
of solution and complete removal of all contamination particles .

3.5.1.4.2 Continue agitation and fi l t rat ion.  Immers e the test coupons for exactly
20 minutes . Ensure that individual coupons do not rest on the bottom of
the tank or touch each other.
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8 - s  .i . .:; .\iLrv I I)  Iii unites . t~ i t  aLl y t i i  - ~V t- the t ~~ I t ( ) i i J ) ( ) I t ~ ant!  Sl) i~~
i\ i 1.~ (~ \V i t ~ I

(ICioili /e ( t \\ :itei’ lo t’ - )  t~ ilil t iti tes .

I .4.1 . I . I I ) i -
~ ii poiis h I

. : i )  Iii Un it 1 -’i III a hot a t  ci i- etil zi t i rig ii~ cii at 150— 1 i i  1-’.

:; ..41 .1 .5 ( t o l  and w e ig h  i t  coupons (iii :tn tnilvtit ~ tl I riu l a i ii _ i’ to the  i ) c : t i t s t  11) ill gi :iil)

-4 . 1 (:ilcu lati oii s

Etch  i - a t e  is t he  grams lost I) an 1 ~ sq i f l ( -h  surface exposed for 20 minutes

in a s t i l l  I~i th ( I I ’  an ag itated and i i i  tcr ed bath.

(:1 ) g r am s . in it ia I \\ e i g h t  ol coupon (3 . 5. 1. 2 )

i i )  g i a t u s  . I na ! w e i g h t  ~ii COU~~~OO (4 . 5 .  1. 4 . 5) (3. 5 . 1. -1 . 7)

1. Etch rate : g rams  lost , - 20 mm (a) — (Ii )

- . - Etch Rate (a~r itated)
2. A ’’i t at iori I’ actor -

Etch Bate (s t i l l )

- - — ‘mis los t - .  - -.1 . C onver sion I a c t or  = - N .,. I etCh rate (mi l s , Side h r )20 m m .

8 . 5 4  Specification

Etch Rate (st i ’ ’  bath) : 0 .52 to 0.0~ 0 grams lost/20 mii i  (0.20 to 0 .30

mils :sidc,’hr)

.\gitation 1-actor :  ? . 1) to 4 . 0

8 . 5 . 1 So lu t ion  C o n t r o l

-c e l i -h  i-at ( on the  so lu t ion  on ly  a l t e r  it  has been ad justed o r i- c—

p len isoed b r  Anich en i  content  and for n i t r i c  ac id  content .  (‘ or t e c t  ba t h

w i t h  \ lod in c IS s o l u l i o n  as f o l l o w s :

( )ne nil ( l b ~\ Io d ine  I S  per gallon of (leoxi d izc i  ra ises  the ‘ s t i l l ~ etch ra te

v app i -ox u i n t e i v  ii . 010 g r a m s , depending on how ni an v sq uare I cci of

a I tii iì i luli) pet ga l ion  of deoxidizer have been processed . I lowevcr . it  is
i ccolll nleilde (! t ha t  ha If the r equ i r ed  a m o u n t  of Mod inc  5 be added , and
etch ra te  checked per p a r a g r a p h  3. s. 1. :3 . Ail i  l i t  iona l  Alod inc 45 S hould be

added in small inc-rem cuts u n t i l  the maxim urn e t ch  i’a Ic of (i - 0~ 0 g r a m s  is

I ’ CU cli e(i .

Al o d i t i e  - 15 : (0. () s Ø — St i l l  Etch Rate) x 10 , (00) number

m l  ui A lo d i n e  1.5 to I ) e  added to 10() ga l lon  tank .

3 .5 . 4 Reagents

Nt ‘i~e I’cqti i red -
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3. 5. 6 Equipment

Anal y t i ca l  Balance.

4 . ANODIZ E (phosphoric acid/sodium dichromate)

4 ~ Phosphoric Acid

4 .1.1 Procedure

4.1.1 .1 Pipette exactly 25 nil of the sample into a 250 ml b eaker and add 50 ml of
Dl water .

4 .1.1. 2 Ti t ra te  wi th  1. ON — N a O l l  to an end p oint  of p 1 1= 4.5 Us ing  a pH meter ,

4 .1 .2  Calculations

Current Phosphoric Acid (~ 5’ Assay) concentrat ion (ft n / / g a l )
0.345 x m l  1.ON NaOH

4 . 1. 3 Specification

Phosphoric Acid: 1.2 to 1. 5 fI oz gal 113 P04 (55 . 4  Percent Assay).

4 . 1.4 Solution Control (Northrop target = 1 . -
~ i i  oz ga l )

Phosphoric Acid = (1.4 - current fl oi., gal)  x tank capacity (gal) x 29.57 —
ml of 85% H3P04 to add.

4 .1.5 Reagents

1. 1. ON — NaO H - Sodium hydr oxide .

2. Buffer Solutions, p11 = 4 and p 11 = 7 .

3. Deionized water, resistivity greater than 1.0 megohni.

4 1 . 6  Equipment

1. Standard laboratory glassware and st i r rers .

2 , p11 meter - any typ e (cal ibrate  wi th  standard buffers at p11 - 4 and p11 7) .

-1 . 2 Sodium Dichromate

-1 .2 . 1  Procedure

4 . 2.1.1 Pipett e exactly 2 ml of the sample into a 250 ml beaker and add 50 ml of
1)1 water .
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4 - 2 . 1. 2 Ad(l 10 tn t  of concent rated I id

-1 , 2 . 1. 8 Add 5 ml of NI so lu t ion , swir l  and a I low to stand 3 minutes .

-1 .2 . 1 . 4  Ti t ra te  wi th 0 . 1N— N a ) S9 03 to a straw color.

4. 2 .1.5 Add 2 ml of starch indicator.

1. 2 . 1.6 Continue the t i t ra t ion unt i l  the blue color j ust disappears .

4 . 2 . 2  Calculations

Sodium dichromate
current oz/gal: oz/gal Na 2 Cr 2O7 2H 2 O = 0.332 x ml 0. IN Na 2 S2O3

4 . 2 . 3 ~pecifications

Sodium dichromate : 1.30 to 1.50 wt oz/gal

4 . 2 . 4 Solution Control - Northrop targets to 1.40 oz/gal

Sodium dichromate: (1. 40-  current 07/ gal)  x tank capacity (gal) = no . of
oz of Na 2 Cr 2 O7~2H 2O to add .

4. 2 .5  Reagents

1. 0 . 1N —Na 2S2 O3 24. ~19 grams per l i ter  oF solution , Na 2S2 O3~ 5H2 O

2 , Starch Indicator To 100 m l  boi l ing water add 1 gram soluble starch
as a paste . Stir  thoroug hl y and whi le  still hot ,
add 1 mg Hg!2 and 0, I grams NI .

3. C. P. HCL (concentrated reagent)

4 . Deionized water , res istivity gr eater than 1.0 mego hm .

4. 2 .6 Equ ipment

Standard laboratory glassware and stirrers .

303

I .  

_______  -- ~~~~~~~ ~~~~~~~~~ ~~~~~~~--  - - — --- - -- - -,



-~~--—--
~~~~----

~~~~~~ - - -  —

~~ 

—-- --—---- —

~~~~~

--- --

~~

AP 1~END 1X B

SEM PROCEDURES FOR QUAUfl ’  CONTROL OF ANOD IC ( OA’l’INGS

1. SCOPE:

1. 1 This procedure establishes the equipment , standards , and techniques for

ver ification of the acceptability of surface preparation procedures
following deoxidation and low voltage phosphoric acid/sodium dichromate

anodizing of 7075-TB bare and 2024-T3 aiclad alum inum alloys.

1. 2 The acceptance criteria for the anodized surfaces of bare 7075-TB and

clad 2024—T3 are specified in 2.3.

2. REQUIREMENTS

2.1 Equipment

2.1. 1 The scanning electron microscope (SEM) shall consist of, but not be
lim ited to the following:

a. An electron source with accelerating potential of at least 15 Ky.

b. Pre-aligned electro-magnetic lens system with coarse and fine

objective lens controls for image focusing.

c. Enclosed vacuum column evacuated by an oil diffusion pump and

backed by a roughing pump. Pump-down time to a pressure of

1 x 10~~ torr after specimen insertion shall not exceed two minutes.

d. Double deflection scanning coils with two secondary electron scanning

modes: one for visual observation and one for photographic recording

e. Display screen (CRT) for viewing and photographic documentation.

f. Specimen stage capable of handling anodized specimens , with a

minimum sample diameter of 0. 75 inch and a minimum sample

height of 0. 50-inch, X- and Y-translation , and manual or electronic

rotation and tilt from 0° to greater than 45°.
g. Stepwise variable , direct reading magnification control from not

less than lOOX to at least 20 , 000X.
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h. Electron—optical performance with a guaranteed resolution of at

least 150X.

2.1. 2 The equipment for preparation of the specimens prior to SEM inspection

shall consist of the follow ing:
0

a. A vacuum system capable of depositing a clean , uniform layer of gold , 100A
0

to 200A in thickness , on the anodized surface. The coating process may in-
clude , but not be limited to , either vapor deposition or sputter-coating. A

rotary/ tilting coater sample holder should be used to provide complete ex-

posure of the gold coating. This provides a rotation and tilting motion of

the specimen during the deposition process.

2. 2 Process Requirements

- - 2. 2.1 Specimen Preparation Procedure Prior to SEM Inspection

a. Specimens shall be removed from panels both after deoxidation and

afte r phosphoric acid/sodium dichromate anodiz ing. The specimen

size shall not exceed 0. 125-inch by 1. 0—inch by 0. 125—inch in thickness,
unless it is determined to be compatible with the size of the SEM

specimen stage , as specified in 2. 1. 1, f. The specimens are to be

representative of the anodic surface character of the larger panels.

Note: Specimen surfaces to be inspected shall be kept clean and free

from all contaminants that may alter the character of the anodic

coating. This includes, but is not limited to, grease, oils, vapors,
and fingerprints. The “deoxidized only” specimen must be gold

coated for SEM analysis in less than 24 hours after processing.

b. Manually break or bend the specimens in order to view the anodic

coating at the radius (see Figure Dl) .

c. Mount the cracked specimens on a SEM mount (specimen stub) using

a conductive paste, paint , or colloidal suspension. These may

contain either silver or carbon as the conductive medium.
0 0

d. Apply a thin , uniform coating of high purity gold (about 100A - 200A

thick) on the mounted cracked specimens by vapor deposition or

sputtering.
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A

N 

B

A — NORMAL TO SURFACE PLANE — INSPECT AT 2000X , AND 10 .000X
B — PARALLEL TO SURFA CE PLANE — INSPECT AT 4000X AND 20,000X

FIGURE Dl. REPRESENTATION OF BENT ANODIZED SPECIMEN SHOWING DIRECTIONS
OF SEM INSPECTION
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2. 2, 2 SEM Inspection Procedures

a. Insert the gold-coated specimens (with stub) into the scanning
electron microscope and execute the pump-down and start-up
sequence. A vacuum pressure of 1 x 10~~ torr is required.

b. Inspect the surfaces of both the deoxidized only and anodized
specimens in an area away from the bend radius as indicated by
A in Figure Dl. The specimens shall be viewed at right angles
(normal) to the sur face plane and must pass the acceptance
criteria for both the deoxidized only and phosphoric acid/sodium
dichromate anodize at each of the following magnifications.
2000X and 10, 000X in accordance with 2.3.1 a , c , and d for
bare 7075-TB and 2.3.2, a, c, and d for clad 2024-T3.

C. Inspect the surfaces of both the deoxidized only and anodized
specimens along a direction normal to the cross section of the
oxide , as indicated by B in Figure Dl . Both surfaces must pass
the acceptance criteria at each of the following magnifications:
4000X and 20,000X as specified in 2.3.1 b and e for bare 7075-TB,
and 2.3.2 b and e for clad 2024-T3.

2.3 Acceptance Criteria

2.3.1 7075-TO Bare

The acceptance criteria for 7075-T6 bare consists of two sets of SEM photographs
showing the acceptable surface character in both the “deoxidized only” and
“anodized” conditions. The appearance and acceptable conditions are specified
as follows:

a. Specimens which have been “deoxidized only” are to be viewed along
a direction normal to the surface plane (see Figure Dl) and inspected
at magnifications of 2000X and 10, 000X. The appearance must
be similar to that shown in the SEM photomicrographs
in Figure D2. Large particles that contaminate the surface as
shown in Figure D3 at 2000X are unacceptable , and etched grain
boundaries must be visible. The absence of grain boundary etching
indicates that a deoxidizing bath is out of specification limits.
Surface defects , such as holes and pits in the surfa ce are acceptable.
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4.000X 20,000X

FIGURE 02. GENERAL CHARACTER OF STANDARD SURFACE OF BARE 7075-T6
“ DEOXIDIZED ONLY”
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b. Inspection of the “deoxj dj zed only” surface through its cross section
will be performed at magnifications of 4000X and 20 , 000X and shall
reveal images similar to those shown in Figure D2 (edge view). The
surface shall appear clean with no surface contamination. Contamination
of the surface as shown in Figure D3 at 20 , 000X , where the “deoxidized
only” surfaces give the appearance of an anodized surface, is unaccept-
able. The presence of the ligh t mud cracked amorphous oxide is accept-
able , but should not exceed 3000~ , in thickness.

c. The appearance of the phosphoric acid/sodium dichromate anodized
surface of bare 7075-T6 when inspected along a directio n normal
to the surface plane (see Figure Dl)at a magnification of 2000X must
appear similar to the surface shown in the SEM photomicrograph in
Figure D4. Note should be made of the presence of the etched grain
boundaries, which must be visible. Absence of grain boundary etching
is not acceptable. Surface defects, such as holes and pits are
acceptable.

d. Inspection of the anodized surface at a magnification of 10, 000X must
present an appearance similar to that shown in Figure D4. The
grain boundary etching must again be evident and comparable in
depth to that shown in D4.

e. Inspection of the anodic coating thickness through its cross-section
at a magnification of 4000X and 20, 000X shall reveal images similar
to those shown in Figure D4. Acceptance of the panel is based on
the thickness of the coating measured from the 20, 000X image,

0 0which must be at least 500A , but not greater than I000A .

Note: A trend toward greater or lesser thicknesses is indicative of
changes in the anodizing procedures: i.e. , bath concentration,
voltage, time, or poor electrical connections.

2.3.2 2024—T 3 Aiclad

The acceptance criteria for 2024—T 3 alciad material both in the “deoxidj zed only”
and “anodized ” conditions consists of two sets of SEM photographs showning the
acceptable surface character specified as follows:

a. The appearance of the 2024-T3 alclad aluminum in the “deoxidized
only” condition when inspected along a direction normal to the surface
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N~~RMAL VIEW

• _
2000 X
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plane (see Figure 1)1) at magnifications of 2000X and 10, 000X must
appear similar to the surface shown in the SEM photoinicrograph
in Figure D5. Note should be made of the absence of etched grain
boundaries. Surface defects such as holes and pits are acceptable.
Surface contamination as indicated by the appearance of foreign
particles (Figu re DO) on the material is not acceptable.

b. Inspection of the “deoxidized only ” surface throug h its cross-section
at magnifications of 4000X and 20, 000X shall reveal images similar
to those shown in Figure 05. The surface shall appear clean with
no surface contam ination such as the large particle that appears on
the surface at 20 , 000X in Figure DO.

C. The appearance of the phosphoric acid/sodium dichromate “anodized”

-
. surface of 2024-T3 alciad when inspected along a direction normal

to the surface plane (see Figure Dl) at a magnification of 2000X

must appear similar to the surface shown in the SEM photomicrograph
in Figure D7. Note should be made of the absence of etched gra in
boundaries. Surface defects , such as hole s and pits are acceptable.
Surface contamination is not acceptable.

d. Inspection of the anodized surface at a magnification of 10, 000X must
present an appearance similar to that shown in Figure  D7.

e. Inspection of the oxide thickness through its cross-section at a
magnification of 4000X and 20 , 000X shall reveal an image sim i~~
to that shown in Figure D7. Acceptance of the pane l is based on
the thickness of the coating measured from the 20 , 000X image ,

0 ()
which must be at least 400A , but not greater than ~“ W A .

2,4 Facility Requirements

2. 4. 1 Locate equipment , specimens , and records in a clean , well-lighted area
free of noise and vibration and sufficiently removed from the production
facilities to preclude contam ination by substances detrimental to both
specimens and equipment. This include s, but is not limited to , dusts ,
acids , oils , greases , solvents , fumes , and vapors.

2. 4. 2 Optimum performance of the scanning electron microscope is achieved by
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locating the equipment in an area that can Ix~ darkened .

2 . 5 ~4~a1ificat ion of I’ersonnel

5. 1 All ix~rsonne l operating the inspection equipment and accepting or

rejecting anodized panels shall be certified by:

a. Completion of a training course on the operation of the sample

preparation and inspection equipment.

b. On-the-job training by a certified operator.

3.0 QUA LITY ASSURANCE

3. 1 Manufa ctur ing and In~j~~~tion Control

3. 1. 1 Maintain an inspection procedure that will allow traceability of tab

specimen back to the large r anodized pane l or batch of panels.

3. 1. 2 Inspection record s shall be kept complete and available on the anodic

coating thicknesses of each panel inspected, as well as any comments

by the inspector on any abnormalities or deviations from normal that

develop in the character of the anodic coating.

3. 2 Equipment and Stand a rds

3. 2. 1 All equipment shall be maintained in working order in accordance with 2. 1.

3. 2 . 2 Periodic servicing of the scanning electron microscope shall be required
0

to maintain a minimum working resolution of l5OA .

3. 2 .3 A reference file shall be maintained of current SEM photographs from
representative acceptable and reje etable anod ic surfaces.

317



APPEN I) 1X E

M IC R(JPROC ESSOR Ct )N TROL C ODES

IN L~U T C ODE CONTROL C ODE A DATA B DATA

00 1—000— 00 Do No thing — one d d e  —

002-000—00 Test foot switch iOO heat curve
-9 7 100 ,/. heat curve
—6 0 60’~ heat curve

003-000—00 Turn everything off Return to step 00

004-000-00 Repeat

-005—04 Repeat - from present No . of times rep eated Return to step 4
Step to step in B data i .e. , 5 tim es

11 EAT
C OIU MA N DS

111—010— 70 Appl y h eat — s ing le Ten cycles 7o;/
phase

131—001— 1~ Apply h eat — 3—phase One cycle 18~i

181—000—00 Polarity set code sets
polarity +

181—000—00
00 1—000—00 Sets polarity —

191 -02~ -14 Appl y heat on feedback Total no . of hea t First cycle of
control mode cycles in feedback Hea t - 14~program

255—000-00 Feedback monitor to
read actual expansion

302-015-UI Precompression — 15 cycles Mus t be 01 to turn
turns forge on for flO. valve on
of cycles specif i ed

___ _ — ___- -‘I-- —
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_ _ _

INPUT CODE CONTROL COD E A DATA B DA TA

401-000-01 Turn weld valve on/off No. of cycles delay ON-Ol or OFF-00
usually 00

402-007-01 Turns forge valve on 7 cycle delay after ON-Ol or OFF-00
command step

403—030-01 Turn on oscillogr aph 30—cycle delay after ON—Ol or OFF—00
recorder command step

404-009-00 Sets feedback After delay of 9 01-Resets encoder
encoder cycles from corn- to zero

-01 mand step 00-Command to
start measuring

613-000-00 Feedback expans ion
selection command for
nugget expans ion

800—025-00 DO NOTHING for 25 cycles

-025-06 Check for contact
gage

800—000—00 Spec ial — causes polarity
reversal when ins erted
in middle of weld cycle

900—058—00 Jump to specified step Step No. 58 00

941_232_ 19* Initiate program Code for proper Jump to Step No.
Selec t Switch switch No — ie #2 ie 19

248-0
240—1
232—2
224—3
216—4
208—5
200—6
192—7
184—8
176—9

*See Attachment
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ETC ii RATE Cc)NvE RSION VA CTOH l) l :~ RI\ ’A ‘l I( )N

Assunjptions

1. w -
~ total weig h t loss on 3 inch x 3 inch sample etched for 20 minutes

2. E Etch rate in side/hour or m1s~ sj de/hour

3. Sample size - 0. I ) 1i2 -in ch x 3 inch x 3 inch

4 . Edge effect neg ligible = thus total surface area = 3 x 3 = ‘ in 2/ side

5. Density of 7075 aluminum = 0 . 10 lbs/in3

Derivation

w (gms/20 minute s) 3 (20 minutes/hour )
E (in/side/in) = 2 39 (in / side) x 2 (sides) x -153 . 6 (gm s . Ib )  x 0. 10 ( Ib ; in

E (in/side/hr) = 0. 00367 in/side/hour

E (mils/side/hour) 3. 67

331
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\PPEND IX 1!

A— b A TEST SI ’EC TRUM FOR SHEAR h > .-\N VhS

( I ~I 4 [) CR O SS I Y I I  1 2  
- )~~~~l 4 I ’ .~~ II M -4

C I INU I I  [~ pN w C1~_ .1If -r .‘~~ 1 4 8  SII~ A R -A ~4 F.I . & - 
~I I 4 A ~ I’A’ l F I .

DI-IN IR I I I IO N  (L I iS . )  1I 4 / f l y K I I C L S I .LF~~L 1ME 1141654114 ill INT IPN3 Ii 4 LOAPI

I 5yuin~e t r j c . I  PU1IL IUt 28000 2 . 5  5~ 0 7 4 / 5  2 3 7  • . 1 2 1  t IC,

2 5 300 I IJ000 696 IICI 10 7 3 - ,

3 . 1 5  I~.IJ 4 3 7 5  903 2 3 7 0 3  9~~ 1 2 5 7 7 ?
4 .0 lO u 2 0 12 5  215 5 6 43  - 304  7 9 9 1

5 3 . 0 100 1) 100 682 1/ 9 0 2  7 3 4  1 3 1~~~1- 
6 

- — 
3 0  1 - 0  l - - -. 2 5  8 1 7  2 3 0 2 1  982  157 17 P

7 3 . 5  20.1 1 4 6 1 5  193 5086 3 - 4

8 3 . 5  j j p )  ~I,I)1) 6~~9 1/ 5 6 1  134 I 1 9 L 1 ?

9 3 5  j., i~1 8 3 1 5  852 .i ,I 165 982 2 5 7 ) 7
10 

- — - 
4 . 0 200 8 )50  171 4488 .104 7 980

11 4 .0 300 7 3 75 657 17246 734 - 1 9 2 6 /
1 .2  4 .0 360 6 0 2 5  824 21630  982 p 2 5 7 7 ?
1. 3  4 _ s  200 150 148 149 5 304 ‘ 7 980
14 4 .5  300 10525 644 1 905 73 .. 19 2 61
15 

—- - - 
4 .5 34 0 4000 79 8 209 6 7 982 - 257??

16 5. 0 300 5 7 5  631 16563 734 139267

I?  5 . 0 361) .12 75 773 20291  982 2 S 1 7 7
I t  

I 

~~~ 300 2 9 7 5  6 1 6  16 2 2 2  7 3 4  19 2 6 7

I S  5 . 5  340 1050 746 19 582  982 2 5 7 7 7
21) 6 . 0  00 1 12 5  605 1588 1 / 34  I 19267

— -  - I ~21 6 . 0  340 -.0 7 72 1.  18926 982 2 5 7 7 7
32  6 . 5  300 4 5 8  592  155 4 0  7 3 4  1 1 9 267

I I  i S 340 153 694 1411 . 7  982 2 5 7 7 7
14 7 . 0  300 205 579 15 198  734 19261
2 5 

-~~ 7. 0  342 ib 666 17482 982 
- 

2 5 7 7 7
.16 7 . 5  300 95 56 7 1486 3 734  19267
21 - 7 . 5  340 25 641 1 6 826  982  2 5 7 7 7

2 8 8 . 0  300 5 1  5 5 3  14 5 16  7 3 4  1 9 2 6 1

29  I 0 200 7150 350 918 7 304 
I 

7980

30 0 300 1000 760 19950 7 34  1926 7
31 

- - - 
0 340 500 1036 2 719 S 982 2 5 7 7 7

32 - 0 . 5  200 550 373 9791 304 7980

I — 0 . 5  300 50 774  2031? 734 1926 7
34 - 0 .5  340 25 1062 2 7 8 77 982 2 5 7 7 7

~

- 1.0 200 751 95 10368 304 ?~~9
36 . - 1 . 5  200 1 1  41 7 10946 304 7980
3 7  - 2 . 0 200 131 441 11576 304 79 80
38 SyIli m Pu ll out- SOY. S peed Brake 3 0  300 S 0 7 5  682 3 7 9 0 2  736 1926?
39 4.0 300 I 6 5 7  17 24 6  734 3 92 6 7

- I - - - 
5 .0  300 400 631 16563 73~ ~~19267

4 1 S-jisss C’ u l l o u t - S O Y . S pee d Br a ke 3 . 0  300 2 5 2 5  683 17928  734 19267
42 4 .0  300 177 5 6 58 17272  734 I 19267
43  5 . 0  300 200 6 3 1  1 65 6 3  7 3 4  19 2 6 7

44 )yn.slnlc S yuenei rica l 2 . 5  200 7 3 2 5  2 3 7  6/2 1. 304 7980
4 5  2 . 5  300 9 9 75  696 1 8 2 7 0  7 3 4  j 1 9 2 6 1

46 2 . 5  340 43 5 0  903 2 3 703 982 2 5 7 7 7
47 n~ Rol l , fl y — - 0 _ I  B a s e  I 5/  35 200 6 5 15 193 5066 304 1980
1.14 n~ R oll , fl y 

— 0 B3SV 15~~ 300 L 7 9 2 5  869 17561 ?3 !. ___ ,,j 1 92 6 7

T 1 - L , I- - I C - I l a d  is the pune- 1 dIagIln.1l I T w & ~~-fl 1u,sding po int s (26 25 in .) time s the shear I n t e n s it y

—
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A-1OA TEST SPECTRUM FOR SHEAR PANELS (Continued) 
______- — - -  -- -

CROSS CYCLES MANE UVLk
Cull)) I 1)501.1 105 W 6IG IIF ~ .- P6K ~~~3 E A 8  F~~i~EL* NII6Ak PANLt~

RU UL41. 14 11 1105 
— —~~ (1li~’ ) ~ , u

y 8.5013_~ L1IETIME INi I  FlY LOA I) I N T 6 N S I T Y  LOAD

-.1 lo l l  — 0 base 280u0 3 . 5 / 35 i-.U 1650 552 2 2 1 6 5  982 2 5 7 7 7
5 1  - 5 . 5 / 35 300 2200 6 1 9  161I .8 73 4 1926?
51 5 5 / 35 340 150 7 4 8  19 5 82  98 2  2 5 7 7 ?
51 6 5 / 35 300 175 592 1 5 5 4 0  7 3 4  1926 7

Ii 6 5/ 35 34 0 7S 694 182 17 982 2 5 7 7 7
5~ It ,~ Itoh - fl

y 
— - 0 . 3  Baae 3 . 0 /  5 5  200 4 7 5  215 5 6 4 3  304 7980

55 1.0/ 5 5 300 52 5 683 1/ 9 18  734 19267
~~tI 3 ( 1 / . 5 5  34(1 22 5 879 23072  982 2 5 7 7 7
5 /  4 . 5 / 55 30(1 2 50 644 18905 734 19267
59 4 5 / 55  340 100 798 2 0 9 4 7  982 2 5 7 7 7

59 6 . 0 / .  55 300 /5 605 15981 73 4 19267
61.) 6 . 0 / . 5 5  3~.0 25 721 18926 982 2 5 7 7 7
1, 1 I (l

~ Rol l 1 . 0 / .  5 200 6 8 7 5  304 7980 304 ‘980
‘ 1  1.0/ .  35 3(10 30200 734 19267  734 1926?

1 1. 0 /  15 11,0 1) 2 2 5  982 25 7 77 982 25 7 7 7
6 - .  1..O~ 8411 — • - 0 .3  Base 1.0/ SO 200 3000 304 I 7980 304 7980
( - 5 1. 0 / 5 0  300 3925  734 1926 7 734 19267
66 L0 f . 50  3 4 )  1825 982 2 5 7 7 ?  982 2 5 7 7 7  

p

8 /  1.0/ 80 200 75 304 7980  304 7980

68 1.0/ 80 300 50 734  19267  734 19267

69 1.0/ 80 3 4 0  25 982 2 5 7 7 7  982 2 5 7 7 7
7)) Sy iiu ~~~ r~~ P Pullout 43000 2 . 5  200 1425 154 4042 307 8058
/ 1  2 . 5  3 0 0  2 5 0  6 6 5  1 7 4 5 6  105 18 5 0 6

72 3 . 0  300 1100 519 1 3 6 2 3  705 18506

13 3 . 5  300 575  473 124 16 705 18506
7.. 4 5 371) 125 380 9975  705 18506
75 5 . 0 300 75 334 8 7 6 7  705 19506
76 5 . 5 3 . 1 )  50 500 1 3 3 2 5  033 24491

4 . 0 300 3 2 5  626 1) 1 8 ’  7( 1C 18506

18 0 300 15 798 2 0 9 . .)  705 18506
75 Dy n ,s i I t c  i1y:iJ.I l I e r l c al - 2 5 200 175 156 4095 307 8058
80 2 5 3 42  250 565 14831 705 18506
81 S y . I s - , t 611 . a l Pullout 37500 1 5 200 4 50 206 5407 306 8032
82 - 2 5 300 1100 600 15750  718 18847
9.1 .1 5 1 0  8 / 5  826 21682 941 24701
84 I 3 . 0 3- 1 ., 200 173 4 541  306 8032

115 3 1) 300  1 8 2 5  5 6 1  1 4 7 2 6  118 1 8 8 4 7

91, 3 0  40 1425 787 2 0 6 5 8  941 2470 1.
8 7  i .S  300 1525 52 1. 1367 1 7 18 1886?
4 9  3 5  34 ( 1  1 1125 749 196 ~~~1 9 4 1  2 4 7 0 1

41~, 0 300 1100 482 126 52 718 18847
90 6 . 0 340 I 825 709 18611 04 1. 2470 1
9 1 • .5 300 700 443 11629 718 18847

4 5 340 I 550  6 7 2  17640 961 24701
-n 5 . 0  300 400 405 109 31 7 3 8  18847

5 0 340 300 63 6 16862 941 2470 1
iS 5 . 5  100 175 165 958 1  718 1 8 8 4 7

I -s - I 5 5 340 150 595 15 6 18 94 1 2470 1

____________ — 
6 .0 300 75 325. 8c3 1 

- 
718 18847

‘ l l .~- I lfiC i l~~~~l I a  the panel  IIIa 1)I I I IJ I  II IIIw,- 5.II l . l as ) ln R 110th).. ( 2 6 . 2 5  in ) time s tie. shear In t e ns i t y .
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A-bOA TEST SPECTRUM FOR SHEAR PANELS (Continued)

CROSS CYCI .6S - IIANLIIIV I U -( (IN)) COND ITION 4 ( 1  t ;( rr V P6K SIf ~ KW ThA74El .~ Sh EA R lANiT~
110 . DESCRIPT ION fl R:; ) ~z~~’y RNOT S LiFETIME iNTE NSITY 1.09.1) I N T E N N 1 T Y  11th))

99 S y r . . m e t r t c ’a I  Pul lout 3 7 50 0  6 . 0  3~.0 50 555 16 5 6 9  941 2 6 7 0 1

01 6 . 5  360 50 51 7  1157 1 941 2 6 7 0 1
Inn 0 200 750 374 Q9 17 306 R fl7

10 1 fl 100 j1)1) 799 7 1 ) 9 /,7  71 14 11491.1

11)7 0 360 75 1019 7 6 7 / 8  961 7 1 ) 70 1

103 -0 .5 700 25 4 07  109143 306 14(137

104 — 0 . 5  100 75 796 2 0 9 9 5  7 114 1996 1
105 Dyna mic S ymetr ica l  2 . 5  200 75 206 5/ ,07 144 1 8012
1(16 2 . 5  300 750 600 1 5 7 5 0  718 18967

107 2 . 5  360 600 142 6 21 69 2 961 
- 

2 6 7 0 1
lf lq  n7 Rol l  - fl y - .0 .3 Aa~ e 3 5 / .  35 200 325 1’.O 16 75 306 8012
10~ n8 Ro l l  1 . 5 /  35 31)0 1600 52 1 1 6 76  71 14 1896 7
1111 1 . 5/ 35 140 900 76 9  19661  9/ ,1 2 4 7 01

III 5 . 5 /  35 1(10 2 50  365 95 141 718 - 1886 7

I I ?  5 5 / 35 360 250 595 15619 96 1 - 26701
Ill n, R o l l  - fl y — -0 3 R~ qp 1 0/ 55 700 2 5  113 6 5 4 1  306 8012
I I - .  1 (1/ 55  300 100 561  1 6 7 2 6  718 1886 /

1) 5 3 . 18/ 55  160 50 7 8 7  7 0 / 5 9  941 - 2 6 701
116  I, 5 /~~~ 101) 2 5 6 63 1 19 28  718 18847
1 1 7  ‘. 5 / 55 340 25 6 7 2  1764 ))  06 1 2 4 701
1 1 1 4  6 (1/ 55 300 25 3 75  8 5 3 1  71 14 198/ .7
119 l O g  Rol l  I .0/ 35 20( 1 3 075  305 80(1 6 306 8037

120 
— 

1 . 0 / 15 100 5975 719 3 9 1 4 7 3  719 1996 7
121 1 0/ 35 840 3 5 2 5  9’.O 7 ) 6 7 5  94 1 -

177  1 - Og Pa l l  - n~ — - 0 . 3  Rase I - 0/ 50 20 0  1214 305  91 )06  30/I I 9 037

171 1 0 / 50 10(3 775  719 18871 718 1914 ’.?
77 ’ . 1 . 0/ .~~fl 3/I() 450 960 2 6 6 7 5  96 1 76 7 7 1
12 5 I 0/ 80 10 25 719 l88~ 1 7l~ IP- 9 6 7
17’. 5 - 1  - r r l c a l  rul I~~- I r  17100 2 . 5  2 0 )  2 50 

— 
2 3 2  9 7  

- 
31 7 

~~~~~ 
917 1

3 2 1  2 . 5  100 1225 650 17 ) ’  711 18 2 9 )
3 7 9  2 . 5  140 700 856 2 ? A 7 ~ 06 7  7 4 1 2 7
1 . 1 )  3 1 )  2( 10 100 204 5 3 5 5  3 1 7  p 1 7 1
Ill) 

— - 
3 . 0  30(1 2000 621 1631) 1 7 3 9  Q2 9~~J

111 3 . 18 360 1150 82 8 7 1 7 1 5  0 . 7  ~ 7- 1) 72TT
117 3 . 5  700 2 5 176 4 620 31 / 9121
1 3 1  1 5  10(1 15 / S  5 93 355 66  7 15 ) 8 7 9 3
I i ’ .  1.S 76 0 900 798 70(1’,? 04 7  7’. 7 2 7

is 
- ‘. 0  300 1175 56 5 l’,911 73 5  I 1’7~~1

(6 ‘. 1) 1’,)) 6 7 5 769 701~~- 01.7 - 7 1 ) 7 2 7

I • /. 5 30(1 15 0 51 7  1 ‘C”~ ’ 73 I 1 97 1~
1)9 6 5  1 , 650 74 0 11 1 , 7 5  9 ,7 7 / 7 2 7

18 5 0 100 65 0 5 0 1 4  1 1 1 4 5  71 (1  - 3 17 1 3  -

- 
5 . 0 4 6 0  250 711 ) 9 ’ 6 3  067 2 6 7 2 7

.1 5 - 5  100 1 75 /, 7 )  1 7 4 ~~1 7 15 - 1Q 79 )

.7 S 5 .0 1 7 5  6142 1 790 7 9 .7 
I 7/, 7 7 7

I 6 0 100 75 65 1  I 5 ) 9  7 3 5  197~~1
1.1 ) 6 Ii 1,0  51) 61 ) 7  1 7 1 1 5  8 7  7 4 7 7 7

6 5 71(0 30 ‘~~~~ ~~LL~Y_7
~ ~ -

*3 1 ,. )- .-U I.’ l l i - P I’ . l I • -  pin.. I liago na l  .-)I~1.r.fl n.lI l ITII7 . a jf l l q  ( 7 6 . 7 5  I n . )  I lrrnq y h a  ‘- -~~,r lntPn~ f ! - .
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A-bOA TEST SPECTRUM FOR SHEAR PANELS (Continued)
OROSS r 

— — — — 

~~ S I  I 49.
COND CON D I T l Oll WE1G )IT I (.1 1)HEA )1 I - A N ) !  I s( IIA *  l A ~iu.*

NO. DE !;41) l l l ’ l s (1. 1% ) °z~~~ y ~~ , I L 1 l / . 1 1 i - I E  INT ENS IFY 1 1172 I S F. ’l . I I I  I I A )  _
- -  — -_ - - — --~~~~~ - - _

148 S ylI1Il.~~t r I~~ .Il 11 01 lout P251 )11  , 0 4 ( 31 ) 100 / 5 4  2 1 ) 1 , 1  115 1~4 / ~~3

1 4 7  
I 0 31,1) 25  100 1 1 . 1/ 4  - 14, 1 1,717

148 - 0 . S  313 1.1 1013 914 2 1 5 1 5  IF) I s .~~3

1’19 — 1 . 0  300 21. 849  - 3m / i, 7 ( 3  I 5 1~~ 1

150 1)ynaIIIi C Sy lIu I I cLr I c . . 1  2 . 5  1114 50 23 2  6 0 90  3 1 7  8 1  I 
-

1 3 1  1 1 5  300 925 650 ~~~~ 735 l919~
151 J 2 . 5  1 • ~ 4 15 7 5 6  2 2 4 7 0  s~~1 2 - - i l ?

35 4 ‘ — .0i~ - 1 1)~ Ground Babe 3 4 .  1 l3 
I 

~ 201) 3 / 00 2 j 7  8 2 2 1  50 1 3 1 2
15.5 - ‘ i) — 318°  - l O g  ( iround Base ’ 2.5 200 1 l - 2 5  2 3 7  1 . 22 1  50 11 17

— - 
2 . 5  21 ) ) 7 3 1 5  2 3 7  6 2 2 1  31, ’. ?9~ -~-

1 5 1 ,  I 1)~ 8,, I I  - - 0 . 3  Base 1 - 0/ 35 200 1 6 3 0 0  304 7980  304 / 9~ I

3 5 /  ..,~~~.., • i c a l  l’u l lout  8 . 0  340 1 614 16117 9 142 2 5 7 7 7
58 I 8 . 5  34/ )  12 5 8 4  1543 5  982 25777

1 59  9 . 0  3’.O 8 56 2  - 14757 982 2577?

160 
- 

9 . 5  360 3 5 3 7  ~~1 40 9 6  982  25777

11.1 10.0 340 2 509 13361 982 2 5 7 7 7
162 32500 7.0 300 10 39’. 10342 735 19353

tIl l 8 . 5  34 0 1 7 1 . 1 3  16353 942 2472/

1.8’. 7 . 0  340 6 596 15646 9 . 2  2 4 1 2 2

InS 7 . 5  340 15 
- - . 

566 14957 942 2 4 7 2 7

1 66 8 . 0  340 S 5 3 6  1 4 0 7 0  9 4 2  2 4 7 2 7

16? 8 . 5  340 1 50 7 13308 942 2 4 7 2 7
lbb  3 7 5 0 0  7 . 0  340 20 477 12521 941 24101

199 43000 6.0 3413 6 4 53  1.1891 7 34 19287
3 / I  28000 - 1 .5 300 1 800 21000 734 19267

1/1 -2 .0 300 1 812 12131 5 734 19267

1/1 — 1.5 340 1 111 2 29190 982 25777

173 -2.0 340 1 1140 29925 982 25777

1 .7 1, 3 7 5 0 0  - 1 . 0  200 1 4 3 8  11495  306 8 0 3 2

1 7 5  Ldnd- Sink S pe ed 9 f t / s e c  2500 0  32 
- 

131.2 
- 

SO 1312

1 / 6  -S i nk  Speed 6 f t / s e , .i 411

1/1 -Sink S peed 3 f t / s e c  1 5 25

1 7 1 4  - S I n k  Speed I f t / s e c  1725

/9  (I..r.! I(rnkc 71.00
181) (I,,,•l ()t ,,k~ 4 5 5 2 2  900
1 . 5 1  S’ e,IIuIll brake 4 5 5 2 2  1125  

— - - -

181 1ur nln 6 25000 12575

1a3 lu ri,In ~ 45522 1125

1 8 ,  I 
~~~ 

Tax i  ti S 5 2 2  50

1143 1 I . 45g  Tuxl 25000 300

186 I t .45~ Tax i  
- 

25(1011 25

a

111 l~ane I load is C I I I  pane l d iaCuna I l e t w e e n  1,,.,.)) ng points (26.25 in.) I II.,-.. t he  she a r  i n t e n s i t y  -
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