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1.0 INTRODUCTION

The Airframe Design Report is one of a series of
documents under Volume II, Technical/Airplane,
called for by The FAA Request for Proposal for
Phasc III of the Supersonic Transport Dcvelop-
ment Frogram., The Airframe Design Report is
bound into five documents; V2-B2707-6-1,
V2-B2707-6-2, V2-B2707-7, V2-B2707-8, and
V2-B2707-9. These documents cover weight and
balance, component design, design criteria,
loads, acroheat, flutter, materials and processes,

to Section V, Paragraph C-3.

Mz;nd structural test. This document is in response

he materials and processes for the B-2707 have
been evaluated by tests that reflect the new
operational environment (defined in D6A10107-1)
and incorporate improvements developed for sub-
sonic airplanes.\ The materials and processes
were selected by ¥he application of experience
and theoretical wledge to the interpretation

I'his document describes the materials and
processes for the particular applications and the
reasons for selection together with supporting
data. Details of much of the development work
leading to final selection of materials and proces-
ses are reported in the bimonthly progress
reports D6-18110 and are not repeated in this
document. Particular emphasis is placed on new
materials and requirements. Those material
applications with long history of satisfactory use

- on commercial and military airplanes are iden-

tified, but are not discussed in detail,
sion of materials is divided into three
metals, nonmetals, and standard parts)-
areas in which these technologies interface a
treated in that section which is most applicabl
and are referenced in other appropriate sections.
For example, lubricants for bearings and bushings
are treated in the nonmetals lubricants section to
which the reader is directed by reference in the
bearings section.

Material and process information is generated by
qualified and experienced materials engineers to
mect specific design and service requirements.
Continuing materials research assures advance-
ments in airplane technology. All information

is documented and made available to Engincoering,
Manufacturing, and Quality Control Departments
primarily through the Boeing Corpornte Document
System which will be implemcnted for the B-2707
in accordance with the Standardization Progrum
Document V4-B2707-19, This system ensurcs
that positive control is exercised in materinls
technology durirg initial design concepts, design
development, production, and field service. It
further assures that changes to materials, pro-
cesses, or standard parts are made only with the
knowledge and concurrence of qualified materials
specialists. The control exercised by the spec-
ifications system is extended to include Boeing
subcontractors through the Materiel branch of the
Operations Department. A list of Military Spec-
ifications and Handbooks applicable to this docu-
ment, is included in Section 5. 0.

Materials selected for the B-2707 range from
relatively new materials to those used for many
years in military and cornmercial airplanes. A
summary of those materials of primary interest
and their general applications are shown in Tables
1-A and 1-B.

The materials were selected on the basis of ex-
perience, research and development by Bocing,
and in cooperation with the research facilities

of the material producers. The parameters used
in the evaluation and selection included the
following:

a. Structural efficiency
b. Fracture toughness and crack growth

c. Corrosion and embrittlement phenomena

d. Fatigue
e. Thermal and environmental stability
f. Erosion and wear
g. Compatability
h. Availability and producibility
i. Fabricability
j. Cost
e,

V2-B2707-8
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Table 1-A Principal Materials (Metals)

Type Material Application
FTltanlum Ti 6A14V Skins, stiffeners, formed parts,
extrusions, forgings, fasteners
Ti 4Al-3Mo-1V Formed parts
Ti 6A1-6V-2Sn Forgings
Ti TAl4Mo
Ti 3Al1-2.5V Tubing
Commercially Pure Ducting, low stressed structure,
formed parts
Low Alloy 4340M Forgings
Steel 9Ni—-4Co-.30C Forgings
Corrosion
Resistant Steel 174PH Forgings, castings, bearings
440C Bearings
PH 15-7 Mo Sheet components for elevated
temperature
AISI 321 Ducting
ard
AISI 347 Tubing
Super Alloys A286 Fasteners

Inconel 718

Rene' 11

High temperature fittings and
sheet

Inconel X
Hastelloy X

Hastelloy B

High temperature ducting

e —— -~ ————— . —— .
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Table 1-E Principal Materials (Nonmetals)

Matcrials

Application

Fluorocarbons

Pressure seals
System seals

Fuel tank insulation
Hydraulic oils
Lubricants

Rub strips

Fluorosilicones

Fuel t:nk sealants
Faying surface seais
Pressure seals
Lubricants
Aerodynamic scul

Methyl Silicones

Aerosmouthers
Pressure sealants

Modified Silicones

Exterior protective heat resistant
paints

Polyimide Resins

Structural adhesives

Glass fal .ic reinforced honeycomb
core

Reinforced laminates

Foams

Electrical insulation

Barrier films

Rub strips

Radome

ey film lubricants

Polysulfone

Interior furnishings

—

Nomex Polvamide

Interior wall panels, carpeting.
decorative fabtics

Dasa gell 107

Metal surfuce treatment for
titanium bonding. ard paint
adhesion

Alumina Cer-Vit

e T e ey

Rain erosioa protective shieiding |

J
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Fmphasis in process development has been on
the refinement and modification of estublished
practices to suit the materials selected and the
design objectives. Bome materials and applica-
tions however, required development and evalua-
tion of new processes and Innovetions, Examples
are:

a. Beta Processing of Titanium — (¢ im-
prove resistance to fracwure toughncss.

b. Dual Arc Tungsten Gas fusion welding —
to substantially reduce transverse shrirage
distortion,

¢. Diffusion Welding und Brazing — to
provide improved joint properties where the
pricess can be used.

d. Continuous Rolling of Titanium Alioy
Strip — to improve surface quality, thickness
tolerance, and reduce the number of joints
required.

e. High Temperatur~ Sandwich Fabricaiion —
to enable the use of high volatile adhesives with
non-perforated core in honevcomb sandwich
manufacture.

f. Cure Forming — to accomplish forming
of sandwich panel face sheets during adhesive
curing.

g. Freon Vapor Degreasing — to provide
for degrecsing of tita um alloys with a non-
chlorinated agent.

h. The Pasa Jell Process — to previde «
honding substrate which inbibits hydrol sis.

{. Polyurethane Hydroforming — to facilitate
room temperature forming of small radius ti-
tanium alloy parts,

The Boeing Company has recognized the materi..is
challerge presented by the task of airplane

transportation of passengers at supersonic speeds.

Material processes have been tested and selec-
ted to meet environmental requirements. Soiu-
tions have already been rcached for most of
them. Long-time environmental tests are in
progress and are expected, with a high degree of
confidence, to confirm the extrapolations which
have beer; made.

Materiais and processes controls for The Roeing
Comipany subcontractors, and suppliers, as
implemented by the Standardization Program
have heen established and tested.

The Bocing Company possesses the materials
and process technology necessary to build a
superior supersonic transport airplane and is
ready to start.

V2-B2797-~
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2.0 METALLIC MATERIALS

Titanium alloys are the primary structural metals
sclected for the airframe, although steel, nickel
hase, and aluminum alloys will be used in cer-
tain components where their properties offer
advantage.

2.1 TITANIUM
The desirable characteristics of titanium, which
led to its selection, are:

a. Strength to weight ratio is considerably
higher than other materials of comparable
toughness.

b. Capability of being heat treated to a wide
range of mechanical properties.

c. Excellent resistance to general rnorrosion.
d. Good welding characteristics.

e. Good metallurgical stability and creep
resistance at B-.707 service temperatures,

f. Satisfactory forming, machining, and
other fabrication characteristics.

g. Good fatigue properties.
h. Good thermal stress efficiency.

i. Good availability in the required primary
forms; extrusions, forgings, sheet, plate, and
bar,

j. Excellent service experience in Boeing
and other manufacturers' products over a long
period of time.

k. Excellent supplier capability.

The historical background of Boeing titanium
research and development, beginning in 1951
with study programs relating to missile applica~
tions qualified Boeing as a leader in titanium
technology. The early studies led to the intro-
duction of titanium into the B-47 and B-52 air-
planes, Bomarc and Minuteman missiles, and
current commercial airplanes. The applica-
tions include flap track and body fittings, firewall

and engine nacelle parts, spars, stiffeners,
ducting, and fasteners. The alloys used were
mainly Ti 4Al-4Mn and Ti 6Al-4V. Titanium
has provided excellent maintenance free service
life in each of these applications.

Titanium alloys were considered for Supcrsonic
Transport (SST) applications as early us 19588,

Ti 8A1-1Mo-1V was the leading titanium alloy
under consideration until ecarly 1965. At that
time, results cf environmental tests using a pre-
cracked Charpy specimen, rather than the con-
ventional notched Charpy specimen, demonstrated
that Ti 8Al1-1Mo-1V was markedly susceptible

to crack propagution when stressed in salt water
and certain other aqucous environments. Varia-
tions in heat treatmente were tested including
special processing oy the producers which
showed unacceptable crack propagation resistance
for thicknesses greater than 0.040 in. Also,
results of thermal stability tests revealed that
the good fracture toughness of duplex annealed

Ti 8Al-1Mo-1V deterjorated during elevated
temperature fabrication. It was discovered

that an extremely fast cooling rate was necessary
to develop the high fracture toughness condition
in Ti 8A1-1Mo-1V. This cooling rate was found
difficult to attain in manufacturing processes.
The undesirable properties of Ti 8Al-1Mo-1V
were fcund to be primarily related to alloy com-
position. Metallurgical analysis has shown that
the eight percent aluminum content, the highest
for a commercial alloy, is sufficient to reduce
stress-corrosion resistance and cause an order-
ing reaction in the alpha phase (Ref. 1). This
ordering tendency explains the instability and
cooling rate sensitivity (Ref, 2).

A reevaluation of candidate alloys with emphasis
on resistance to crack growth in aqueous
environments showed Ti 6A1-4V and Ti 4Al1-3Mo-
1V to be superior to other alloys. These allovs
also had geod metallurgical stability and fabrica-
tion characteristics. At that time, The Boeing
Company under FAA sponsorship, initiated an
investigation of these two alloys. The goal of
this effort was to determine the processing
conditions required for the optimum combination
of properties including resistance to saltwater
crack growth,strength, fracture toughness, and

V2-B2707-8
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metallurgical stability. Detalled results of this
investigation were reported (Ref. 3). Based on
these results Ti 6A1-4V has been selected as ti.2
primary structural alloy. Other alloys will also
be used where their particular properties can be
used to advantage.

2.1.1 Alloys
Superior combinations of material properties
were developed for Ti 8A1-4V and Ti 4A1-3Mo-1V
through new heat treu.ments as a result of the
Boeing Titanium Development Program. Improve-
ments of 50 to 190 percen: in fracture toughness
and saltwater crack growth resistance over
properties of previously available mill products

-~ were achieved by beta processing. Beta proces-
sing refers {0 anrealing or hot working akove
the beta transus temperature of a titanium alloy
and applies to mill preducts other than sheets.
Heretofore, beta processing was considered
undesirable due to loss of tensile ductility. How-
ever, it has been shown that fracture toughness
is superior to tensile ductility «s a parameter
l4ior predicting structural performance. The in-

|j crease in fracture tcughness greatly offsets the

/| loss of tensile ductility in applications where

'l formability is not a major consideration. As a

{ result of these investigations, the matericls and

conditions shown in Table 2-A were selected.

2.1. 1,1 Availability and Producibility
Availability of Ti 6A1-4V sheet, strip, p' e
bar, forgings, extrusions, and castings .s
assured based on over 12 years of increasing
production capacity. Of the approximately 17
million pounds of titanium mill products shipped
in 1965, mcre than 60 perceint was Ti 6A1-4V

in the forms listed above, '

Ti 4A1-3Mo-1V, Ti 6A1-6V-2Sn, and Ti TAl-4Mo
are established commercial alloys and the sup-
plicrs have had sufficient production experience
to meet the specification requiremente.

Reia processing has been investigated by the
titanium producers and considerable guantities
of heta rolled Ti 6A]-4V plate have been made
to Boeing specifications. The experience gained
has demonsirated that heta 2nnealing of alpha-
beta rolled products and beta rolling are readily
cdapted to current mi.l practice. FEither method
provides satisfactory preperties.

Beta forging of titanium alloys has also been
developed by Boeing and & major forging com-
piny. The program included a thorough investi-
gition of mechanical properties nd the d-ter-

mination of forging criteria. Beta forging

results in high fracture toughness and improved
forgeability due to the higher processing tempera-
ture.

Beta processing has always been conventional
practice for extruding titanium alloys and is
familiar to the producers.

A study has been concicted to determine if beta
processing affects the repeatability of strength
properties of titanium alloys and to compare

the coneistency of such properties with similar
values for other conventional stiuctural alloys.
Coefficient of variation i8 a useful parameter for
such a study. This value is delermined by
dividing standard deviation by the mean strength
and is expressed as a precentage. This has the
advantage of normaiizing (..e standard deviation
£2 that materials with differeut strength ranges
can be compared on a common basis, Table 2-B
shows that alpha-beta processed Ti 6A1-4V

(STA 1.00) and beta processed Ti 6A1-4V (Beta-
STA-1000) have similar repeatibility and compare
favorably in this respect with the other alloy
systems.

The iitanium producers have iinproved iheir
rolled product capability and are now manufac-
turing continuously rolled Ti 6A1-4V sheet and
strip, and extra large heat treated plate. Con-
tinuously roll=d sheet processing provides
standard width material in lengths greatzr than
{ifty feat with flatness and thickness tolerances
similar to those for aluminum sheet. Prior tc
this development, material was available in
maximum lergths of approximately 12 feet,
requiring splicing to provide long skins.

In addition to the standard sizes, plates of 0. 75
and 1.00-in. thickness, 48-in. width by 40-ft
length, have been produced to Boeing specification,
including heta rolling. Flatness after heat traat-
ing, wkich involves a water quench, was entirely
satisfactory icr production. Plate material of
this size will be used for wing skin materiui and
can be readily machine sculptured and contour
formed. The large sizes now available in sheet,
strip, and plate minimize the number of splices
required.

2.1.1.2 Properties

The proper application of alloys to design re-
quires a caratul evaluation of mechanical and
metallurgical properties and the effe<ts of the
specified service eavironment. Tension applicr-
tions require adequate fracture toughness to

V2-B2707 -8
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Table 2-A Material Selection, Titanium

Alloy Form
Form and Conditior. Selection Criteria Avallablllg

Sheet to 0. 050 in.
Thick

Ti 6A1-4V mill arncaled

(Condition )
1350°F for 4 hours, slow
cool.

Excellent fracture toughness to 0.050 in
Good formability

Good stress corrosion resistance
Moderate strength

. Material avallable in production quantities.
Continuous rolled material being produced.

e

Sheet from 0.050 to
0. 187 in. Thick

Ti 86A1-4V duplex an-
nealed {Condition V)
1750°F for 10 minutes
air cool, then 1250°F
for 4 hours, air cool

Fxcellent fracture toughness over
0. 050 in.

Moderate strength

Good formability

Good stress corrosion resistance

Material available in production quantities.

Titanium, annoal:;d

o

to stainless steel
Excellent formability
Excell2nt weldability

Sheet Ti 6A1-4V STA-1000 High strength Solution treated and aged sheet
(Condition L) | Moderate fracture toughness ia availahle in sheets up to 48 by 120 in.
1725°F for 10 minutes, | Good fatigue properties size n production quantities.
water quench, then Good stress corrosion resistance
10C0°F for 4 hours, air
coo}
Sheet Ti 6A1-4V STA-1250 Higher strength than mill annealed Solution treated and aged sheet is available
(Condition IV) | Excellent fracture toughness in sheets up to 48 by 120 in. size in pro-
1725°F for 10 minutes Good stress corrosion resistance duction quantitiea.
{minimum), water Good formability
quench, then 1250°F for
4 hours, air cool
Sheet Ti 4Al-3Mo-1V STA- High sirength Available in sheets up to 48 by 120 in. size
1050 (Conditior LI} Moderate frasture toughness in production quantities.
1715°F for 1i minutes, | Good stress corrosion resistance
water quench, then
1050°F for 8 hours, air
cool
Shecet Ti 4Al-sMo-1V 8T4~ Excelleat fracture toughness Avatlable in sheets up to 48 by 120 in. size
1170 (Condition IV) "ood formability in production quantities.
1715°F for 15 minutes, Moderate strength
water quench, then Good stress corrosicn resistance
1150°F for 8 hours. air
L'W:
Sheet Commercially pure s Good strength to weight ratio compared | Available in production quantities

Plate, Bar, Forgings|
and Extrusions

Ti 6A1-4V Beta-STA-
1000 (Condition I1)
Primary working oT an-
nealing abuve the beta
transus, ther game as
Condition N1, above

High strength
Moderate fracture toughness
Good stress corroaion resistance

Beta processed material available in
production quantities.

Plate, Bar, and

Fxtrusions

Ti 6Al-4V Beta-STA-
1250 (Condition TV}
Primary working vr an-
nealing above the beta
transus, then same as
Condition IV, above

Excellent fracture toughness
Moderate strength
Good stress corrosion resistance

Beta processed material available in
producifon quantitics.

Rar and Forgings

Ti A6V -28n

(Condhiion 11D
1800°F jor 1 hour. water
quench, then 1206°F for
4 hours. air (ool

High strength
Adequate {racturce toughness
Adequate stress corrosion resistance

P W

Good Mardeiabiiily in thick seclions

Har and Forgings

Ti TAl-4 Mo

(Condition 11
175¢°F for )} hour, water
quench. thin 1150°F «
hours, air cool

Available in production quantities.

Alterniste to Tt 6Al~6\'-27&|7

Avaiable in production quanticies

-
| Forgings 11 SA1-4V mill anncaled | Fxcellent (racture toughness Rea:aly available,
i tCondition D Moderate strength
Beta forged. 1350°F Good stress corrosion resistance
for 4 haurs, slow conled
Tohoog "1 GALL2 TV, Annealed Gomet formabahity avatlahle in proaduction quantities
i Good strength 1o weight ratio com -
' | par=d to stainlesn steel
— R ) L
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Table 2-B. Comparison of Mechanicol Property Variation

Coefficient
of Variation
Material {percent) Reference sc e
707¢-T173 MIL-HDBK-5 Minu s
Rolled Bar and Rod Item 62-18 (26m)
Up to 2.5 Inches
F
tuL 3.46
Ft}’L 5.17
17-TPH RD 950 MIL-HDBK-5 Minutes
All Thicknesses; Sheet and Plate Item €64-4 (29a)
F
tuT 2.48
T
tyT 2.96
Rene' 41, BMS 7-95 Boeing Document,
Condition IIB D2-81281, Mechanical
Less than 0. 020; Ftu 4.78 Properties Evaluation
F ) of Rene' 41 for X-20
ty 5.62 Vehicle Environment
Over 0. 020: F, n an
tu 3.42
F ty 6.25
Ti 6A1-4V Sheet, STA-1000 MIL-HDBK-5 Minutes
Less than 0, 050 Item 64-1a
FtuL 2,78
F .
tyL 3.27
tu.r 3. 00
F
t_vT 3.28
Ti 6A]-4V Plate, Beta-STA-1000 Analysis of Titanium Metals
0.188 - 0,750 Corporation and Reactive
Metals Incorpoirated Material
F Certification Tests
tuL 2.16 -
FtyL 2.98
Ftu.r 1.63
FtyT 6..37

V2-B2707-8
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insure the high degree of reliability demanded of
a commercial airplane. As high strength does
not necessarily result in geod fatigue properties,
fatigue life and fatigue crack growth rate infor-
mation also influence material selection.

a, Static Mechanical Properties
Room temperature mechanical properties for
Ti 6Al1-4V alloy in the pertinent heat treated
conditions are shown in Table 2-C. Detailed
design allowables including elevated temperature
properties are shown in Document D-5000, Book
84-D1, SST Structural Allowables.

b, Fatigue
The fatigue properties of conventionally processed
alpha-beta titanium-alloys are satisfactory for
design of airframe structure. Testing was con-
ducied to determine if the microstructural changes
introduced by beta processing affected these

fatigue characteristics, The new microstructures
have little effect on the notched-fatigue endurance
1imit exhibited by an alloy. The beta-heat-
treated material (Widmanstitten microstructure)
produccs the same fatigue S-N curves as con-
ventionally processed material (equiaxed micro-
structure). Supporting evidence is given in Fig,
2-1, Simiiar data has been reported in Wright
Acronautical Development Division Document {
TR 60-489 (Ref, 4) and is shown in Fig. 2-2.

Fatigue c¢.ack growth rates of titanium alloys

in air and 3.5 percent sodium chloride solution
have been determined using 12 by 36 inch center-
cracked panels as shown in Document D6A10065-1,
Sec. III. Figure 2-3 shows the crack growth rate
comparison for several titanium alloys at a stress
intensity level of 45 ks{v/in, Ti 6Al1-4V and

Ti 4A1-3Mo-1V display the lowest fatigue crack
growth rate in air and are only slightly aifected

Table 2-C. Strength Properties of Ti 6Al-4V Sheet and Plate

U Elongation
Heat Treat Condition Gage** F, (ksi) F, (ksi) % m2in.)
U 1 (Mill Anneal) Sheet 134 126 9
Plate 134 126 10
n I (STA) Sheet 157 143 5.5
0.188- 157 137
0.750
0.751- 150 134 7
1.000
1.001- 145 130 6
” 2.000
L 2.001- 134 126 6
4.000
{3 IV (STA) Sheet 144 130 7
0.188- 140 126 10
0.750
B 0.751- 134 126 9
4.000
ﬂ V  (Duplex Anneal) Sheet 149 116 9
Plate 134 126 10
1
U **Sheet = Under 0.188~-in. thick
**Plate = Over 0.188~in. thick
(
\
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by the salt water environment, Crack growth
behavior of Ti 8A1-1Mo-1V in air is only slightly
poorer than the other two alloys, but is much
poorer in sait water,

¢. Fracture Toughness
Engineering attention, based on experience with
aluminum alloy airframe development and serv-
ice, has been focused on the ability of structure
to withstand effects of severe stress concen-
trations such as appear at a fatigue crack. The
fracture toughness concept has been accepted
as an important criterion for evaluation of new
structural materials and processes. The Boeing
Company uses large test specimens to provide
realistic comparisons and design information
by closely simulating airframe stress conditions.
Panels as large as 12 by 36 In, with centrally
located fatigue cracks are employed for testing
shezc, Fatigue cracked bend specimens subjected
te four point loading and wide surface-flawed
specimens are used for testing plate and heavy-
section forms (Ref. 3 for specimen configura-
tions). Test results obtained with surface

flawed panels are used to compare fracture
toughness characteristics of Ti 6Al-4V with
other titanium and two aluminum alloys in Fig.
2-4, Figure 2-4 identifies the gruss area stress
level at which a fatigue crack of given depth
becomes mechanically unstable and propagates
rapidly. Figure 2-5 shows strength-toughness
comparisons for various heat treatment condi-
tions of Ti 6A1-4V, Ti 4A1-3Mo-1V, and

Ti 8A1-1Mo-1V. The advantage of beta processing
for Ti 6A1-4V and Ti 4A1-3Mo-1V is evident.
Fracture toughness of titanium alloys increases
with increasing temperature and shows no brittle
transition behavior within the range of B-2707
operating temperature.

Results of fracture toughness testing show that
the stress required to cause rapid propagation

of fatigue cracks in Ti 6A1-4V and Ti 4A1-3Mo-1V
is considerably greater than for aluminum struc-
tural alloys. Since the strength of these titanium
alloys is considerably superior to that of alumi-
num alloys, the titanium alloys will operate at
much higher stress levels in the airplane struc-
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d. Elevated Temperature Stress Corrosion
Two aspects of stress corrosion for the primary
candidate alloys were investigated; hot salt
emtrittlement and accelerated crack-growth in
certain agueous environments. Two types of
izboratory tests were used to evaluate hot salt
embrittiement (Ref. 5). In on> test service
time-temperature-stress conditions were simu-
lated by alternately subjecting stressed speci-
ments to salt soiution immersion and then to
a temperalare exposure (Fig. 2-7). In the other
test, similar specimens were coated with a
thick salt slurry, stressed, and subjected tc a
constarit eiovaied temperature,

ture. The operating stress levels are apuroxi-
mately in proportion to the ultimate streagths

of the matertials. Figure z-6 accounts for

these differences in operating stress levels by
expressing the gross area stress required to
fracture a fatigue cracked specimen as a per-
centage of the matertal’s ultimate strength.

On this basis, the toughness values for the
selected alloys and conditions lie between 7075-
T651 and 2024-T351 and are satisfactory for
properly designed tension critical structure,
Adjustment of stress levels and design and spac-
ing of crack stoppers are techniques available
for improving the resistance to crack propagation
of assembhle.d structure.
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The effect of temperature on the stress-corrosion
susceptibility of some titanium allovs is shown in
Fig. 2-8. The results demonstrate no suscepti-
bilitv to strength deterioration for Ti 6AI-4V

at the maximum service temperature. Hot salt
stress corrosion testing by Braski and Heimerl
(Ref. ), based on a different type of specimen,
shows Ti 6A1-4V and Ti 4A1-3Mo-1V to be
superior to the other alloys tested.

The results for both mill and duplex annealed

Ti vAl-1Mo-1V showed deterioration due to

stress corrosion did occur after 1,000 hours in
the 500 to 550°F range. Increasing the time at
500° F to 2,000 and 3, 000 hours was found to cause
further reduction of residual tensile properties

of duplex annealed Ti 8Al1-1Mo-1V. However,
cyclic stress corrogion tests at 550°F for both
base m_tal and welded duplex annealed Ti sAl-
1Mo-1V (Figs. 2-9 and 2-10) produced no ob-
servable stress-corrosion effects at stresses
of up to 90 percent of the tensile yleld strength
for similar times. Cyclic exposure data are
considered the most important, being more
representative of the airframe service environ-
ment. This is further substantiated by the
exceilent service experience of titanium alloys
in jet engines which operate under cyclic tem-
perature conditions, An explanation of this dif-
ference is based on the work by Braski (Ref, 7)
un corrosion product identification, An inter-
mediate corrosion product is involved in the
clevated temperature reaction. This corrosion
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product i3 unstabie at normal temperatures and
is removed in the presence of moisture at the low
temperature portion of each temperature cycle.
Further testing is being conducted at The Doeing
Company to clarity this phenomenon,

e, Salt Water Crack Growth
The susceptibility of certain titanium alloys to
environmental crack growth at room temperature
was initially demonstiated in 3.5 percent salt
solution. Recent investigations, reported in
document D6A10065-1, have included other
soiutions representative of the operational
environment, iui none were fcund to be more
severe than salt water, For this reason, tests
to compare the environmental behavior of titanium
alloys and heat treatment conditions were con-
ducted in 3. 5 percent salt solution,

Environmental crack growth resistance is estab-
lished by sustainec¢ loading of fracture toughness
specimens to stress .ntensity lev:ls that are
specific percentages of the critical stress in-
tensity level of unexposed specimens. The time
required for specimen failure is plotted as a
function of the applied stress intensity level as
illustrated in Fig. 2-11. The resulting curve
represents the time required to propagate sub-
critical cracks to the critical size. For titanium
alloys, subcritical crack growth does not occur
below a particular siress intensity level. Since
this level is reached before 360 minutes cf
loading time, the environmental crack growth
resistance parameters, K; (360 rainutes) and

KJIi (36C minutes), are considered threshold
levels.

The environmental crack growth resistance of

" Ti 6Al1-4V is compared with other titanium alloys

in Fig, 2-12 which shows the threshold stress
level at which a fatigue crack of given length
becomes unstable in 3, 5 percent salt solution.
Figure 2-13 shows strength and threshold stress
intensity comparisons for various heat treat-
ment conditions of Ti 6A1-4V, Ti 4A1-3Mo-1V,
and Ti 8Al1-1Mo-1V. The superior resistance of
beta processed Ti 6A1-4V and Ti 4A1-3Mo-1V to
environmental crack growth is evident.

Although the criteria of strength, toughness,
stability, and fatigue were duly considered during
selection »f materials for tension structures,

this additional data reflecting resistance to salt
water crack growth provides strong support that
Boeing selections will withstand the operating
environment of the B-2707. General corrosion

and material compatibility are discussed in Sec.
3.8.

f. Metallurgical Stability
The fracture toughness of duplex annealed Ti 8Al-
1Mo-1V alloy sheet (0. 64 inch thick) deteriorated
when streesed during exposure at 500° and 650°F
(Fig. 2-14). On the other hand, mill annealed
Ti 6A1-4V sheet showed an increase in fracture
toughness under the same exposure conditions.
The tensile properties of both alloys increased
during exposure. The ordering reaction in
Ti 8Al-1Mo-1V probably accounts for the
accompanying decrease in fricture toughn:ss
in this alloy. Thermal stability of the heat
treatments for Ti 6A1-4V and Ti 4A1-3Mo-1V is
being evaluated. Figure 2-15 shows 1000, 2500,
and 5000 hour exposure data for Ti 6A1-4V and
Fig. 2-16 for Ti 4A1-3Mo~-1V. Although the data
indicates some variation, no greater variance is
expected for specimens now being exposed to
10, 000 hours because the over aged conditions
preclude further precipitation. The annealing
treatments also produce near equilibrium metal-
lurgical conditions.

2. 1.2 Processing

Titanium, when first introduced to the airframe
industry, quickly earned the reputation of being
difficult to process. The Boeing Company and
other fabricaiors have since develoned produc-
tion processes for fabrication of efficient,
economical, and reliable titanium structure.
These improved processes are the result of
proper recognition of the material characteris-
tics and the application of new manufacturing
technology. Titanium alloys are, in fact,. moie
amenable to high quality fabrication than oth.r
alloys with similar strength to density ratio: .
To assure that high quality products will result
from processing, specifications have been pre-
pared to control manufacturing variables ard
specify quality control requirements., Specifica-
tions are continually reviewed and revised, as
necessary, to incorporate new developments.
Continuing research is aimed at improving and
simplifying the existing processes,

2.1.2.1 Heat Treating

In general, the titanium alloys selected will be
used in the mill and duplex annealed, solution
treated and aged, and beta processed conditions
The specific thermal treatments are presented
in Table 2-A. With the exception of heta
processing, the heat treatment conditions ar
conveniional and nccepted throughout industry.

V2-B2707-8
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A comprehensive investigation of annealing,
solution, and aging temperatures coupled with
time and cooling rates showed the superiority of
beta processing for thick section material, Beta
processing provides the best properties of
strength, toughness, and stress corrosion
resistance.

Current company research studies aimed at
identification of the mechanism of environmental
crack growth have contributed to explaining

the role of beta processing in improving resis-
tance to this phenomenon. Cracking occurs in
the alpha titanium phase and the beta phasc acts
as a crack arrestor as illustrated in Fig. 2-17.
When the microstructure includes large equiaxed
grains as in the alpha-beta processed mate:ial
(Fig. 2-18), the beta is not effective as a crack
arrestor. However, if the beta tends to be
lamellar and randomly distributed between the
alpha plates as in beta processed material

(Fig. 2-19), the beta is a very efficient crack
arrestor.

The joint Bneing-Lockheed titanium alloy selec-
tion program showed mill annealed Ti 6Al-4V
to have satisfactory resistance to salt water
crack propagation in sheet thicknesses up to
0.050 in. Above this thickness, resistance
gradually decreased. Therefore, application

of mill annealed sheet is limited to thicknesses
of 0.050 in. or less. Tt was found that higher

Figure 2.17. Strens Corresion Crecks in Alpha
Terminating ot Bete

!

annealing temperatures developed satisfactory
resiatance 1n thicker material and that beta
processing provided a further improvement in
both fracture toughness and environmental crack
resistance. Considering the reduced tensile
ductility of beta processed titanium alloys, it
was established that sheet gages (up to 0. 188 in,
thickness) should not he beta processed because
many sheet upplications require good formability.

Therefore, Ti 6A1-4V sheet thicker than 0. 050 in,

is duplex annealed. This treatment consists of
a high temperature anneal (1725°F) followed hy
a 1251 F stabilization treatment.

Solution treated and aged conditions are also
used in sheet applications where the increased
strength is advantageous and where quench dis-
tortion does not present a problem. Solution
treatment followed by a four hour 1000°F age is
used where high strength is desired and moderate
fracture toughness is satisfactory. A higher
aging temperature (1250°F for four hours) is
applied when increased toughness is required and
strength h!gher than that for the annealed con-
dition is advantageous.

All plate, forgings, and extrusions are beta
processed. Because of the increased section
thickness of these products, solution treatments
are more readily accomplished without quench
distortion. These products are thereiore used
in the heat-treated condition when the increased

Figure 2.18. Micrestructure of Alphe Bete
Precessed Ti 6AI4Y
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Figure 2-19. Microstructure of Beta Processe. Ti 6A1-4V

strengih is desired. Botn the 1000” and 1250°F
age conditions are used to provide the best
strength-toughness combination for a specific
design.

Figures 2-20 through 2-27 show the residual
strength of precracked surface flawed (plane
strain) and through-cracked (plane stress) panels
in various conditions.

2.1.2.2 Welding

In general, the titanium alloys selected have
good weldability, Welding will be used for both
structural and nonstructural joining where ad-
vantages in cost, weight, and properties are
re.'ized. Fusion welding is not used in fatigue
critical structure where the primary louding
direction is parallel to the weld lin...

4. Fusion Welding
Fusion welding is accomplished by the processes
discussed below. Table 2-D shows a comparison
of mechanical properties of weldments made by
these processes.

1. Gas shielded tungsten are (GTA) weld-
ing, both manual and mechanized, are used
primarily for welding sheet material where
complete penetration can be attained from one
side of the joint. It will be used with or without
the addition of filler metal as dictated by the
requirements of the joint.

2. Dual gas-shielded tungsten arc (DGTA)
welding is a modification of GTA welding in which
both sides of the joint are welded simultaneously
by two GTA torches approximately opposed. It
has the advintage of balancing the shrinkage
transverse to the axis of the weld, thus appre-
ciably reducing distortion. As the entire weld
area and the two torches are contained in an
inert gus filled enclosure and no filler metal is
used, weld contaumination and defects are pre-
cluded. The nature of the DGTA process and
attendant facilities limit its use to straight line
butt joints in flat or gently curved details where
starting and run-off tabs can be attached at the
ends of the weld line. A typical application for
this process is the joining of wing skins, up to
a maximum of 0. 5 inch thickness, to increase
panel length,

3. Gas shielded metal arc (GMA) welding,
mechanized only, is used when joining thick-
nesses in excess of 0.5 in. and electron beam
welding is impractical. Figure 2-28 is a photo-
graph of the full scale wing pivot test lug f.ibri-
cated by this process., Six welds, 86-in. long
and 0.87-in, thick, were made for this assembly,
Properties of specimens from the certification
welds are shown in Table 2-F,

4. Electron beam (EB) welding is a process
conventionally accomplished in high vacuum,
the process consistently produces welds without
contamination, inclusions, or porusity. The
large depth-to-width ratio of the weld and heat-
affected-zone tends to minimize shrinkage dis-
tortion. Figure 2-29 shows a typical sine-wave
beam assembly welded by melting through the
cap into the web. The web path was accurately
truced by a contour following system; a minimum
underbead fillet size of 0.030 in. was main-
tained (Fig. 2-30).

The above processes have all been accorded
production status for welding titanium alloys

and are well documented by process speciiica-
tions which meet or excecd the requiremncnts of
applicable military specifications. Additionally,
the plasma arc process may be used if the ad-
vantages promised by limited tests are confirmed
by the more extensive developmaont program now
in progress.

Filler metal additions for the fusion welding
processes ¢ made with commercially pure
titanium weld wire, This selection was based
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Table 2-D. Mechcniczl Propervies of GTA, DGTA, GMA, ond EB Weldiag, Ti 6Al-4V

3 63 b O o om

| Longitudinal Weld Tensile Transverse Weld Tensile
Joint Percent Joint Percent
Weld Material | Processing Filler Stress (ksi) | Efficlency | Elongation| Stress (ksi) |Ffficiency| Elongation
Process | Thiciness| Sequence Wire F Percent in{2in.] F 3 Percent | 1in.|2 in.
ty tu ty tu
GTA 0.060 | A-¥7=8R Comm. Pure; 132.5 {138.6 97.9 13 10 126.1 | 130.4 92.2 15 9.0
0.080 jA-W-8R 5A1-2.58n 135.6 {141.5 100.0 11 8.41127.7 | 131.4 93.0 16.2110.0
0.060 | A-W-SR 6Al4V 131.8 1138.2 97.17 9 6.6|127.7 | 132.0 93.3 15.8110.2
©2.960 | 3TA-W-SR | Comm. Pure| 140.6 |151.9 92.4 8 6 147.5 | 151.3 92.0 4 2
0.080 ; STA-W-SR | 5A1-2.55n 145.2 | 157.2 95.6 7 5,51153.9 | 159.9 97.3 5 3
0.060 |STA-W-S8R | 6A]14V 146.3 |155.9 94.8 5.5 4 155.7 | 164.1 99.8 6.5{ 5
0.250 | A-W-SR Comm. Pure| 130.8 | 140,8 100.0 13.8111.8]111.8 } 127.9 90.9 8.2 4
0.350 | A-W-8R 5A1-2.58n 158,3 {145.3 99.4 15 12 129.3 | 137.9 94.3 12.4| 8
0.250 | A-W-SR BAI4Y 138.7 {153.1 100.0 72| 7 152.3 | 142.7] 100.0 2.6] 5.6 {
DSTA 0.250 | A-W-SR None 133.0 {142.1 109.0 12.51 9 143.8 | 149.2| 100.0 16 11 ‘
CMA 0.509 | A-W-SR 6Al4V 137.5 |142.9 100.0 13.8110,31128.3 | 136.2 96.5 20.6 [13.5 7
—— H
E3 0.050 |A-w None - - - - | -J134.9] 144./] 98.4 |13.0]s.0 -
0.155 |A-W None - - - - - ]1136.€ 151.0} 100.0 15.4]10.3
b A - Mill annealed -ndition GTA - Gas tungsten arc
~  2TA - Solution treated and aged DGTA - Dual gas tungsten arc -
W - Welded by specified process GMA - Gas metal arc
SR - Stress relieved EB - Electron beam .
Table 2-E. GMA Mechonical Properties Data [ J
: 1
: Average [ {
: Ultimate o
‘Tensile Standard Minimum* o
Data Type of Strength Deviation (Tensile ~ 1
Source Test (ksi) J (ksi) ksi) [_ |
= — — = ! ]‘
Boeing Base Metal 128,21 6.33 114.35 |
Vendor Base Metal 125.37 6.23 112,91 inE
|
Boeing Welds 119.70 2.79 114.12 J . |
* Minimum = average value minus 2 times standard deviation

et M 1 a2

 S—

NOTE: GMA Certification Welds —0.870 in thick

Ti 8A1-1Mo-1V — base metal

3

Commercially pure titamum filler wire

e AR s~
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Figure 2-28. Full-Scale Wing Pivot Test Lug, GMA Fusion Welded

primarily on the inability, to date, of suppliers
to provide alloy grade wire of consistently high
quality. As the weld wire quality is improved,
Boeing will take advantage of the higher joint
efficiencies obtainable with Ti 6A1-4V or Ti 5Al-
2.55n alloys. Table 2-F shows different weld
wire compositions as controlled by company
material specifications. Current testing is aimed
at establishing the benefits to be derived from
the extra low interstitial (ELI) grades of weld
wire. Table 2-D shows the properties and
relative joint efficiencies of welded butt joints

in Ti 6A1-4V made with the various filler metal
alloys.

The crack growth sensitivity of welds in aqueous
salt solution was investigated, The results
demonstrated that, in general, the weld metal
and heat-affected zone are equal to or better than
the base material. Welds in sheet material were
evaluated using the 12 inch wide center cracked
specimen, Figure 2-31 shows the results ob-
tained from one such series of tests on 0. 060 in.
thick Ti 6A1-4V sheet. The panels were tested
in air and in 3. 5 percent salt solution. After

the corrosion fatigue characteristics had been

evaluated by cyclic loading, one panel was loaded
to failure at 1000 psi per second to establish the
fracture toughness of the joint. The other panel
was sustained loaded in 3. 5 percent salt sclution
to establish the threshold stress intensity level
for environmental crack growth. Failure in

both tests was accompanied by immediate propa-
gation of the fatigue crack out of the weld zone
into the base material.

The threshold siress intensity factor level
determined by sustained loading was 143 ksi

Jin. The susceptibility ratio, K{Kc, was 0, 89
t

confirming other observations that this alloy
in sheet tlicknesses is relatively immune to
environmental crack growth, The weld metal
suffered no loss in resistance to fatigue crack
growth in the presence of the salt water,

Typical effects of NaCl environment on crack
growth in welded plate are shown in Fig. 2-32
for 0.5-in.thick Ti 6A1-4V. The 0.5 by 1.5
by 7. 5-in.precracked notch-bend specimen
was used. The results show that the weld
metal and heat affected zone are satisfactory
and similar to the base metal.
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Teble 2-F, Titonium Filler Wire Compositions

Alloy and Grade

Standard Standard ELI Standard ELI Standard ELI Standard Fil
Element Commercial | Commercial
Percent B120VCA Pure Pure 5A1-2.58n | 5A1-2.58n 6Al4V 6Al-4V JAl SAl
Mangancsc ~ 0.20 0.010 - 0.010 - 0.010 - 0.010
Aluminum 2.04.0 - - 4.7-5.6 4.7-5.6 5.50-6.755.50-8.75 | 2.5-3.5 2.5-3.5
Tin - - - 2.0-3.0 |2.03.0 - - - -
Molvhdenum - - - - - - - - -
Chromium §10.0-12.0 - - - - - - - -
Vanadium 12.0-15.0 - - - - 5-4.50 .54.50 - -
Iron 0.50 0.30 0.15 0.15 0.15 25 0.15 0.3 0.15
nominal

Carbon 0.10 0.10 0.035 0.08 0.035 0.05 0.035 0.07 0.035
Nitrogen 0.07 0.07 0.009 0.05 0.009 0.015 0.009 0.05 0.009
Hydrogen 0.020 0.015 0.005 0.015 0 N05 0.0125 0.005 0.015 0.005
xygen ~ 0.18 0.09 0.12 0.09 0.12-0.17 [ 0.09 0.150 0.09
Total, Other

Elements - - - - - - - - -
Titanium Remainder] Remainder |[Remainder Remainder| Remainder | Remainder| Remainder | Remainder| Remainder

NOTE: All values maximum unless otherwise noted.

ELl - Extra-low interstitials

All values are percents

MAXTHUM
STRESS
INTERSITY

FACTOR
(katJin)

Weld Metal - 1250°F/ =
1/2 hr./A.C.

| Parent Metal - 1350°7/

(Transverse
Grain
Direction)

8 hr./F C.
to 1000°F ,AC.

-4

)

-

Panels lgin. by

% in. by .;
0.063 1in. i

- eyclic stress - 25 ksi

Maximum gross area L
(

Cyclic frequency - 120 cpm

. 8tress Ratio = 0.67‘
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Figure 2-31. Coerresion end Fatigue Cherecteristics of T 6A1-4Y
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Weld stability tests were conducted in a Boeing —
North American welding program (Ref. 8). The
test specimen consisted of a 0, 20-in.thick

plate of mill annealed Ti 6Al-4V with a flusk
transverse gas shielded tungsten arc weld made
without filler metal addition. The results of
this program showed that a slight increase

(2. 3 percent) in ultimate tensile and tensile
yield strengths occurred, accompanied by a
very slight reduction in elongation, after ex-
posure to 650°F for 1000 hours at a sustained
stress of 25,000 psi. Since this temperature

is well above the maximum temperature anti-
cipated for titanium applications, weld stability
should present no problem.

Residual stresses in welds are caused by
thermally induced plastic flow due to expansion
of the heated material followed by the contrac-
tion on cooling of the weld metal and adjacent
area. Stresses transverse to the weld are
insignificant except for multiple pass welds in
thick material but the longitudinal stresses
usually approach yield strength magnitude. The
welding process used has little effect on the
magnitude of peak residual stresses but gener-
ally speaking processes wh.ch produce narrow
welds have the aigher stresses; for example,
electron beam welds which have the narrowest
fusion zone have the highest peak stresses
measured (over 100 ksi in Ti 6AI-4V).

All fusion welds in primary structure are stress
relieved to minimize kigh residual stresses
which can result in stress corrosion, delayed
fracture of thick section welds, and rr-duction

of fatigue life, Stress relief methods and
supporting data are discussed in Sec. 2.6.

b. Resistance Spotwelding
Resistance spotwelding is used wherever this
process is advantageous in design. Possible
applications include wing rib assemblies and
numerous secondary or nonstructural com-
ponents. Studies have shown that the titanium
alloys Ti 6A1-4V and Ti 4Al-3Mo-1V, are
readily spotweldable. No special welding equip-
ment or test facilities are required; however,
part cleanliness is verv important.

Certain combinations of heat treatment and
weldi:.g scquence (Table 2-G) and the use of an
interface metal (Table 2-H and Fig. 2-33) have
resulted in mechanical properties shown. The
fatigue life for lap shear joints using these com-
binations showed little improvement over con-
ventional spotwelded structure. However, there
is eviience that fatigue life improvement is
possible with use of an interface adhesive or
scalant. This technique is being investigated
further (Fig. 2-34).
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Table 2-G. Effect of Weld-Hoet Treet Sequence on Properties of Spot Walded Ti 6Al-4Y

Sequence of Welding
and Heat Treatments:

Material

Thickness Type of Tests: Features: W Only| S-W-A | S-A-W | S-A-W-A

0.060/0.0680 | Shear strength Average 4791 | 4395 3535 3856
Shear strength Variation 0.033 |0.114 0.066 0.158
Tension pullout | Average 964 1213 956 1157
Tension pullout Variation 0.135 | 0.124 0.084 0.143
Tension pullout | (T)/(S) ratio | 20.1% | 27.6% 27.0% 30.07
Impact tension Average 27.6 36.4 27.0 35.0
Impact tension Variation 0.181 | 0.110 0.074 0.121
Weld diameter (Macros) 0.26" | 0.25" 0.25" 0.25"

0.125/0.125 | Shear strength Average 10252 | 9944 8604 9300
Shear strength Variation 0.049 | 0.054 0.074 0.095
Tension pullout | Average 3362 3414 2935 3413
Tension pullout Variation 0.057 | 0.126 0.174 0.062
Tension pullout (T)/(S) ratio | 32.8% | 34.3" 34.1% 26.7"
Impact tension Average 91.2 127.2 68.2 87.4
Impact tension Variation 0.171 | 0.424 0.381 0.217
Weld diameter (Macros) 0.345" ) 0.33" 0.34" 0.34"

NOTES: Shear strengths and tension pullout strengths are given in pounds.
Impact tension strengths are given in foot-pounds.
Weld diameters are given in inches.
(T)/(S) ratio = Tension shear ratio

SEQUENCE CODE FOR WELDING AND HEAT TREATMENT:

W = Weld

S = Solution heat treat (1700 = 25°F for 15 minutes. Cold water q

A = Age (1250 = 25°F for 4 hours.

V2-B2707-¢
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Table 2-H Evalvation of Interfoils in Spot Welding Titenivm Alloy ,
Shear(S) Tension Pullout(T) Impact Tension Weld Diameter, Inches
Thickness Foil Average, Average, (T)/(S) | Average, Specification '
U (in.) Alloy (lb) Variation® (Ib) Veariation® Ratio (ft 1b) | Variation®| Average Minimum f
0. 0%0 Nioro l 7324 0.13y 1548 0.103 0.211 54,8 0.328 0.2580 0.260
L J
Comm. {
U 0,080 Pure Ti | 4196 u. 056 1654 0.109 0.202 KL} 0.034 0.265 0.260
0, 080 None 2315 1500 0.242 35.0 0.265 0.269
[] 0,250 Nioro 2¢740 0.093 9944 0.129 0.372 192.2 0.161 0.500 0.490
Comm.
0.250 PPure Ti | 32020 0.075 115m0 0. 143 0.362 212.0 0.113 0.510 0.490
w
U 0.250 None 25000 7900 0.316 140.0 0.502 0. 4490 Cy

NOTFE: * Variation = Range/Average
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A Boeing precess specification for spotwelding
titanium has been prepared. This specification
meets or exceeds the roquirements of the appli-
cable military specification,

c. Flashwelding
Flashwelding is used wherever this process
provides design or manufacturing advantige
or cost effectiveness.  The process is appli-
cable to hutt joining of identical shapes; for
cxample, stiffener extrusions, tubular landing
gear joints, and rectangular bar sections.  Since
the entire weld 1s formed at one time, distortion
is minimal and weld quality and reliability are
excellent.  Table 2-1 shows the mechamical prop-
criics of flashwelds in Ti 6AI-4V. Figure
2-35 shows fatigue data for Ti 6Al-4V specimens
{from which the weld reinforcement has heen
removed, The results indicate that the weld

and base metal have nearly the same static
and fatigue properties.

Flashwelding of titanium is done with conven-
tional equipment and is controiled by 1 Boeing
process specification.  Further development of
the process will be direected towar:d the welding
of extruded shapes to determine confivusation
limits.

d. Pressure Welding
Pressure welding is used in apphic tivns - imilar
to those for flashwelding. It is a soiid st~
welding process in which coalescence s
tained while plastically upsetting the oo v
neated 1hutting ends using @ constant o Lol
The advantage of this process is its copulaipy
for welding large cross-sectionaj sireas wiir
exceilent metal'argieal quaiity and hugh ;u.nt
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Toble 2-1. Mechonical Properties of Flosh ¥elds

Tensile Yield Eiorgation Reduction
Weld Strength, Strength, (in 4D of Area
No. (psi) (pst) Percent) vercent)
1 171,100 157. 700 9 26.7
2 170,700 159,500 9 27.9
3 171,700 157,400 10 ( 33.3
r' 4 174,100 162,500 10 30.1
5 168,600 153,900 10.5 33.6
6 172,500 159,700 12.5 43.9 |
7 170,200 157,100 11.5 ”1.8
Average 171,300 158,200 10.2 32.0

NOTE: Flashwelds were solution treated at 1750°F, wa:er quenched, 300°F aged - 4 hours.

ASHWELD
H
]
. 10— ; ¢20 Da oo
Flashwelds heat treated
after welding. Ti 6AL-Lv
1750°F water quench, aged
: : 150p——————+ ==~ & hours at 900°F :
' Strees Patio = 0,1
! Pey - 171,30C pai
bbb e e . rty - 158,200 pei t
MAX TMUM !
STRESS :
(1si)
‘) — - > oo ea-e ¥
, L 13 X BASE METAI f
] O~ FLASHWELD i
T
{ 0 " — e 4

. ] C‘} oA g L5 -
} CYCLES TO FAILURE i
Figure 2.35. Flashweid Fangue
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strengths. Table 2-J shows a comparison ¢!
weld and base metal strengths of pressure
welded Ti 6A1~4V tubes.

e. Diffusion Welding
Diffusion welding i a s0lid state joining process
by which coalescence of Lhe faying surface is
obtained through a combination of pressure and
heat with or without the use of an interface
material. The process is accomplished either
by roll diffusion welding or by static pressure
diffusion welding at elevated temperature.
Diffusion welding is considered for use in
applications such as skin-stiffeners, putt joints,
and lap joints where intimate faying surface
centset can be assured Juring the weld cycle.
The process results in high quality welds with
sirear strengths equivalent to base metal prop-
erties, Figure.L-36 i3 a micrograph of a void
free roll-weld with a microstructure identical
o that of the base metal.

Development is ! lanned to establish quality
limits with the aid of ultvasonic inspection

consisting of five stiffeners is being prepared
for roll welding, Structural testing of the
welded panel is planned.

2.1.2,3 Copper Diffusion Brazing

Copper diffusion brazing of titanium alloys may
be used in applications such as skin stiffener
agsermblies, butt and lap joints wherein intimate
contact of the faving surfaces is assured during
the brazing operation, and for thin-gage sind-
wich structure where temperatures preclude use
of adhesives. This process differs from dif-
fusion welding in that a copper interface material
is used. The interface material forms a
transient liquid phase in the joint, and therefore
the process is not completely solid state,
Advantages of the process ave increased dif--
fusivity and intimate contact of the liquid phase
with the faying surfaces. Faying surfaces
irregularities are easily filled with the Jiquid
phase, thus enhancing the probability of void-
free brazed joints.

This technic.e results in a manufacturing ad-

techniques. In addition, 2 31 by 96 inch panel vantage ‘n that relatively low iaying surface
Table 2-J. Mechenical Properties of 7i 6Al-4V Prussurs Walded Tubes
Ultimate Tensile Elongation Bend Angle, Fracture |
Tube Type of Strength, Average Average, Average, Location
No. Specimen (ksi) (perceat) (degrees¥) *x
l ) Weld 160.4 7.9 129 H.A.Z.
Basz Meta. 366.7 10.9 150 B.M.
Il
9 Weld 16C .. 7.6 133 H.A.Z.
Base Metal 166 .4 8 126 B.M.
3 Weld _.1c0.7 6.2 133 H.A.Z.
Base Metal 158.9 12,5 139 B. M.

* Included angle at faiiure

** H.A.Z. = Heat-affected zone

B.M. = Base metal

"ubes were heat trzated after pressure welding

1750°F/30 minutes, water quench, a,»d at 900°F ~

4 hours, air cool
0.500 in. wall x 3.5 in. diameter welded tube

The weld reinforcement was machined flush with
the base metal surfaces.
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oontact preasures are required during brazing,
A pruperly controlled process produces metal-
lurgically homogeneous joints with the copper

diffused and completely alloyed with the titanium,

Tensile properties are comparabie to those of
the base metal before and after exposure to
6800° F in the presence of salt for up tc 1000
hours (see Table 2-K). The fatigue life of cop-
ner diffusion brazed Ti 6A1-4V joints and base
metal i8 sLown in Fig. 2-37.

Future work is planned in the areas of impact
and fracture toughness testing, quality evalua-
tion, and diffusion brazing of experimental test
assemblies,

A Boeing preliminary process specification for
copper diffusion brazing of Ti 6A1-4V has been
released.

2.1,2.4 Forming

The limited formability of titanium at room
temperature is generally attributed to its close
packed hexagonal crysial structure. Of primary
concern are the material springback charac-
teristics, induced residual stresses, and yield
strength reduction due to the Bauschinger effect.
Hot forming, hot sizing, stress relieving, or a
combination thereof, are frequencly necessary
to minimize or eliminate these effects.

Forming is accompiished at room temperature
where part complexity, induced residual stresses,
and Bauschinger effect permit. Hot forming or
preforming followed by hot sizing is used ex-
tensively for severely formed parts. The time
and temperature for hot forming and +izing are
influenced by the final heat treatment condition
desired. Figure 2-38 shows the bend radii and
spring back of Ti 6A1-4V sheet as influenced by
thermal conditions, temperature, radius to
thickness ratio, and sheet thickness. The
magnitude of induced residual stress resulting
from bend forming at various temperatures is
shown in Fig. 2-39,

The room temperature bend formability of

T! 6A1-4V has been improved by the use of a
urethane pad instead of steel lower dies for brake
forming. This improvement is shown in Fig.
2-40, Further work is being done to implement
this improvement for room temperature forming
of titanium.

The Bauschinger efiect on annealed Ti 6A1-4V
has been studied. It was found that as little as
two percent plastic tensile strain results in a

40 percent loss in compression yield strength
and the high (approximately 120 ksi) proportional
limit exhibited by Ti 6A1-4V is reduced to about
30 ksi. However, almost complete recovery is
obtained by thermal stress relief (see Fig. 2-41).

Table 2-K Tensile Froperiies of Copper Diffusion Brazed Joints, Ti 6Al-4V

Exposure
Temperature, °F None 600 600
Exposure Time, hours Nor:e 500 1000
Environment None NaCl* NaCl*
Ftu Fty Ftu F.ty Ftu Fty
(ksi) (ksi) (ksi) | (ksi) (ksi) (ksi)
Copper Diffusion
Braze (1900°F-60 min) 139 121 145 126 149 128
Ti 6A14V i
Base Metal :
(1900°F for 60 min) 137 I 117 145 126 147 - 127

* Aqueous NaCl slurry was applied to the specimens
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Strength reduction due to the Bauschinger effect
is not significant when forming is carried out at
temperatures above 1000°F. Tests have been
conducted where coupons are loaded in com-
pression 90 degrees to the direction of tensile
strain, such as might occur for formed angles or
Z sections and results showed that no compres-
sion strength reduction occurs.

Measurement techniques have been developed
and applied to determine the residual stress
distribution through the thickness of bend formed
material. Tension residual stresses at the in-
side surface of a 4 times radius to thickness
bend at room temperature are approximately
70,000 psi as shown in Fig, 2-42. Therefore,
parts formed at room temperature require
stress relief.

2.1.2.5 Machining and Grinding

Mechanical inachining such as face, end, or
peripheral milling, and planning, are used as the
primary part-shaping operations. Machining
variables such as cutter geometry, feeds, and
speeds have been established to provide efficient
manufacturing procedures. A complete discus-
sion of titaniur machining procedures is given

NEUTRAL AXIS

in Boeing document V5-B2707-9 and manufactur-
ing manuals 6M 59-150 (Ref, 9) and 6M 59-501
(Ref. 10). Coolants for machining are discussed
ir Sec. 3.8.8. Test results show that no degrada-
tion of static mechanical properties or toughness
resulted frormn mechanical machining titanium
alloys. Grinding and sanding are not allowed

as finishing operations for titunium alloys when
the abrasive speed exceeds 800 surface ft per
minute, as this significantly reduces fatigue life.
This reduction is attributed to induced residual
tensile stresses which have been determined to
exceed 100 ksi and extend to a depth of 0, 005 in.
below the surface. Therefore, all ground sur-
faces require a minimum of 0. 010 in.of metal
removal by such processes as chemical milling,
mechanical machining, or abrasive cleaning
which do not produce adverse residual stresses.
This requirement is controlled by Boeing speci-
fication. Tests indicate that the fatigue life of
the finished part is improved because of the
excellent suriace {inish produced by a controlled
abrasive finishing. Nonmecharical methods of
metal removal, such as chemical and electro-
chemical milling, electro-chemical grinding, and
electrical discharge machining are discussad

in Par. 3.9.2.
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Figure 2-42. Distribution of Residval Stress ir Bend Formed Ti 6A1.-4Y
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3.1.2.6 Forgings, Extrusions, and Castings

T 6AI-4V is the priwary alloy for forgings,
extrusions, and castings. Ti 6A1-6V-28n and

Ti 7Al-4Mo alloys are used where strength rather
than fracture toughness, in air and aqueous
environments, is the primary design considera-
tion. Forgings and extrusions are worked above
the beta transus of the respective alloys to obtain
close dimensional control, greater material
utilization, lower product cost, reduce die wear,
and to improve structural properties.

The Boeing developed beta forging process has

been evaluated on buth flat and closed die forgings.

Table 2-L lists tensile and fracture toughness
properties of T{ 6A1-4V forged in the beta and

the alpha beta ranges. The tensile properties

of the alpha-beta and beta forged parts exceed the
specification requirements listed in the applicable
military specification for annealed Ti 6Al1-4V.
This table also shows a significant increase in
fracture toughness (approximately 50 percent)

of the beta worked material compared to that of

the alpha beta worked material. Figure 2-1
compares the fatigue properties of alpha beta
and beta worked forgings. These data show no
reduction in fatigue life because of beta working
as compared to the alpha beta worked forgings.

2.2 STEEL

2.2,1 Alloys

Steel is used in the airframe structurs where its
high strength results in weight ¢ ++ ings, or where
other properties such as wear 1 stauce are
required. Only proven aircreft quality steel

at rellable strength levels is used. Table 2-M
lists the materials selected and their appiica-
tions., Processing is controlled by plating and
pickling specifications to preclud:: -he possibility
of hydrogen embritilement.

Type 4340 Silicon Modified steel is used in the
27C to 300 ksi strength range because of its
excellent service record as landing gear matoriail
in the Model 720 commercial jet airiiner. The

Toble 2.L. Properties of Bete and Alpho-Beto Pancoke Forgings Ti 6Al-4V

v F F Elorgation | Reduction KIc 7]
orging Heat (1) Grain tu ty (Percent in | of Area,
| Condition | Trestment |Direction | (cai) | (ke 4n) Percent |ksi in (@

Alpha+Beta | STA-1000 Long 167.1 154.3 12.8 47.5 45.2 ;ﬁ
Alpha+Beta | STA-1000 | Trans. 167.81154.0 13.5 46.0 46.6
Alpha+Beta | Annealed Long 144.6 | 135.2 15.2 41.0 56.3
Alpha+Beta | Annealed Trans 141.5 | 130.8 15,7 44.5 7.7
Beta STA-100¢ Long 167.8 | 148.0 10.0 29.9 63.8
Beta STA-1000 | Trans 164.0 | 147.0 10.5 27.5 67.7
Beta Annealed Long 142.1 |128.7 13.0 35.0 90.7
Beta Anrealed Trans. 143.3 [126.8 15,0 36.2 39.4 T

(1) Hast treated 4lickness = 0. 75 inch
Selw 2 tr-.:4 1725°F —1 hr. —W.Q.: Aged 1000°F —4 hr., Air Cooled

@ ¥

i3 i —2 hr. — Air Cooled

v l=lermined en fatigue cracked single edge notch specimens

point loading.
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Table 2-M. Material Selection- High Strength Steels

Alloy and Selection
Condition Form Application Criteria Availability
4340M vacuum | Plate, bar, | Landing gear com- | High strength- | Material available
arc remelt and forgings | ponents in tempera-| density ratio in production
(270-300 ksi) ture controlled . quantities
wheel wells Goou wear
resistance
Good fracture
to\ zhness
9Ni-4Co-.30C | Plate, bar, | Landing gear Good Strength Materiai availabie
::rc:;rtn arc and forgings | components Excellent frac~ in uap:tt:::li\;cstion
Flap track ture toughness q
(220-240 ksi) forgings
g Good stress
corrosion resis-
tance
Good weldability

Miodel 720 fleet has f1 >wn a total of 1,949, 000
hours, which include 1, 185, (00 landings, without
2 reported failure resulting from use of this steel.
All the major components of tl e Model 720 gear
are made of airmelt 4340M steel heat treated to
270 to 300 ksi with a required minimum average
reduction in arex of 12 percent as measured by
tensile coupons cut from the midradius of the
forged billet.

Type 4340M steel for the B-2707 airplane is

~vacuum arc remelted for premium quality. This

ma.cvial has a guaranteed minimum average
reduction of area of 25 percent in ti:e short
transverse grain directicn and a minimum of 15
ft-lbs impact strength at -65°F as measured by a
Charpy V notch specimen. The vacuum arc
remelt grade of 4340M steel is also used for
landing gear forgings for the Boeing 737 airplane
currently entering production. Results of the
qualification testing of the forging are shown in
Table 2-N. These tensile test results verify
that the excellent properties of the vacuum arc
remelt 4340M are obtained in large forgings.

The excellent service experience of the 4340M
steel, at this strength leve!l, is due to careful
control of design, procurement, and processing
developed over 10 vears of production experience.

Type 4340M steel contains 1.5 percent silicon
which retards hydrogen diffusion and reduces
susceptibility to stress corrosion. The inherent
resistance of this alloy to hydrogen embrittle-
mernt as compared to other alloys is shown in
Fig. 2-43 (Ref. 11). The compiirison is made
using induced stress as a percent of notched
tensile strength. The significant stress affecting
hydrogen embrittiement cracking is not design
stress, but residual stress induced during
processing or assembly. The environmental
resistance of 4340M stecl is further demonstrated
by comparisons using gross arca stress for
hydrogen embrittlement susceptibility (Fig., 2-44,
Ref. 11) and extreme fiber stress for stress
corrosion susceptibility (Fig. 2-45, Ref. 12).

Detailed parts are designed so that applied loads
will result in uniform stress distribution.
Photostress and strain gage techniques ar. used
to insure the ahsence of serious stiess riscis,
The gear assemblies are static and fatigue tested
to ensure that design requirements are met.
Dissimilar metals are isolated and adequate
corrosion protection providecd for the entire
assembly as discussed (see Sce. 3.%). In
addition, wear, {retting, and palling will be
eliminated through the use of replaceable bush-
ings and protective materials in faying surfaces,

V2-B2707-8
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Teble 2-N. Tensile Properties of Vecuum Arc Romelt 4346M Forging

Reduction
Elongation, of Area,
Grain Direction Fo (sd Fty' (ksi) (percent) (percent)
Short transverse 288.0 242.0 10.5 41.7
Short transverse 285.0 241.0 10.5 41.4
Longitudinal 285.0 241.0 10.5 41.7
Short transverse 285.0 240.0 10.0 40.1
Long transverse 287.0 242.0 10.0 42.5
Short transverse 287.0 241.0 9.5 35.7
Long transverse 284.0 241.0 10.5 41.4
Long transverse 286.0 242.0 10.0 411.4
Longitud:nal 285.0 240.0 10.0 4,
Long transverse 287.0 244.0 10.5 42.3
longituiinal 286.0 243.0 10.0 41.4
Short transverse 285.0 240.0 10.0 41.1
Short transverse 285.0 259.0 10.0 41.7
Short transverse 286.0 242.0 10.0 11.4
Short transverae 284 0 238.0 10.5 40.1
Short transverse 284.0 242.0 10.5 41.7
Short transverse 283.0 240.0 10.5 41.7
Short transverse 285.0 240.0 10.5 40.8
Short transverse 287.0 243.0 9.5 41.4
Short transverse 286.0 241.0 10.5 41.7
Longitudinal 285.0 240.0 10.5 11.7
Short transverse 285.0 240.0 11.0 42.5
Short transverse 285.0 241.0 10.0 40.3
Average Short transverse 285.3 240.7 10.2 10.9
Minimwn Short transverse 283.0 238.0 9.5 35.7
Average Long Transverse 286.0 242.0 10.2 42.0
Minimum Long Transverse 284.0 241.0 10.0 1l.4
Average Longitudinal 285.5 241.0 10.2 41.4
Minimum Longitudinal 285.0 240.0 1.0 0.3
Average All Orientations 285.5 241.0 10.2 11.1
Specification 270 220 ---- 25 min
Requirements 30 avg
V2-B2707-8
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The selection of 4340M steel was based primarily
on successful Boeing atilization of this alloy.
This choice has been further substantiated in 2
high strength steel validation program sponsored
by The FAA (see Boeing document D6A1009%-1,
Ref. 13). This program covers the investigation
of 4340M,9Ni-4Co-.45C, and Mai-aging 250 steels
in the 260 to 300 ksi strength raige and 4330M,
H-11, and 9Ni-4Co-.30C steels in the 220 to 240
ksi strength range. Although this program
showed Maraging 250 to have satisfactory
strength-toughness properties, it is not con-
sidered a producible alloy at this time. The
9Ni-4Co-45C steel nas s:tisfactory fracture
toughness, but its strength is not presently com-
petitive with that of the 4340M steel.

Of the steels evaluated for the 220 to 240 ksi
strength range, the 9Ni-4Co-.30C composition
is clearly the best choice baser on the fracture
toughness comparison shown in Fig. 2-46, and

$ TR A -

L)

the resistance to environmen:al cracking as
shown in Fig. 2-47. The 9Ni-4Co-. 30C stcel is
a production alloy ¢ ~rently used for such applica-
tions as armor plate, forging dies, and bomb
hooks. Over threc million pounds of this alloy
have been produced. The 4340M steel and
9Ni-4Co-, 30C alloys are heat treated by con-
ventional quench and temper processés, The
mechanical properties of these two alloys are
shown in Table 2-O and their fatigue properties
are shown in Fig, 2-48,

2.2.2 Processing

2.2,2.1 Welding

Fusion welding of low alloy heat treatable steels
is used where design and manufacturing advant-
ages dictate its usage, and for cost effectiveness.
Gas tungsten arc, gas metal arc, and coated
electrode welding are accomplished in accord-
ance with well established Boeing specifications.

He | I
kgm-ucm-aoc (@ + 1)
1208 —L330M
Q + T\
\ \(- ONi-LCo-.45C (B)
100 \\ — N N
\ \\
% NG \\ 18% Ni MARAGING
CRITICAL (8TA)
STRESS \ P
INTENSITY T
PACTOR (Ky,) D6 AC (@ + T >\ b3kou (Q + T)
) \\
H-11 (Q + T
ho \\\< | |
20
220 2Lo 260 280 300

ULTIMATE STRENGTH (ksi)
Figure 2.46. Fracture Toughness Comparison of Low Alloy Steels, in Air
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Table 2-0. Strength and Toughness Data fcr Low Alloy jteal Forgings

—

Temp.
Property*** °F) Environment 4340M* 9Ni~4Co-.30C*
Fy,» (ksi) RT Air 270 220
300 270 -
450 Air 266 -—
F_, (ksi) RT Air 220 190
y 300 210 -
450 Air 196 -
Fcy, (ksi) RT Air 223 190
Fsu’ (ksi) RT Air 160 -~
Fbu’ (ksi) RT Air 456 -—
RA, (%) RT Air 25 25
E (x 10° psi) RT | Air 29 28
K, (ksi V/in) 5 Air 50%* 105%*
¢ RT | Air 72%* 115++
Ky, (860 minutes), ksi</in RT 3.5% NaCl 23%* 100+*
Kjp (5000 minutes), ksivin RT 3.5% NaZl 18+* B8**

Two inch maximum section thickness

* 4340M heat treated to 270-300 ksi, 9Ni~4Co-. 30C heat treated to 220-240 ksi

** Typical values

***  Properties are for two-in.maximum section thickness

All material was vacuum melted
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Flash and pressure welding have been used b. On all parts heat treated ahove 220 ksi.
extensively for joining low alloy, high strength
steels on Boeing commercial and military air- ¢. Under chromium plating to eliminate
planes. Service experience has been satisfac- tensile stresses.
tory. Applications on the B-2707 include such
iterns a8 landing gear components, actuator d. Under cadmium plating to improve
assemblies, and contrcl rods. resistance to stress corrosion.
Prel.min.1y test results have indicated that 2.2.2,3 Machining
higher joint efficiencies are obtainable in fatigue Proper selection of tools, speeds, and procedures
when comparing flash welded vacuum-arc-remelt are necessary to eliminate the occurrence of
to air melt steel. The data is shown in Table untempered martensite in high strength steels. -
2-P. Additional testing will provide data for These parameters have been determined and L
statistical design allowables as well as permit are controlled by company specification covering
evaluation of the weldments for stiess corrosion, surface machining, driiling, reaming, honing,
hydrogen embrittlement, fracture toughness, and grinding. =
and crack propagation characteristics.
2.2.2.4 Forgings -
2.2,2,2 Shot Peening Materials engineers work directly with the
Shot peening is used under the following con- applicable design projects to ensure that all [
ditions to ¢ ontrol surface residual stresses in steel forgings are designed to have optimum .
heat treated steel parts: structural integrity in the final machined part.
o This integrity is obtained by ensuring that the
a. As required to improve fatigue charac- forging properties are compatible with the de-
teristics in parts heat treated to 180 to 200 Fsi. sign requirements. -
Table 2-P. Properties of Flash Welded Steel [
1340M (Vacuum Arc Remelt) 4330M  (Air Melt
Efficiency Flashweld | Base Mctal | Efficiency [
Flashweld | Basc Metal Pereent (ksi) {ksi) Percent
Ultimate tensile 290 291 100 229 230 99
strength, ksi
Tensile vield, ksi 239 238 100 203 206 98 -
Elongation '~ in 2 in. 1¢ 11 91 7 13 53 L
Reductiorr in area, percent 39 42 93 21 58 36
Precracked charpy impact, 312 353 88 321 205 63 {-‘
. .2 '
in. -1b/in.
Rotating heam fatigue, 75,333% 78,220% 96 33,500 67, 000%* 50 .
cycles [

#Maximum Stress 150 ksi, Stress Ratio -1

-

k#Maximum Stress 120 ksi

1340M — Heat treated to 270-300 ksi

.

1330M — Heat treated to 220-240 ksi

c—
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One forging from the first produetion heat is 2.3 CORROSION ANI) HEAT RESISTANT ALLOYS
metallurgicaily examined. Details of this pro-
cedure are as specified in Par. 2,1.2.6.

o—

2.3.1 Alloys
The corrosion and heat resistant alloys listed in
Table 2-Q are used when required by operaticnal
[ < Die forgings provide good structural integrity environment. These materials are being
‘ because of the favorable grain flow that is provided successfully used on current Boeing commercial
in parts with transitions in section size and shape. airplanes for such applications as pneumatic

They are generally used in preference to hog-outs ~ ducting and ergine hardware where elevated
U from plat:, bar, or extrusions. In cases where temperature strength, oxidation resistance, and
flashless closed die forgings are impractical, excellent thermal stability are required.
closed die forgings are designed with particular _ N
‘ attention to parting line location so that loads are ~ Properties of the austenitic stainless steels are
minimal across the parting line. Proper forging well established and are published in industry
design coupled with manufacturing techniques and military standard handbooks. The primary
such as sequenced machining and heat treating super alloy selected for use is Inconel 718.
U are used to reduce residual stress to acceptable Figure 2 49 (Ref. 14) shows the elevated tem-
levels. . perature static streangth and toughness properties
of Inconel 718, and Fig. 2-50, (Ref. 15) and
2-51 show the fatigue and creep rupture proper-
P ties, respectively.
1 Table 2-Q. Material Selection, Corrosion and Heat Resistant Alloys
. Selected Alloy Celection
!J and Condition Form Application Criteria Availabhility
Stainless 17-4PH Plate, Fittings High strength No limitations
Steels Bar, For- {and engine Wear resist-
PH 15-7Mo gin,s, hardware ance
Castings Corr. resist-
ance
[
AISI Type Sheet and [ Ducting Excellent
321 or 347 Tubing formability No limitations
. Corresion
[ resistance
{ Fxcellent
toughness
L Suger A286 Bar and Fasteners High strength No limtations
- Alloys Forgings Corrosion
resistance
u Forgeable
Inconel Plate, High tem- High strength
718 Bar, perature at temp.
u Inconel X Sheet and | fittings Corr. resist- No limitations
Hastelloy X Forgings ance
Hastelloy B Oxidation
Rene' 4) resistance
l |

p—
)
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2.3.2 Processing

2.3.2,1 Heat Treatment

Thermal treatments for corrosion and heat
resistant alloys are conventional and ure con-
trolled by company or military specifications.

2.3.2 2 Welding and Brazing

a. Fusion welding of stainless steel alloys
is used as required for conventional applications.
Company specifications limit such welding to the
stabilized and extra low carbon grades of 300
series alloys unless the welding is followed by
suitable annealing heat treatment, Boeing
specificutions also control the welding of higher
streagth stainless alloys and super alloys such
as PH 15-7TMo, 17-4 PH, and Hastelloy X and
Hastelloy B. Weldments of these alloys in
engine and thrust reverser applications have
performed satisfactorily, The development and
evaluation of welds in Inconel 718 as reported in
TDR No. ML-TDR-64-237 (Ref. 8) confirms the
good weldability of this alloy.

b. Resistance spot and seam welding,
projection welding, and flash welding are used
in conventional applications.

c. Brazing of these alloys is accomplished
by torch, induction, or furnace rm:thods, as
applicable, and in accordance with Bocing
specifications.

2.4 ALUMINUM

2.4.1 Alloys

Aluminum alloys are used for applications in
areas where temperatures do not exceed 2C0°F,
Alloy 7075 in the -T73 condition is used for
most aluminum forgings., The 2000-series alloys
exhibit excellent fatigue resistance and fracture
toughness properties and are used for tension-
loaded structure., The 6000-series alloys are
selected for ductwork, because of their good
weldability, corrosion resistance, and fatigue
characteristics. Thermal treatments, stability,
and properties are well documented in industry
and military specifications and handbooks.

2.4.2 Processing

Processing of aluminum alloys will be controlled
by existing specifications. Since the aluminum
alloys to be used are those with which Boeing
has had extensive experience, no new fabrication
inno* .1i~ws are required.

2.5 CONTROL OF RESIDUAL STRESSES

It is recognized that service life of structural
components can be influenced by residual
stresses induced during fabrication such as
welding and room temperature forming,

Residual stresses are controlled during fabrica-
tion to ensure a level below the maximum accept-
able sustained stress. The effectiveness of
residual stress control methods for welded and
formed titanium is illustrated in Fig. 2-52.

The Boeing Company has developed the com-
pliance technigue for residual stress measure-
ment to determine the effectiveness of stress
control methods. This method permits measure-
ments of residual stress distribution through

the thickness of the part being examined. It is
not limited to average value3 or surface values
as are other commorly employed techniques.

A complete discussion of the technique is pre-
sented in Boeing document D6-16266 (Ref. 16).

2.5.1 .’'ress Prevention

Mechanic-1 prestress hus been shown to be a
highly =fiect:ve means of preventing weld-induced
rcsidual sticss.  Although the limitations im-
posed by the process preclude extensive applica-
tion, it will be used wherever practicable. The
process is accomplished by applying a load so
that the two parts to be joined are strained
eiastically along the weld line. This strain is
maintained during the welding process and re-
leased after the weld has solidified and cooled.
Figure 2-53 shows the effectiveness of the
process as reflected by the change in flatness
for different amounts of prestrain. For large
parts it is not required to load the panel over a
width greater than the length of the weld.

Preheating does not generaily lower the residual
stresses to an acceptable level. It is not a
substitute for the more effective methods but will
be used as necessary to prevent in process
cracking,

2.5,2 Stress Relief

Relief of residual stresses can be accomplished
in several ways. The selection of the appropriate
method will be based on the configuration,
material, and application of the component,

Tne conventional mcthods of stress relief are
by heating the entire part in a furnace or
locally heating the region to he stress relieved.
Figure 2-54 shows the maximum residual stress
remaining after various time-temperature com-
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Figure 2.53. Effects of Mechanical Prestrain Variations on Weld Shrinkage Distortion
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Figure 2-54. Time Temperature Parameters for Stress Relief
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binations for furnace stress relief. The curves
are also valid for local thermal siress relief
when care is taken to minimize stresses c:eated
by temperature gradients adjacent to the locally
heated zone.

Relief of residual weiding stresses can be
effected in flat sections by roller planishing
either at room temperature or at elevated tem-
perature using local heating. Roller pressure
sufficient to elongate the rolled area about two
percent is employed. This reduction must take

place over the entire region of high stress. If
the planished width is too narrow, the stress
distribution shown in Fig. 2-55 is obtained.

This is quite similar tc the original distribution
except for stresses in the planished zone. Roller
planishing presents distortion problems when
used on thin gage metals because the residual
compressive stress introduced by it may result
in local buckling, In sections thicker than about
0. 125 inch this problem does not exist, No
noticeable effect on tensile and ultimate strength
has been observed,

— |
5
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Figure 2-55. Residual Stress Distribution ofter Hot Planishing ’
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Preliminary results of a program to investigate
explosive stress relieving indicate it is an
effective method with potential time and cost
reduction. It has been used on both welded and
formed sections and is accomplished by a very
high, short duration, pressure pulse caused by

detonation of explosives. Figure 2-56 shows
the average residual stress in the weld zone in
0. 250 inch thickness Ti 6A1-4V after explosive
stress relief using various dynamic pressures.
The process has no effect on strength and
ductility.

[ ] WELD CENTERLINE
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Figure 2.56. Explosive Stress Relief Data
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3.0 NONMETALS

Nonmetallic materials are used for a variety of
applications on the interior and exterior of the
B-2707. These applications include structural
components such as adhesively bonded panels,
windshields, and radomes and nonstructural
components such as ducts, insulation, seals,
sealants, coatings, ceramics, lubricants, hy-
draulic fluids, interior furnishings, and support-
ing hardware.

Materials are selected on the basis of the re-
quirements of the specific application, weight,
availability, maintainability, producibility,
secvice life, cost and compatibility with other
materials.

3.1 ADHESIVE BONDING

Structural adhesive bonding capitalizes on the
elevated temperature strength and inherent
thermal stability of polyimide resin adhesives.
Structural bonds, with bonded shear strengths of
3500 psi, are readily obtained on the titanium
alloys used for construction of the B~2707, Re-
sistance to thermal degradation is achieved by
incorporating fillers and anti-oxidants in the ad-
hesive and by proper surface treatment of the
titanium adherents. Bonds with shear strengths
exceeding 2,000 psi after 15,000 hr of continuot
exposure at 5000F are achieved.

The above structural capabilities of polyimide
adhesives ensures bonded structure having suf-
ficient integrity to withstand the temperature
environment imposed by the flight regime of the
B-2707,

Polyimide adhesive bonded designs offer the
following advantages:

a. Fatigue life of joints i8 increased when
bonding is used in conjunction with mechanical
fasteners.

b. Bonding enables use of light weight
structure in areas of high energy sonic environ-
ment,

c. A weight saving is realized by reduction
of size and number of mechanical fasteners.

P i =

d. Bonding performs a dual function of join-
ing and sealing.

e. A Adhesive bonded structure is less costly
than brazed structure,

f. Bonding isolates dissimilar metals, thus
preventing galvanic corrosion.

3.1.1 High Temperature Structural Bonding
Metal-to-metal bonding of titanium structure for
elevated temperature usage will be accomplished
with commercially available polyimide resin ad-
hesive systems.

The selected polyimide adhesive system, chosen
primarily on the basis of its strength retention
after thermal aging, was compared with poly-
benzimidazoles, modified epoxies, and other
polyimide adhesives prior to its final selection.
Results of the comparative heat aging tests utiliz-
ing phosphate fluoride pretreatment are shown in
Fig. 3-1 and 3-2. The superior strength reten-
tion of the polyimide adhesives is readily
apparent,

Design criteria for bonded titanium structure are
comparable to those used on current commercial

airplanes since titanium lap shear values exceeded

1,800 psi after 12,000 hours of aging at 400 to
500°F. The development of suitable metal-to-
metal bonding included evaluations of metal clean-
ing and surface treating processes. The process
selected using Pasa Jell 107 precludes degradation
of the bond by reaction products of the adhesive
during cure, and from thermal and hydrolytic
effects during the life of the product. Figure 3-3
and Table 3~A show the effects of the selected
cleaning and surface treating procedures on bond
strengths after environmental exposure. The
Pasa Jell 107 pretreatment provides superior
thermal and hydrolytic degradation protection and
will be employed as the surface preparation.

The procedure used for joining metal-to-metal
structural components is a Boeing-developed,
low-pressure, two-phase, bonding process. The
initial or bonding phase utilizes hot air circulating
pressure vessels wherein an accurately sequenced
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Table 3.-A. Lap Shear Strength of Titanium Alloy Adhesive Bonds After Various Exposure Conditions

Remaining Bond Strength
(Percent Originalj

|G B — |

Surface After 186 After 1856 After ﬂ
Treatment houss at houss at 3 days
H 600" F in 600°F in in
Nitrogen Air Boiling
. Wa.er

g,

Pa=sa Jell 107
(Di. hromate Chemical
Conversion (‘oating) 105 (c) 88 (c) 59 &)

Alkaline Anodizing
Process 94 () 76 {¢) 52 ()

Phosphate-Fluoride
Chemical Conversion ;
Coating 55 M) 33 (a) 34 () {
Cl2aned by Chemical
Eiching in Niwric-
Hydrofluoric Acid 27 (a) 24 () 23 o

() Adhesive failure
) Partially adhesgive failure
{c) Cohesive failure within the au; zive
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application of heat and pressure produces an

intermediate cure condition in the polyimide resin.

A subsequent post curing phase using air heated
ovens, chemically stabilizes the polyimlide resin
and imparts optimum strength to the adhegive,

The above two phase cure process results in the
most economical use of pressurized and unpres-
surized heating equipment and allows maximum
flexibility in manufacturing. In addition, two
phase curing allows maximum integration of the
metal-to-metal bonding process with such allied
bonding operations as polyimide laminate fabri-
caifon, polyimide structural sandwich composite
bonding, and high temperature polyimide foam
processing. As a result outstanding success has
been achieved in production «f polyimide bonding
structures,

Inspection procedures to ensure quality metal-to-
metal bonding do not differ significantly from
existing procedures employed on current com-
mercial airplane.

Quality assurance provisions as dilineated in
Boeing specifications include the following:

a. Control of adhesive procurement,
storage, and use,

b. In process inspection.

c. Processing of test articles simultaneously
with production hardware.

d. Nondestructive testing.

Figures 3-4 and 3-5 show, respectively, the
costs and weights of various bonded aluminum
structures found by previous experience to be
sonic fatigue resistant. Cost of similar
titanjum structure is higher due to raw material
costs.

3.1.2 General Adhesive Bonding

General bonding will be accomplished using a
variety of adhesives which have been used suc-
cessfully for 15 years for bonding metals,
plastics and other materials such as fabrics,
felt, cork, wood, rubber, and glass. Adhesive
systems are selected for use on the basis of en-
virormental resistance, strength, and processing
characteristics. Typical adhesive systems are:

20 g v
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Figure 2-4. Cest of Typical Structure for Use in Senic Environments
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a. Epoxy-polyamide such as a combination
of Shell Chemical Company's Epon 812 and 828
with General Mill's Versamid 115 and 125.

b. Buna N rubber-based such as Coast Pro-
Seal's 590M,

c. Polysulfide-hased such as Coast Pro-
Seal's 719B.

d. Silicone-based such as Dow Corning's
RTV 8ilastic 501 with A-4094 primer.

For load carrving applications requiring lap
shear atrengths greater than 1000 psi and where
the tempera‘ure does not uxceed 269°F, the ad-
hesives listed in Table 3-B are typical of those to
be used.

3.2 STRUCTURAL SANDWICH

Sandwich stracture is used for applications in-~
clnding load bearing surfaces of the wing, body,
and empennage. Sandwich structure for other
than micr.wave applications will have titanium
exterior faces, siasse fabric reinforced polyimide
core, and inner surfaces of titanium or glass re-
inforced poiyimide laminate. Sandwich assem-
blies possess the following advantages:

a. High strength.

b. Tightweight structure for maximum stiff-
ness,

¢. Maximum aercdynamic smoothness.

Sandwich structure corfigurations take advantage
of the kncwledge gained in almost 15 years of

Toblie 3-B. Generc! Adhesive Systems

Adhesive Type Typical Eap Shear Strength
Room Temp. 180°F y -67°¢ F,
1b/in. b/in, b/in,
AF 30 Nitrile Phenolic 3400 2100 3700
FM-61 Nitrile Phenolic 3200 3800 3700
Epon 927 Epoxy 3200 560 | 3200
Aerobond Epoxy 3200 500 3200
3013
HT-424 Epoxy Phenolic 3800 3100 3700
FM-58 Nitrile Phenolic 3800 2700 4300
Epoxy
AF-204 Epoxy 3000 2800 3700
Phenolic
AF-126 Epoxy 5000 1500 4500
Redux 7175 Vinyl Phenolic 4500 2000 4000
FM-47 Vinyl Phenolic 4500 3600 3200
FM-1000 Polyamide 7000 3670 7400
Epoxy
FM-34 Polyimide 2600 e -——-
V2-B2707-8
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experience in designing and producing honeycomb
structures. Analysis has been made of previous
service experience and successful applications
have been utilized; the less desirable avoided.
For example, the adhesive systems used at, the
time honeycomb sandwich construction was intro-
duced required the use of perforated core to ~llow
removal of adhesive volatiles during cure. As a
result, moisture ingression occurred. Today's
sandwich panels are constructed with nonperfo-
raied, impermeable core, processed by a method
which removes the volatiles prior to gelation of
the adhesive,and incorporate edge sealing. Com-
parison of the conditions are shown in Fig., 3-6.

Wedge close outs are designed with a foam filled
core and scam welded trailing edges to provide a
positive seal with maximum durability at the
interface of the face sheets. A comparison be-
tween earlier designs and the nresent one is shown
schematically in Fig. 3-7.

3.2.1 Resin System

The selection of a high teraperature resistant
organic polymer matrix for bonded structural
sandwich is based on comprehensive evaluation
of existing candidate materials. The polymers

were intially screened on the basis of chemical
structure. The investigation covered a review
of all applicable research in the field including
the Whittaker Corporation's work under Contract
No, AF33(615)~2283 (Ref. 17) and Westinghouse
Research Laboratory's work reported in AFML-
TR-65-188 (Ref. 18), The more aromatic
polymer structures are generally more resistant
to elevated temperature environments, These
polymers include polyimides, polybenzimida-
zoles, silicones, and phenolics, Factors which
significantly influence the selection of a suitable
polymer sgstem are thermal stability in air at
400 to 500°F for the service life of the B-2707,
processing characteristics, availability, and
cost,

Polyimide resins exceed the requirements es-
tablished for the B-2707. Current polybenzimi-
dazole resin systems, although possessing tem-
perature strength retention for intermediate
time exposures, lack the necessary thermal
stability for service life requirements. Phen-
clics have inferior thermal stability. Silicone
resins, although possessing good thermal stabil-
ity, do not have adequate structural properties.

/—FACE SKIN

H20 CONDENSATE

SEALED EDGES

(FOAM, SEALANT)

_ B0 VAFOR
e
Figure 3-4. Sendwich Design
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finish, E glass with A1100 (aminopropylsilane)
finish is more compatible with the polyimide
system than other glass~polyimide finishes. Al-
though S glass is 30 percent stronger than E
glass, the finishes available do not provide any
significant advantages after long time thermal
exposure, Coordinated programs with Owens-
Corning, Union Carbide, DuPont, and other
companies have been established to evaluate
developments in glass finishes which are more
compatible to both E and S glasa reinforcement.
In addition, the coupling agents developed for S
glass polybenzimidazole systems under Air Force
Contract No. AF33(615)-1163 (Ref. 19) will be
evaluated for the polyimide resin system in co-
operation with Owens-Corning,

3.2.2 Core Material

Fiberglass reinforced polyimide resins, have
been selected for the honeycomb core. In a co-
operative program established between Boeing

and Hexcel, several types of core materials were
developed and evaluated including phenolic and
polyarylene ether phenol with and without polyi-
mide coatings. These materials were aged and
tested at 400, 450, and 500°F, The comparative
mechanical properties of the test core materials
are shown in Figs. 3-11 through 3-13. These
figures illustrate effects of thermal exposure on
polyimide core at 450 and 500°F, Mechanical
properties of polyimide core are not affected by
continuous exposure to 400°F and exhibit only a
slight decrease after 5000 hours at 450 and 500°F,
Polyimide resin is the basic component that pro-
vides elevated temperatuce stability in laminates,
honeycomb core, and ad:.esive. The stability of
the mechanical propertias of reinforced polyimide
structures and adhesives at 450°F frora 1000 to
15, 000 hours substan.ates engineeriug design
decisions for the polyimid« system. The me-
chanical properties of polyimide siructures are
expected to remain congtant a. flight conditions

300

200

-
o) L P~

POLYDUIDE - STANDARD

100

L 1b/£%3 Demsity

Tested st exposure

temperature l
\

0 2000 hooo

6000 8000 10,000

TDE (hours st temperature)

Figure 3-11. Reinferced Plestic Henoycomb Core Meateriel Shoor Strangth,
L Direction Versus Time ot Tomporature
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in excess of 30, 000 hours. The polyimide cores
were the only ones retaining adequate strength
after 1500 hours of exposure.

Use of bias weave reinforcements offers distinct
mechanical strength and modulus advantages
over the standard weave. The impermeability of
the core is assured through prouper selection of
fabric weave, optimum glass to resin ratios and
closely controlled manufacturing procedures.

Resistance welded and diffusion bonded commer-
cially pure titanium core i8 available and com-
pany processes utilizing polyimide adhesive have
been developed for sandwich strunture. Diffusion
bonded titanium honeycomb core was developed
under NASA Contract No. NAS 7-273 (Ref. 20) by
Hexcel Products, Incorporated. Preliminary
evaluation indicates that it will be similar in

o e e b A8

mechanical properties to resistance weided core,

The mechanical properties of resistance welded
commercially pure titanium and bias weave re-
inforced polyimide core are listed in Table 3-C,

3.2.3 Reinforced Plastic Faces

Plastic laminate sandwich face material is com-
posed of polyimide resin such as Skybond 700
(Monsanto), PI-4701 (DuPont) or Imidite 1830
{Narmco) reinforced with glass fabric having
A1100 finish., The polyimide laminate material
selections have been previously discussed.

Retention of structural integrity at B-2707
service temperztures is being established by
thermal aging tests of laminates. Exposure of
polyimide laminates to temperatures of 400°,
500°, and 550°F for 30, 000 hours is in progress.
Mechanical properties for both E and S glass

Table 3-C. Strength and Cost Comporison, Titanium/Polyimide Core
Mechanical Properties of Resistance Welded C. P. Titanium Square Cell Horeycomb Core

. Compression | Approximate
Shear Strength (psi) Strength, Cost $/1t2
Density Core L Direction W Direction | P8 3/4-in. Thick
ft3 Designation
2,3 4-1 100 75 133 20
4.5 4-2 270 178 400 25
6.7 4-3 435 330 908 35
7.3 3-2 480 370 1070 35
Mechanical Properties of Bias Weave Glass Fabric
Reinforced 3/16 Inch Hexagonal Cell Honeycomb Core
Shear St th . Compression Appmx} te
I A¢ Streagth (pel) Strength,  |Cost $/ft
Densny Core L Direction W Direction| psi 3 4-in.Thick
ft Designation l
=S
4 HRH-327 284 160 €00 16 '
5 HRH-327 355 200 751 1%
6 HRH-327 425 240 900 on
V2-B2707-%
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laminates to 10, 000 hours of thermal aging are
{llustrated in Fig. 3-14 through 3-25. These
data indicate the capability of the polyimide
system to withstand B-2707 requirements.

Sandwich structures having reinforced plastic
iaminate {acings will require sealing if they are
exposed to moisture or fuel containing environ-
ments. Minnesota Mining's EC 1237 is an ef-
fective sealer for polyimide laminates and with-
stands temperature environments to 500°F, Twe
additional materials which can be used for the
sealing application are DC 7148 (Dow Corning)
silicone resin and RS 5860 (Monsanto) polyimide
resin. These two materials have shown the
desired properties to provide u positive seal on
polyimide laminates. In addition, Narmco re-
ported in AFML-TR-85-146 (Ref, 21), Vol. I
that DC 7146 was ithe outstanding antioxidation
sealer for their polybenzimidazole laminates and
Brunswick Corporation have indicated {in Docu-
ment BR-862-122-003 (Ref. 22) that RS 5660
polyimide resin can bie used to provide a moisture
barrier for the SST radome.

Films such as FEP coated Kapton (DuPont) and
polyimide resin coated Nomex paper (DuPont)
have also been successfully utilized as moisture
and fuel barriers on polyimide laminates.

3.2.4 Metal Faces

Structural sandwich in most applications will be
metal faced with Ti 6A1-4V alloy on both sides.
The adhesive resin system and titanium cleaning
and pretreatment processes to be used are dis-
cussed in Sec. 3.8.1. The selection of metal
faces is based on weight advantages.

3.2.5 Adhesives

The adhesive used for structural core-to-skin
bonding is formulated from a polyimide base
resin as discussed in Sec. 3.1,1. Thermal ex-
posure of test specimens at 500°F to 12, 000 hours
has been completed. Adhesive lap shear
strengths of bonded titanfum joints with various
surface treatmenta are compared in Fig. 3-26.

The adhesives designated in Fig. 3-27 are identi-
cal except for exclusion of antioxidant and filler.
It is apparent that advantages are gained witn the
additives except for the loss of strength after
exposure to moisture, This deficiency may be
overcome by use of primer as illustrated by Fig.
3-28. The use of a combination primer and film
adheaive system is selected as the optimum
method of achieving maximum strength and heat
stability of the bond.

3.2.8 Edge Potting and Sealing
Structural sandwich edge potting compounds are
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Figure 3.28. Effect of Primer on Bond Properties

utilized in areas where sealing of open edge
sandwich is required or where reinforcement of
hardware to the sandwich is necesssry. The
material for this application will be a polyimide
or silicone base compound,

A syntactic foam, formulated from a DuPont
polyimide resin and Emersca and Cuming glass
spheres, has been developed for edge filling,
vent hole sealing, and sealing of tool holes and
fastener heads in sandwich assemblies. It can

slso be used to encapsulate electrical components.

Unlike conventional ayntactic foams of epoxy
resins wita phenolic spheres that are thermally
stable to 3000F, the polyimide glase sphere
syntactic foam is suitable for continuous use at
elevated temperatures to 550°F.

The syntactic foam prior to curirg is putty like in
consistency. Thus it can be trowelled onto sur-
faces, molded to shape, or injected into cavities.
The material is heat cured in a manner similar
to the structursl polyimide foam. Foams ir
densities ranging from 10 to 30 lbs/ft3 have been
prepared. The ayntactic foams have compressive
strengths of 10, 000 to 20,000 pai ani tensile
shear strengths of 1000 to 2000 psi at 500°F.

A Boeing developed temperature resistant
structural polyimide foam will be used for
composite structure where bonding to extrusions
such as spars, rib caps, and fittings as required.
Some other applications are core splicing, core
stabflization, and gap filling.

The foam has been successfully utilized in test
hardware fabrication such as the leading edge
slat and the leading edge wedge depicted in Figa.
3-29 and 3-30. Structural polyimide foam ad-
hesive in tape form was used to bond the titaniun
spar to the core on both assemblies. Pourable
foam was used to bond fittings in-place and to
stabilice the core cells at the forward edge of the
wedge assembly. Tape structural foam was used
to bond extrusions to honeycomb core in the fuel
cell door assembly as shown in Fig. 3-31. These
parts will be tested under various conditions
simulating supersonic flight environmenta.

Structural foam compressive and embedment
strengths have been determined on specimens
fabricated from assemblies in which metal strips
were foam bonded in a block of honeycomb core,
The embedment strength was determined by pull-
irg the atrips from the core. The compressive

V2-B2707-8
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Figurs 3-31. Fuel Coll Door

strength specimens were also used for density
determination. Embedment and compressive
strengths are tabulated in Table 3-D. The cur-
rently used structural foam requirements are in-
cluded in this table for comparison. It can dbe
seen that structural polyimide foam far exceeds
the existing requirements. These foams can be
applied either before or after the sandwich
structure is cured. The cure cycles for the
polyimide based foams are gimilar to those used
on other polyimide structure.

3.2.7 Sandwich Properties
Typical honeycomb sandwich properties are shown
in Table J-E.

Sandwich panels were fabricated to B-2707 design
requirements using polyimide, polybenzimidazole,
and phenolic resin systems. These structures
were gonic {atigue teated at room temperature
and ufter thermal exposure. Results of these

tests are shown in Table 3-F (Ref. 23). The
superiority of polyimide resin systems ia clearly
demonstrated. After 3434 hours of exposure,
only the polyimide resin system retained a
measurable resistance to sonic vibration. Ad-
ditional sonic testing results are shown in
V2-B2707-9.

A reprosentative sandwich edge bond cgyss
section configuration i{s schematically illustrated
in Fig. 3-32. I simulated lightning strike tests
this configuration resisted a charge tranafer of
400 coulombs as shown in Fig. 3-33. By compar-
ison, an all titanium bonded sandwich was
punctured by a charge of 100 coulombs as shown
in Fig. 3-34.

3.2.8 Inspection Techniquea

The quality of bonded honeycomb sandwich is as-
sured by control of raw materials, in process
inspection, statistical sampling and testing of

V2-B2707-8
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Table 3-D. Mechanical Properties of Foams

U Current
Structural Structural
Foam Requirements | Polyimide °
Foam Type For Commercial Foam 1
ﬂ And Tests Airplanes Properties i
Pourable Foam 1
[I Embedment | 1600 lbs 2200 lbs |
Compression | 2400 psi 3900 pei
{l ;
Tape Foam '
U Embedment 1400 lbe 3200 Ibs
B |
Compression | 2400 psi 4600 psi

naitiionditn,

Table 3-E. Typical Sandwich Preperties

O =33

Psi at Psi at
Room Temp, 450°F ﬂ
‘ Flatwise Tension 700 500
I | £dgewise Compression 140, 000 104, 000
Long Beam Flexure, Strength
L Glass Face Compression Strees 45,000 27,000
Glass Face Tension Stress 51,000
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Teble 3-F. Sendwich Semic Fatigve Test Results’

o 37T
19.5"
Panel Construction Test Data - 8ide 1 Test Data - Side 2
No, Materials
256 cpe 20 cpe
Resin-Narmoco 1850 60 Min at 160 d 60 Min at 160 dd
1 Adhesive- 60 Min at 165 dd 39 Min at 165 db
Polybenzimidaszole 16 Min at 168 db
Failed skin to Falled skin to
core bond core bond
200 cpe * 175 cpe
Resin-Polyimide 60 Min at 160 db 60 Min at 160 dd
2 Adhesive-Parent 60 Min at 185 db 39 Min at 165 db
Resin 60 Min at 168 dd 1 Min at 168 db
- 37 Minat 170 db
Inner skin cracked Inner skin cracked
286 cps
Resin-Narmco 1850 30 Min at 160 db * No strength remained
3 Adbeaive- 120 Min at 165 db after soak
Polybenzimidazole 120 Min at 168 db
22 Min at 172 d&d
Failed skin to
core bond
236 cpe
Resin-Fiberite 60 Min st 160 dd * No streagth remained
4 1285 60 Min st 185 db after soak
Adbesive-Parent 2 Min st 168 dd
Resin
Failed skin to
core bond

* These Three Panels Soaked for 3,434 Hours at 450°F
Ref. 23.

vV2-B2707-8

S SR SN SN &GN a

| U |

-]

— C— = . o




= /|

—

o e=33

-

O e M|

—

L.

Figure 3-32. Typical Sandwich Construction
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simulated production parts, and non-destructive
testing. Boeing philosophy is to continue to
develop nondestructive testing techniques to effect
as relisble quality as s presently maintained but
at decreased costs.

The methods and equipment under investigation
for nondestructive testing of bonded sandwich
struoture include:

a. Sonic resonator techniques

b. Fokker Bond Tester techniques
¢. Liquid crystal methods

d. X-ray techniques

o. Test coupons

f. Tap test

A sonic resonator is currently undergoing
evaluation with the following objectives:

¢ To develop it for optimum sensitivity tc
defects in bonded sandwich structures.

e To implement inspection of production panels.

o To establish a statistical confidence level {or
the instrument and operators as an inspection
system,

The resonator consista of a piezoelectric crystal
prrbe connected Lo a central control module with
a tunshle signal generator, impedance bridge,
amplifier, and null detector. Its operation
requires that the transducer be placed on a known
standard structure using a coupling agent such as
glycerin. The detector is zeroed, then the
crystal probe is placed on the area o be in-
spected. A damaged or unbcnded ares will cause
an electrical imbalance resulting in an up-scale
reading on the detector. The instrument re-
sponse to voids in bond line of metal faced sand-
wich is excellent, Unbonded areas can be detact-
od by testing {rom either side. Fractured polyi-
mide core can algo be detected.

The 1imits of defect detection and operator relis-
bility were evaluated by dropping a steel ball,
one inch in diameter, from known heights onto a
bonded panel assembly. Results ot ained were
takeu from a meter with s scald range from 0 to
100 (see Table 3-G).

s it s e ARSI & . SOV Wi

Teble 3.G. Senic Resenster Calibration

Height of Ball
| Dropped (Inches) Average Ra.di#
0 2
8 )
12 1
16 15
24 31
28 54

In most instances the instrument showe. ~xcellent
reproducibility for different operators. The

maximum deviation from the average was 4 units.

The Fokker Bond Tester operates in much the
same mannsr a2 the sonic resonator. This equip-
ment has been automated and is capahle of testing
large panel areas with high reliability and
minirium personnel.

Thermal transmission techniques represent an
entirely different approach to nondestructive test
procedures. Surface temperature measurements
are used to detect internal flawe in metal and non-
metai bonded structures. Variations in surface
temperatures arise due to distortions of normal
heat flow patterns as a result of voice and other
bonding defects. Infrared radiometers have been
frequently used for sur{ace temperature measure-
ments needed to discover these {laws. However,
radiometers are limited to point or line measure-
ments and, because of this, are time consuming
when inspecting large areas. The application of

a heat sensitive coating to the surface being
studied represents the more practical approach to
this test method. Cholesteric crystals represent
a group of heat scnsitive compounds which can be
easily adagted to thermal transmission techniques.
These compounda in the liquid state, exhibit
optical properties normally associated with salids.
They may be divided into nematic, smetic, and
cholesteric mesophases. The cholesteric meso-
phases have the most striking optical character-
istics; for example, the color response has a
sensiiivity such that a difference of 1°F changes

a red background to blue. The appiication of
liquid crystals involves the use of a black, water
soluble, backgreund peint. The crystal mixture
is brushed or sprayed over the background of the
part o be tested. To check the surface for bond-
Ing defects, the crystals are heated alightly sbove
their transition range and are then cooled by air.
Rapid heating and cooling of the surface resulta
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in greatest sensitivity to bonding anomalies. If
the part is free of bonding defects, the color
consistently changes from vivlet to red. Heat
transmission through defectiv. areas is slower
than through an area of acceptable bond when the
ambient temperature is quickly lowered, Quality
of the bond is indicated by the color differential.

Liquid crystal techniques offer the following
advantages:

a. Relatively simple procedures,
b, Fast response.

¢. Reversibilitv-color transition may be
noted as the materials are heated or cooled.

d. Reproducibility — a given mixture will
exhibit the same color at the same temperature.

e. Permanent records may be kept by taking
still or movie camera photographs of the color
transition.

f. Low cost — expensive equipment is not
required.

Successful teats have been conducted on titanium
faced — polyimide core — polyimide faced sand-
wich structure fabricated with known defect
areas.

Acoustic testing techniques or tap test ag a
method for nondestructive testing is being in-
vestigated to determine if a modest amount of
automation might make the test more quantitative
and meaningful. A metal plunger attached to 2
special holder is moved by a spring loaded screw.
The noise developed, as the part is struck, is
detected by an Astatic microphone whose output

is filtered, amplificd, and displayel on an oscil-
loscope. This apparatus has bee. used to detect
the presence of localized loosely bonded areas in
a honeycomb panel which gave a characteristic
dull response when struck. Good correlation of
sound, oscillnscope pattern, and panel area defect
is found v n this procedure,

X-ray techniques, as a noadesiructive test
method, are useful in examination of small as-
semblies. However, the high cost and inability
to analyze large structures geverely limits i's
use in preference to other methods.

3.5 PLASTICS

Application of plastics include heat reeistant re-
inforced plastic parts, radomee, and thermo-
plastic decorative materials. They uive many
useful characteristics such as good electricai and
therinal insulation, transparency to microwaves,
light weight, resistance to fatigue, and exceptional
formability. Criteria for selection are based on
these properties.

With the exception of the materials specifically
engineered to meet the thermal environments of
the B-2707 exterior, the majority of these
materials have been successfully used on previous
commercial airplanes. New materials have been
tested and their suitability verified.

These materials are controlled by existing
Military, Federal, and company specifications,

3.3.1 Thermosetting Glass Reinforced Laminates
Glass fiber reinforced plastics (GFRF) will find
extensive use. The choice of these materials is
based on consideration of weight, resistance to
the physical and chemical environment, cost, and
maintainability. In all cases the sclected com-~
posites have prover superior to other materials
by service experience and laboratory testing.
New high temperature resistant polymers arez
being introduced to meet the thermal, fatigue,
and strength requirements.

Woven glass fabric style 181-E with an amino-
propy!silane {A-1100) finish, and matrix of
nrolyimide resin has been gelected for most apnli-
calions. Polyiniide resins are heat reactive
aromatic polymers which can be fabricated by
preas molding or vacuum hag/autoclave methods.
From a manufacturing standpoint. the latter
method offers several advantages such as lower
tooling costs.

Polyimide resin woven glass fabric laminates are
used in areas such as 'he cahin windshield
structure and window gpacers and window frames
primarily because of their insulating properties
shown in Fig. 3-35. Pelyimide resin in filament
wound and wuven fabric laminates will be used in
the fabrication of radomes. The processing of
polymide laminates 0.125 in. thick or thicker
allows 20 percent of ihe plies 10 be dry {abric.
The exces. resin i3 uniformly absorbed in the dry
fabric and cfficient remova) of volatiles is re-
quired to produce strong polyimide laminates.

V2-B2707-8
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Figure 3.35. Thermal Cenductivity, Polyimide Lominates

The ability to reduce the amount of prepreg
through the use of dry glass fabric plies reduces
the materix] cost to the level of phenolic and
epoxy systems which are used in present com-
mercial airplane, Table 3-H illustrates the
physical and mechanical properties of a polyimide
laminate 1. 11 inches thick with every fifth ply of
drv fabric.

Other resin systems such as phenolics meeting
requirements of Military Specification MIL-R-
9299 and cpoxies meeting requirements of
Military Specification MIL-R~-9300 will be used
where the maximum temperatures encountered
are below 250°F. Norwoven glass fabric will be
used whera high directional strengths, abrasion
reaistance, and impact strength are required.
These materials are readily available and design
properties are described in Boeing Design Manual,
Document D-5000,

3.3.2 Radomes

Woven glass cloth or glass filaments, laminated
with & thermosetting resin, are customarily used
for airplaue radome construction. These com-
posites can he tailored to make 2 satisfactory
compromise between structural! and electrical
requirements.

Polyimide resins were sclected for use in the
radome. Candidate resin systems included
diphenyl oxides, polybenzimidazoles, polyarylene
ether phenols, and silicones. Only polyimides
and silicones had the required thermal stability.
Silicone resin systems were inferior to polyimides
in mechanical strength as shown in Fig. 3-36.

Electricaily, the polyimide laminate system is a
superior radome material. Data presented in
Fig. 3-37 indicate a guod level and good stability
of dielectric properties from room temperature te
500°F.

The pclyimide resir system is adaptable to the
glass filament winding process. Excellent results
with the polyimide glass filament winding process
have been obtained and verified in the fabrication
of subsgcale radomes having good mechanical and
electrical properties as shown in Table 3-1,

Materials and processes are also available for
the polyimide glass fiber honeycomb sandwich
design. Polyimide glass fabric honeycomb core
has been developed with excellent mechanical
properties at elevated temperatures. Section
3.2.2 provides a detailed discussion of reinforced
polyimide core material. Adhesives suitable for

V2-B2707-8
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Table 3.-H. Physical Properties of Thick Polyimide Laminates

— 1 &3 .

} Resin Interlaminar Shear
| Panel Content Specific Interlaminar After 3 Hrs, Water
Area Percent Gravity Shear Strength Boil — Avg, PSI
Top 23.9 1.59 2324 1860
-
Center 23.6 1.58 2360 2272
hd
Bottom 22.9 1.61 239¢ 2108

‘ Panel thickness 1.11 inch, 93 plies o: polyimide impregnated 181 E glass fabric, plus 23 dry

plies of 181 E glass fabric. All values shown are the average of 4 or more specimens.

| — |

Table 3.1. Properties of Polyimide NOL Rings, § Glass

= .3

EDGEWISE COMPRESSION STRENGTH (Circ Direction)

’ H No previous exposure,tested at room temperature 51, 000 psi
‘ No previous exposure,tested at 500° F 49, 000 psi
’ u Exposed 1,000 hours at 500°F, tested at room
] temperature 31, 000 psi

D Exposed 1,000 hours at 500°F, tested at 500° F 29, 500 psi

TENSILE STRENGTH (Circ Direction)

-

No previous exposure,tested at room temperature 87, 000 psi

DIELECTRIC CONSTANT (9, 375 MC)

No previous exposure,tested at room temperature 3.9

No previous exposure, tested at 500° F 4.0

NOL INTERLAMINAR SHEAR

o previous exposure,tested at 500°F 3,000 psi
Exposed 500 hours at 500°F, tested at 500°F 3,000 psi
' V2-B2707-8
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Figure 3-37. Dielectric Properties, E Glass Laminates

bonding honeycomb to faces have developed a
tensile lap shear strength of 3300 psi and a honey-
comb sandwich climbing peel strength of 28 in. -lb
per 3-in. width at room temperature. This is
the same adhesive (without additives) proposed
for structural sandwich bonding.

Polyimide prepregs can be readily used in the
layup of contoured assemblies and honeycomb
sandwich end closures. The material is easily
tacked, draped, and formed into position in the
curing tool.

Rain erosion materials and anti-static coating
for applications on radomes are described in
Par. 3.8.5, and 3.8.6.

Sealing of solid laminate radomes is accomplished
by repeated applications of polyimide resin to the
surface followed by a primary cure cycle. Re-
duction of void content to a level below 5 per-
cent is achieved and a process development
utilizing a pressure impregnation technique is
expected to result in improvement beyond this
level,

The Boeing Company subcontracted with Bruns-
wick Corporation for the design and fabrication
of a nose weather radar radome under Contract
No. 6-221427 and controlled by Boeing Document

Air Force funded programs. The studies were
based upon selection of resin and reinforcements
with respect to predicted:

o Electrical performance

o  Structural performance

® Weight

o Costs of materials

e Ease of manufacture

® Reliability

o Availability of material

A polyimide resin system which indicated
superior strength after exposure to environment
of the B-2707 was PI 3301, a DuPont resin, with
high strength glass filament S-1014, Two glass
finishes are being evaluated with this reinforce-

ment, a diphenyl oxide and a polyimide. These
finishes were developed by Ironsides Resin Co.

The data generated during the development phase
indicates the design objectives of the weather
radar radome can be met. The design data
generated has been obtained from analysis of flat

D6-9881. The material selection was made from panels, subscale models, and standard test
a literature survey by both Brunswick and Boeing specimens. Typical test results are presented
personnel from data available under company and in Table 3-1.

V2-B2707-8

S s A ol
i




e R RO . < .

R

JOF R

104

3.3.3 Molding Compounds

Press-molded glass-fiber reinforced plastics will
be used for nonstructural equipment boxes and
covers where the primary considerations include
dielectric strength and electrical resistivity.

Low-pressure molded-glass fiber reinforced
plastics will be used for air ducts. Except in
areas requiring the thermal resistance provided
by the polyimide resin system, conventional resin
systems meeting requirements of current military
specifications will be used. Glass fabric rein-
forced plastic air ducts offer maximum rigidity,
minimum weight, and low cost in deaigns that
require abrupt changes in cross sectional shape
or contour. Boeing developed GFRP surfaced
foam ducts offer an efficient low pressure air
distribution system at minimum noise and vibra-
tion levels,

These materials have been successfully used on
military and commercial airplanes.

3.3.4 Potting and Casting

High and low temperature resistant electrical
potting and casting materials are available to ful-
fill all requirements established by B-2707 en-
vironmenta. Silicones and epoxies are used exten-
sively. Materials and process specifications have
been written for these materials. Syntactic
polyimide pottings have been developed for use in
areas where strength at elevated temperatures
are required. Advanced materials, such as
metacarborane based polysiloxane, are also being
investigated for elevated temperature potting ap-
plications. For additional information on electri-
cal potting and sealing compounds, see Par.
3.6.2(c).

3.3.5 Thermoplastics

Thermoplastic materials will, in general, be used
in nonstructural applications such as interior
decorative surfacing and edging, electrical insu-
lators, electrical thermal strips, wire bundle
clamps, hangers, retainer clips, and equipment
housings. They are available at low cost with a
variety of properties, are light weight, and can
be fabricated by injection mclding, extruding,
blow molding, and heat forming. They will be
selected for the specific applications to satisfy
design criteria and will be procured to existing
specification. For interior applications of
thermoplastics refer to Sec. 3.5,

3.4 TRANSPARENCIES
Requirements of the transparent areas vary

depending upon the location. Windshields must
allow excellent vigibility at all times, must be
provided with rain removal, deicing, and de-
fogging systems, and be resistant to impact by
birds and hail. '

Pilot compartment and passenger windows have
leas severe requirements imposed and are de-
signed accordingly. An additional feature for
passenger convenience is use of light polarizing
acrylic panes for manual adjustment of light
intensity.

Design allowables properties of window materials
appear in Document D-5000, Book 84D1, SST
Structural Allowables.

3.4.1 Windshields

Windshields are mounted in the movable nose
section, referred to as the forebody, and th:
crew compartment or cabin. The main purpose
of the forebody glazings it to provide visibility
during supersonic flight.

Operational temperatures in the windshields will
range from -50° to 450°F.

The crew compartment windshields, as shown in
Fig. 3-38, will be a combination of monolithic
glass, laminated glass, and monolithic plastic
panes.

3.4.1.1 Glass

a. Chemically Strengthened Glass
The ion-exchange strengthening technique has
greatly increased the usable strength of glass.
Preliminary design allowables for chemically
strengthened glass are 40, 000 psi, which gives a
large weight efficiency advantage over chill
tempered soda-lime glass.

A limited number of specimens of an improved
glass of this type was tested. The minimum
measured modulus of rupture was 79, 000 psi, an
indication that even higher strengths may be
realized in the future. Properties at maximum
operating temperature of 450°F will be established.

The size of the fracture pieces of chemically
strengthened glass can be controlled, making it
suitable for use as a spall shield.

b. Tempered Soda Lime Glass
Chill tempered soda lime glass is readily avail-
able and is proven in service. This glass has a
strength allowable of 20,000 psi from 75°to 500°F.
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Figure 3-38. Windshield Configuration

¢. Aluminosilicate Glass

Aluminosilicate glass, which is more expensive
than soda lime glass, may be used where there is
a requirement for high thermal shock resistance.
This resistance is inherent in aluminosilicate
glass because of its low coefficient of thermal
expangion. A comparison of thermal expansion
of soda lime and aluminosilicate glass is shown in
Fig. 3-39.

The aluminosilicate glass used will be chill
tempered to the same strength (20,000 psi) as
soda lime glass.

3.4.1.2 Interlayers

The interlayers of the laminated glazings are
required to perform the following functions:
o Retain chips in case of glass breakage.

e Prevent the carcass from entering the control
cabin after the bird breaks the glass plies.

¢ Reduce heat flux through the windshields.
o Reduce reflections.

o Protect delicate electrically conductive
coatings.

a. Polyvinyl Butyraldehyde

Polyvinyl butyraldehyde (PVB) is the only inter-
layer material currently available which has proven
birdproofing capability. PVB has known bird-
proofing capability over a controlled temperature
range. The windshield will have an electrically
conductive coating to keep the PVB within the
birdproofing temperature range during subsonic
flight.

b. Silicone
Dow Corning XR 63449 is the leading candidate
for the interlayer to be used in all forebody wind-
shields. Although this is a relatively new material,

V2-B2707-8
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Figure 3-39. Thermel Exponsion Soda-Lime ond Aluminosilicate Glasses

preliminary test results indicate it is superior to
Silastic types K and M interlayer as shown in
Table 3-J (Ref. 24).

c. Cast-in-Place
Although cast-in-place (CIP) interlayers have
been available for several vears, it is only
recently that CIP materials have shown promise
of attaining the strength-elongation properties
required for a birdproof interlayer. These
newer interlayers are being evaluated.

3.4.1.3 Coatings

The defogging and deicing coatings are of vapor
deposited gold. The very low emittance value of
these gold coatings acts to reduce heat flux,
Coating quality is monitored using the power
factors concept in general use throughout the
windshield industry. In order that the spectral
light transmission through the No. 1 windshield
be maintained as high as possible, PE-81-E
coating supplied by Liberty Mirror Division of
Libbey-Owens-Ford Glass Co. is used for deicing
or defogging. Where light transmission require-
ments are not so severe, the heavier IR-81-E
coating will be used because of its superior low
emittance properties (0. 08 as compared to 0.21).
Preliminary light transmission values of these
coatings are compared in Fig. 3-40.

On the inner surface of some of the forebody
glazings a stannous oxide coating will be used as
an IR reflective film. Stannous oxide is more
durable and has greater light tranamission than
gold.

3.4.1.4 Acrylic Sheet Glazing

The interior plies of the side windows will be
monolithic stretched acrylic sheeta. These inner
plies have no pressure retention requirement and
their primary function is to provide a second air
gap to reduce the temperature of the interior
surfaces of the side windows and protect the gold
coating. The light weight and superior craze

and crack propagation resistance of the stretched
acrylic make it especially advantageous.

3.4.1.5 Inserts

Polyimide glass laminates are used for interlayer
inserte for interlayer to frame attachment).
Their low thermal conductivity and adhesion to
PVB has been verified by tests.

3.4.2 Passenger Windows

The configuration of the passenger windows is
shown in Fig. 3-41. Each component has the
following features:

a. Outboard Pane
Chilled tempered soda lime glass to withstand
cabin pressure in case of fallure of the center
pane. It will have a low emittance gold coating
(IR-81-E) over the inboard surface to restrict
transmission of heat toward the passenger cabin.

b. Middle Pane
Chemically strengthened glass. A low emittance
gold coating (TIR-81-E) will be applied.

c. Inner Pane
Two plies of stretched acrylic each with a light

Vz-B2707-8
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Tobls 3-J. Comparative Properties, Silastic Interlayers

Property Type K Type* M XR63449
| S— — I
Maximum continuous use tem-
perature without discoloration
or other degradation. 3C0°F 325°F 400°F
"As laminated" resistance to
thermal degradation. Good Good Superior
Resistance to 8O,, ultra-
violet light degra%ation. Poor Poor Good
Maximum use temperature
with glass fiber bleeders
for outgassing. @ === | = ==--- 400°F None
required
Adhesion to glass Good Good Superior
Ref. 24
9
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Figure 3-40. Light Transmission of Gold Ceeting
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Figure 3-41. Pessenger Window Configuration

polarizing film coating, one ply rigidly mounted
and the other rotatable by the passenger for the
purpose of varying light intensity.

3.5 INTERIOR MATERIALS

The primary consideration for interior materials
is that their flammability characteristics must
provide ample time for evacuation in case of fire.
They are especially selected so that their com-
bustion or decomposition products produce a
minimum of smoke, odor, taxic gases, or com-
bustibles. These materials include seat cushions,
passenger service units, ceiling and wall panels,
vent extrusions, floor coverings, upholstery,
fahric coverings, and provisions for comfort or
eathetic effects. The cabin and cargo areas have
the same environment as present commercial
airplane and, in general, the criteria for material
selection are identical.

Although thermal and acoustical insulations are
not customarily ccnsidered interior materials,
they must meet the same rigid safety require-
ments while performing their function of control-
ling temperature gradients.

3.5.1 Interior Furnishings

Tesating of over 2000 individually different materi-
als for use as interior furnishings has been per-
formed by The Boeing Company during the past
decade. The objective has been to make available
to the customer & wide variety of materials that
meet all safety requirements, are easily main-
tained, have long life, and are esthetically at-

tractive.

The results of these tests have been evaluated,
published, and submitted to The FAA by Boeing
Document D6-1084 (Ref. 25), Evaluation of
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Interior Materials. The specific properties
obtained for the materials tested are used
for comparative purposes when evaluating
candidate materials.

Increased emphasis is being placed on passenger
safely from crash fires. The Bunsen burner
type tests required by Federal Standards

Service Release (FSSR) No. 453 (Ref. 26) are
now used merely for materials screening. These
are followed by similar tests on the material in
its airplane use attitude; if it is a material for
side panels, it is tested in the vertical position
rather than horizontal. In addition the 30-30
Inclined Tunnel Test or the ASTM E-84 Tunnel
Test, which more realistically simulate cabin
fire conditions, are conducted. Tests of candi-
date materials are in process. Selected materi-
als are tested by firing of a typical furnished
cabin interior.

Physical properties and comparisons of candi-
date materials are given in Table 3-K. The
burning, staining, and maintenance character-
istics are compared in Table 3-1L. These ma-
terials are all commercially available in the
required forms and conditions for fabrication by
conventional methods. They are procured and
processed to meet the requirements of military
and company specifications.

a. Polysulfone
Polysulfone is a thermoplastic material formu-
lated to provide high temperature resigtance and
easy fabrication at relatively low temperatures.
Injection molding, extrusion, blow molding, and

heat forming are used to make such parts as

passenger service units, air deflectors, and
edgings.

b. Acrylonitrile Butadiene Styrene Poly-
mers (ABS)
The material, better known by the trademarks
such as Royalite (U.S. Rubber) and Cycolac
(Borg-Warner), is primarily used for large
complex interior parts which are fabricated by
heat forming.

L e ————— e

¢. Acrylic Polyvinylchloride Alloy
This material marketed by Rohm and Haas as
Kydex is an alloy of acrylic and vinyl chloride
polymers. It is available only in sheets for heat
forming into decorative components. In general,
Kydex can be formed and shaped into components
by heat forming methods similar to those of the
ABS materials. However, it {s capable of being
formed to deeper contours, is more fire resist-
ant, and has higher impact strength than other
comparable materials.

d. Nylon
Nylon is the generic name for synthetic polyi-
mides principally fabricated by extrusion and
injection molding. The material has high impact
strength, abrasion resistance, and is extremely
resistant to most organic materiala. It is
generally used for small detail parts where the
above properties are design requirements. The
polymer is also available in continuous filament
and fiber form and is used to produce fabrics
and carpeting. It is classed as self extinguishing
andogenerally melts at a temperature below
500°F.

e. High Temperature Resistant Nylon
(Nomex)

High temperature resistant nylon is marketed by
DuPont under the trademark of Nomex. It is
available i{n short fibers (floc) and smaller
particles (fibrids) which can be further processed
into paper and felts or continuous filament yarns
for weaving into fabrics. These product forms
can then be further fabricated to produce com-
ponent parts such as honeycomb ccre panels and
sheet stock. This material in either form has
excellent heat and flame resistance and dimen-
sional stability. It does not melt, but degrades
above 700°F to a friable char at a rate pro-
portional to the heat supplied. Any flame pro-
duced during oxidation is self extinguishing when
the initiating flame is removed. Nomex will be
used as surfacing sheets and honeycomb core for
wall and ceiling panels, upholstery fabrics, and
rug material.
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Table 3-K Physicel Properties of Interior Materials

R —
High Tem-
Property perature Re- Acryiic-
ond Test sistant Nylon Vinyl

Method [Polysulfone Nylon ABS (NOMEX) (KYDEX)

Specific
Gravity
D 792 1.24 1.13 1.15 1.3 1.35

3 o o @B e

Heat Deflection
Temp., °F
D 648 345 186 180 540 170

— ™

Teulllg

Strength,
psi D 638 10, 200 10. 000 6000 22,000 5,500

| S

Teasile
Elongation, ‘#
D 628 50 50 100 -- 100

Flexural

Strength.
pei D 790 15, 400 No break 10, 0660 24,600 10,700

gy V'.‘-“

-

Compressive
Strength,
psi D 695 13. 000 12. 000 6000 30. 0600 8,400

r—

i

Modulus
of Elasticity,
psi D 633 390. 000 175. 000 150, 000 790. 000 350. 000

Py
. .

Coefficient
Thermal Ex-
pansion in/in.
x1075/°F
D 696 3.1 4.0 5.0 1.0 3.

—

[3;]

Coefficient of
Therm.al Con-
ductivity Btu/

L
2 /ia/°F '
C 177 1.8 1.4 1.3 0.9 1.01

Abrasion wt.
loss in grams
L 1044 0.043 0. 008 0.

{9

0.046 0.073

Ve-B2707-8
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Takle 3-L Fire Resistonce and Maintainability of Interior Materiels

High Temperature Acrylic
Material Resistant Nyvlon Vinyl
Property Polysulfone Nylon ABS (NOMEX) (KYDEX)
Flammability S.E. S.E. S.E. S.E. 4 E,
Smoke Low Moderate High Very low High
Burn Dripping No Yes Yes No Yes
Staining N.A. N.A. N.A. > M.A. [
Maintenance Good Good | Good D Good

S.E. = 3elf-extinguisuing as defined by ASTM DG35. material which does not
buin the full length of - in. after two ignitions,

N.A. = Not affected by typicul staining agents such as nicotine. mustard. coffee.

catsup and ballpoirt pen ink

>

Fibers woven intc mgs and fabrics are maintained in the same manner

as other synthetic materials. Papers used as honeycomb facings are
subject tc staining and will require an overlay of Polyviny! Fluoride

for low maintainability.

D Not affected by staining agents except ballpoint pen ink.

{. Overlay Films
Films are used to improve abrasion and {lame
resistance, maintainability, stain resistance,
and ease of cleaning. The materials to be used
include the fol owing:

e Polyiniide film — A high temperature re-
sistant material which does not melt at
3¢GF and provides excellent barrier
properties.

e Fluorocarbon films — Tetrafluorethylene,
vinvlidene fluoride, and luoronated ethylene
propylenr provides (lexible [lame resistant
coverings for polvurethane cushioning and
upholstery.

e  Polyvinyvl fluoride film — Provides ease of
cleaning and abrasion registance for ceiling
and side wall panels.

Properties of {lammability, abrasion resistance,
and clcanability for these materials are shown in
Table 3-A1.

3.5.2 Thermal Acoustical Insulation

The thermal-acoustical insulation vill consist of
{ibergluss blaukets covered with a metalized
coated giass fabric. The fabric metalizing gives
it a highly refl’ * (low emissivity) surface to
reflect heat. ..us:i:cs of this enclosed batting
will be 1.0 1b p=~ cunic {t (0.25 1b/At2 for a three
inch thi. .ues8) in nasscnger arcas, and 0.6 Ib
per cubic ft .. 05 1b/*Z for a ona inch thickness)
in cargo areas. This material incorporates a
low emissivity additive to decrease therma!
conductivity.

Tests have shown that the thermal stability, fire
resistance, and water wicking and pickup re-

sistance of the fiberglass batting are satisfactory

for use in B-2707 flight envirocnment.

Materials development and selection, including
properties. for the fuselage insulation are
presented in Docurr-nt No. V2-B2707-10. Fn-
vironmental Control.

V2-B2707-%
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Table 3-M Properties of Overlay Films

Property Materials
Flur:inated
Polyvinyl Tetrafluoro- Ethylene-
Polyimide Fluoride ethylene Propylene
Abrasion
Reslstance
Weight loss 0.004 0.08 0.01 0.C1
grams/1900 cycles
Flammability Non-burning | Self-extin- | Non-burning Non-burning
to 800°F guishing to 600°F to 500°F
Cleanalility Good Excellent Excellent Excellent
nonstick nonstick
surface surface

Discussion of acoustical requirements and
acousticai performance of the ‘asulation is
contained in Document No. V4-B2707-%, Internal
Noise.

3.6 SEALANTS, SEALS, AND ELASTOMERS
Materials for the various forms of sealing are
discussed in this section. Basically, the pur-
poses of scaling are to contain ttuids or to
protect compeonents or siructure from adverse
environments. Objectives as to the level of
containment include ze-o leakage, ne - tyin-
ing of pressure differentials within spev....d
limiws, and the prevention of fluid flow.

The containment of fluids encompasses a variety
of requirements. Fluids which must be con-
tained include fuel and fuel vapor, engine cii,
hydraulic fluid, acids. caustics, water, and air
or other gas~s required for the operation of the
airplane.

Flectrical components must be sealed and
stabilized for protection against the effects of
shock, vibration, moisture, and other adverse
environments. Discontinuities on the airpl:aa
surfaces must b2 sealed ‘o provide aerodynamir
smoothness, Failure to achieve maximum su:-
face smoothneas will locally magnify t. e effects
of aervdynamic heuting and drag. Various lo-
cations on the airplane exterior must also be
sealed to prevent the entry of water nd other
fluids.

Fuel tank thermal insulation is used to control
the temperature of the fuel resulting from aero-
dynamic heating. This is :.ccessary to prevent
fuel degradation and ccking and also to allow the
£ -1 to be used as a heat sink for subsysteins.

Sealants, reals, and elastumers will be procured
and processed in accordance with company speci-
fications. A Boeing docuinent will define specific
design criteria and procesc requirements for
sealing. These specifications will ensure that
only proven materials and manufarturing
technies are used.

3...1 Fuel Tank S alants and Insulation

a. Fuel Tank Sealing
Fluorosilicoi.e sealant materials have been
selected for sealing integral fuel tanks and other
areas requiring fuel resistance.

Fillet, faying surface, injection, and isolation
seals wil] be used in conjunciion wirh self sealing
rivets. The basic method is fillet sealing since
it is a post assembly operation and does noi
require the close scheduling of faying surface
sealing and is easily repzired in service.

Integral fuel ta.k design criteria are baced on
extensive experience in design and sealing of
coinmercial airplanes. This scaling process has
been successfully demonstrated on a full scale
outboard wing box and se eral subscale fuel
tanks,

V2-B2707-8
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Fuel sealants are exposed to temperatures
ranging from -50 to 450°F, fuel with fuel vapor
at the higher temperatures, and structural
flexing. Bulk fuel temperatures do not exceed
180°F, but the small quantities of fuel remain-
ing in tanks that are emptied early in the flizht
are at an average temperature of approximately
250°0F,

A functional screening test was devised to test fuel
sealants. it consists of environmental exposure,
shear loading, and leak testing of a sealed gonel.
A typical panel is shown in Fig. 3-42. The en-
vironmental cycle consists of 72 hours at 250°F
in referee fuel conforming to requirements of
military specification MIL-J-5161 grade II
followed by 26 hours at 400°F in a nitrogen-fuel
vapor atmosphere. The 250°F fuel exposure
temperature was chosen as an average value for
the residual fuel. Nitrogen used for maintaining
the inert atmosphere ccentaing a small percent-
age of oxygen approximating the concentration
encountered at the cruising altitude. After
several cycles of environmental exposure, the
panel is stear loaded at -65°F to produce joint
deflections of 0. 610 inch and subsequently leak
tested. If leakage is not detected, the panel is
recycled and tested until ieakage occurs.
Results of testing are given in Fig, 3-43. Dow
Corning 94-002 fluorosilicone fillet sealant hag
completed 5000 hours of simulated service with
no leakage. The test i8 continuiag.

Physical propertine ~f Dow Corning 94-002 fillet-
ing sealant before - = after environmental
cycling are shown .. Fig, 3-44. This sealant
passed a low temperature flexibility test in ac-
cordance with Military Specificatior MIL-~S-8802

" after 1344 bours of exposure. Tests for ad-

hesion have shown that solvent clzaning and
priming of Ti 6Al-4V are sufficient to promote
adhesive strengths which exceed the cohesive
strengths before 2nd after environmental ex-
posure.

Dow Corning 94-002 is capable of withstanding
the operating temperature environment of the
B-2707. Variations in behavior at elevated
tempe ature have been obgerved. However, data
showr 'n Fig. 3-43 are indicative of achieve-
ments possible by improvements in control of
compositional limits and processing.

The Boeing Corapany and Dow Corning are
actively engaged in a joint development and
evaluation program and are confident that by

e - m— ——— . —_——

1967 a new fluorosilicone sealant formulation
will consistently exhibit a 50° to 100°F improve-
ment in thermal capability. A minimum service
life of 50, 000 hours at a fuel tank temperature of
430° to 450°F is expected.

Tests have been conducted to determine if
candidate sealant materials have any detrimental
effect on Ti 6Al-4V. The tests involve compres-
sion loading of metal strips coated with
sealant. Specimens are prepared in the follow-
ing manne -

o Two metal strips (1 by 4 by 0.050) are
cleaned and primed as required.

e  Sealant is applied to one side of each strip
in a nominal 0. 20-in.thickness and cured.

o The two strips are wired tightly together at
both ends with the sealant on the outside.

® A 3/3-inch diameter dowel is inserted in the
center to bow the specimen and thus stress
the metal,

Deflections required to fail the coated specimens
before and after exposure to water boil and heat
aging are then compared to the values obtained
for uncoated specimens. Test results shown in
Fig. 3-45 indicate most fuel sealant materials
affect Ti 6Al-4V to some degree. Tests are
being conducted to determine if Ti 6Al-4V fatigue
lite is reduced by sealant material and what
coatings may be applied to protect the titanium,

Fluorosilicone sealant materials were chosen
because of their excellent service life, retention
of physical properties, and satisfactory perform-
ance in sealing test hardware. Results of the
functional test proved fluorosilicone sealants
superior to other polymer types.

Viton based sealants were rejected because of
unsatisfactory performance in functional tests,

detrimental effect on titanium, and poor adhesion.

The Air Force Materials Laboratory is conduct-
ing a program to improve Viton based sealant
materials with emphasis on additives to protect
titanium from attack by sealant degradation
products.

Other programs under direction of AFML are
aimed at producing new base polymers, such as
triazine and polyether elastomers, which are

V2-B2707-8
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expected to provide improved high temperature
capabhility and extended service life. Small scale
polymerization of bis (iodoperfluoroalkyl) tri-
azines and bis (perfluoroalkenyl) triazines was
successfully performed by Denver Research
Institute under Contract No. AF 33(615)-1367.
These materials will be given a cursory evalu-
ation, in cooperation with AFML, by The Boeing

FLUCRO-
SILICONE
DOW CORNING

- . e = ——

0 1000 2000 3000 Looo 5000
HOURS OF ENVIRONMENTAL EXPOSURE

Figure 3-43. Functional Test Results, Fuel Tank fealants

the integral fuel tanks,

evacuated glass microspheres.

viscosities,

Company as soon as experimental quantities are

available,

b. Fuel Tank Insulating
A lightweight fluorinated synthetic material
designated as B-5037 ir. selected for insulating

The density of this ma-
terial is controlled by the use of lightweight
The base ma-
terial used for compounding this insulation is
commercially available and can be formulated
into sprayable or trowelable forms with various
i The density of the insulation includ-
ing the fuel barrier is limited to 10 Ibs/ft3,

The basic functioa of the fuel tank insulation is

to prevent the bulk fuel temperature from exceed-
ing 180°F at any time during supersonic cruise.
This must be accomplished with a minimum of

insulation weight.

V2-B2707-8
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It is necessary that the insulation be capable of
withstanding the following conditions:

o Exposure to temperatures of 430° to 450°F,

o Exposure to kerosene fuels at temperatures
up to 260°F.

e Compression load of the fuel,

o Deflection imposed by the movements of the
wing under loads.

The B-5037 insulation is resistant to the indi-
cated environmental conditions such that the
service life of the insulation will equal or exceed
that of the ajrplane.

Satisfactory adhesion to Ti 6Al1-4V alloy is ob-
tained by solvent cleaning of the surfaces to be

insulated. An aromatic naphtha based solvent
mixture is used for this purpose. After applica-
tion and cure of une insulation, a fuel barrier
material is applied and cured.

Significant physical properties of the selected
material are presented in Table 3-N. In addition,
the material did not crack or lose adhesion to

Ti 6A1-4V alloy when a simulated outboard wing
panel was subjected to the following test.

e The insulated panel is subjected to an en-
vironmental exposure cycle consisting of 72
hours in JP-5 fuel at 250°F followed by 96
hours in N2 fuel vapor at 435*F° Subsequent
to this exposure the panel is subjected to
stresses of 60 ksi tension and 60 ksi com-
pression over a temperature range of -65°F
to 450°F at a rate of 60 cycles per minute
for 10 hours.

168 Hour cycles consisting of 72 hours
at 250°F in JP-5 followed by 96 hours
at LOO’F with a nitrogen purge,

600}
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Figure 3-44, Properties of DC 94-002 Sealont
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Toble 3.N. Fuel Tank Insulation Properties

DENSITY <10 b/t
SPECIFIC GRAVITY (MEAN) 0.16
THERMAL CONDUCTIVITY, BTU/in/hr/t?/° F 0.35
Determin.d at a mean temperature of
250° F
FLEXIBILITY AT -65°F (5% strain) No cracking

FUEL RESISTANCE
14 days at 250°F in JP-5

Cycling for 72 hours in JP-5 at 250°F and
96 hours in JP-5 vapor and N2 at 435°F

{3 percent weight gain

"15 cycles, no loss of
adhesion or flexibility

at 450°F
at 70°F
at -65°F

ADHESION TO TITANIUM (Lap Shear), psi

45, cohesive failure
85, cohesive failure
200, cohesive failure

(a) JP-5 Fuel at 180°F
(b) Salt water at 200°F
(¢) Water at 200°F

FLUID RESISTANCE (14 days exposure)

{3 percent weight gain
<5 percent weight gain
{5 percent weight gain

Recently, Monsanto Chemical Company submitted
a sample of a newly developed open cell polyi-
mide foam which can be produced in any desired
thickness. Favorable properties exhibited in-
clude extremely low density (0.5 to 4.0 1b/cu. ft)
and the outstanding thermal stability which is
characteristic of the polyimide systems. The
foam should be capable of continuous operation

at temperatures up to 500°F.

Dow Corning has submitted a foam in place
fluorosilicone material which holds promise of
meeting thermal and fuel resistance require-
ments. Although density of the fluorosilicone
foam (26 lbs./cu. ft.) is considered too high, it
is expected that satisfactory densities will be
achieved by incorporation of a light weight filler.

Additional developmental work at The Boeing
Company will include the investigation of a foam
in place system using honeycomb core for re-
inforcement. Preiiminary results indicate

densities of 6 to 8 1bs/ft3 with a resulting com-
pressive strength of 90 psi are attainable. The
foam is thermally stable up to 500°F for extended
periods. Metallic foils or nonmetallic film

such as DuPont's polyimide Kapton film, will be
investigated to enhance fuel barrier character-
istics.

3.6.2 General Sealing

a. Pressure Sealing
Methyl silicone sealant materials have been
selected for sealing pressurized areas of the
fuselage. These materials will provide reliable
seals for the service life of the B-2707.

Fillet sealing is normally used because it is a
post-assembly operation and avoids the close
scheduling required by faying surface sealing.
Fillet seals are capable of withstanding high
structural deflections and also have the ad-
vantage of being easily repaired in service.
Faying surface seals are used in low deflection

V2-B2707-8
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areas when their advantages in simplicity and
weight savings outweigh their disadvantages.
The pressure sealing methods described are
standard on present commercial airplanes and
have proved reliable in service.

The environment encountered by the pressure
sealants includes temperatures from -50°to
450°F and pressure differentials of up to 15 psi.
Screening terts were conducted at temperatures
of 600°F for periods up to 500 hours. The higher
temperature was chosen for screening tests to
accelerate thermal degradation and eliminate
marginal materials.

Physical properties of three methyl silicone
sealants before and after 600°F aging are shown
in Fig. 3-46 through 3-48. General Electric
RTV-60 is a two component material suitable
for use in faying surfaces or other confined
areas. General Electric RTV-106 and Dow
Corning 92-024 are one component systems

which depend on atmospheric moisture for cure.
This restricts their use to fillet sealing applica-
tions. Results show that all three materials ,
retain satisfactory physical properties at 600°F ‘
and indefinite service life at 450°F is indicated.
All other materials considered fell short of this
objective. ‘i

e Y ———————e

Solvent cleaning and priming of the surface ave
required for adhesion to titanium. Qualitative
tests for adhesion have shown that adhesive
strength of these sealants to titanium exceeds
the cohesive strengths of the sealanis before and
after agirg at 600°F.

Tests have been conducted to determine if methyl '
silicone sealant materials have any detrimental :
effect on titanium. Results of testing of RTV-60
and RTV-106 in accordance with Par. 3.6.1 are
shown in Fig. 3-45. Some effect is evident, but . i
its magnitude is no greater than that for the b
other types of sealants tested. Fatigue tests as

g
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Figure 3-46. Properties of RTV-60, 600° F

V2-B2707-8 ‘

119

——— —— e e

“1f




120

1001 70
600} 60
s00f 50

HARDEESS —

ko

(
\

=
3
SHORE "A" HARDMRSS

TENSILE STRENGTH (psi)
§ .

600 ¢ 30
— ELONGA'
~ hoot 200 20 /\\_ L~ &2
g 200} 100¢ 10 —
i
0 0
(o] 50 100 150 200 250 300 350

HOURS OF EXPOSURE AT 600°F

Figure 3.47. Properties of RTV.106, 600 F

previously described will determine the signifi-
cance, if any, of the indicated differences in
specimen deflection.

b. Battery and Toilet Sealing
Polysulfide sealant matcrialg have heen selected
for sealing the batte:y compartment and toilet
areas.

The environment encountered by these sealants
includes exposure to uric acid in the teoilet areas
and fluid containing up to 30 perceunt by weight
potassium hydroxide in the batterv comperiment.
Since these areas are enclosed within coutosiled
temperature compartments of the .. “{rar: o
exceptional heat resistance i8 re:-«.i " ¢ he
sealant materials.

Testing has st.own that polysulfide sealant materi-
als have superior resistance to the acid and
alkaline fluids and provide sufficient protection
for the structure.

Polysulfide sealant materials are used on present
commercial airplanes and the use of these ma-
terials conforms witih standard practice.

¢. Electrical Sealing and Potting
Methyl silicone sealant materials are used for
sealing and potting when a flexible material is
required and temperatures do not exceed 500°F
for continuous operatior or 600°F for intermittent
operation.

v2-B2707-8
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Typical room temperature electrical properties
of a cured methyl silicone sealant material are
listed helow:

Dielectric Strength, Volts/mil

commercial airplanes where heat resistance is
required.

3.6.3 Compartment Pressure and Access Door
Seals

0.040 in. thickness 600 The term compartment pressure seals, as used
0.075 in. thickness 500 herein, refers to any device used to seal doors
Dielectric Constant or other closures for the containment of pres-
60 cps 3.8 sure. Access door seals may serve to contain
105 cps 3.6 either pressure or fuel,
Dissipation Factor
60 cps 0.020 Doore or closures may he divided into two
106 cps 0,003 categories as follows:
Volume Resistivity, Ohm 1.3 x 1014
per em a. Category I covers doors which are

Methyl silicone sealant materials are used for
flexible clectrical sealing and potting on present

holted or otherwise mechanically fastened in
position and remain secured throughout most
routine loading and servicing operations.

ad
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Examples are access doors which must be re-
moved at various time intervals for routine in-
spection and maintenance of systems or
structure.

b. Category Il covers doors which are
regularly opened and closed as a part of routine
operations. Examples are passenger, cargo,
crew, and landing gear doors.

Seals used on category I doors, whether they are
intended to contain pressure or liquids, rely to
a large extent for their effectiveness on the
compressive forces produced by the mechanical
fastening of the door to the structure. Such
seals serve a strictly static function in that they
are under constant compression at all operating
conditions. Thus, the elastomer chosen musi
have good compression set properties at environ-
mental temperatures of 400° to 450°F and under
conditions of fuel exposure at temperatures up to
250°F. On the other hand, flexibility at low
temperatures is of relatively little importance.

Seals fabricated from fluorocarbon rubber bes:
meet the static sealing requirements described.
A Viton polymer, designated 77-545 and manu-
factured by Parker Seal Company, shows the
most promising physical propertx values after
aging in air at 400° 5000,and 600" F and after
aging in JP-5 fuel at 2500F .

Physical property values for 77-545 are listed
in Table 3-O. Compression set after 24 hours
at 40C°F is only 30 percent. Volume swell is
quite low, four percent after seven days in Dow
Corning XF1-0294 hydraulic fluid at 430°F.
Conipatibility with other candidate hydraulic
fluide is comparable. All physical properties
meet or exceed existing specification require-
ments for the indicated exposure conditions.

Four other flucrocarbon seal materials are
available as alternate candidaies. These are
Plastic and Rubber Product's 975-75, Precision
Company's 17107A, and Stillman Rubber
Company's SR-276-70 and EX 999-41.

Tensile properties of the five lecading candidates,
alter aging seven days ia JP-5 fuel at 250°F, are
shown in Fig. 3-49. Hardness change and per-
cent volume swell under the same conditions
were as indicated in Fig. 3-50, Compression
set data. oiter aging seven davs in air at 350°F,
are shown in Fig. 3-51.

It is evident from the referenced data that cacn
of the candidate materials exhibits superior
performance with regard to one or more physical
properties. Although the Parker 77-545 com-
pound has the best balance of properties, the
different combinations of properties available
with the ~andidate materials are sufficient to
satisfy design requirements.

Seals used on category II doors are subjected to
flexing at temperatures as low as -59°F, They
are under compression at temperatures of 400°
to 450°F. Sealing efficiency is such that re-
quired pressures are maintained at all times
during operation of the airplane.

To meet these requirements, seals fabricated
from dimethyl silicone elastomors cr fluoro-
silicone elastomers are used. The seals are
re:nforced with Nomex or glass fabric and
covered with Teflon (TFE) to meet low friction
requirements. Pressurized or spring loaded
seals are used, as required, to help compensate
for elastomer compression set caused by long
term heat exposure.

3.6.4 Aerodynamic Seals and Smoothers

a. Aerodynamic Seals
Aerodynamic seals are used to control air flow
from one aerodynamic surface to another. These
seals must maintein their flexibility and other
physical properties after prolonged exposure to
operating temperatures of 400° to 450°F They
must also remain flexible at -50°F and resist
effects of exposure tc kerosene type fuel, engine
oil, and hydraulic fluids.

A Nomex or glass cloth reinforced fluorosilicone
rubber satisfactorily meets these requirements
The fluorosilicone polymer was chosen because
of i*s favorable agi~g characteristics at 450°F
and because of its ttuid resistance. Tyvpical
fluorosilicone rubber compcunds are Dow
Corning LS-53 and LS-2311U, Parker Seal
6-375-7, and Hadbar 1000-81.

The 450°F environimental temperature is well
within the thermal capabilities of both Noriex
and glass fabrics. Nomex has an advantage in
that it does not exhibit the self abrasive behavior
which is typical of woven glass fabrics. \Where
low friction properties are required, a Teflon
(TFE) cover will be incorporated. A single type
of seal design was chosen for high temperature
break out pressure tests at several different
deflections. This Jesign consists of a {abric
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Toble 3-0. Resistence of Flvorocarbon Rubber to Selected Environments

Typical Values
Propertics Requirements Obtained
ORIGINAL PHYSICAL PROPERTIES
Hardness. pts (Shore A) 755 75
Tensile strength, psi 1500 Min 2150
Elongation (percent) 125 Min 201
Modulus at 100 percent Elongation
(psi) 350 Min 780
Compressive Load at 20 percent
Deflection (psi)
At 70 10 85° 300
At 500°F 140
Specific gravity 1.87
AIR AGING: 70 HRS. AT 500°F
Hardness change 3 H. pts
(Shore "A") 0to+15 83 (+5)
Tensile change (percent) -3" iax 1845 (-14.2)
Elongation change (percent) -50 Max 176 (-12.4)
Weight Loss (percnt) -8.0 Max -4.7
AIR AGING: 16 HRS. AT 600°F
Hardness change A} pts
(Shore ""A") 8ts -15 85 (-10)
Tensile strength change (percent) -35 -15.3
Elongation change (percent) -35 -29.0
Weight Loss (percent) 10 Max -4.5
FLUID AGING: 7 DAYS AT 430°F
IN XF 1-029%4
Hardness change 4 H. pts
(Shore "A") 0 to =5 0
Tensile strength change (percent) 1980 (-8.0)
Elongation change (percent) *188 (-6.5)
Volume Swel! 0to-10 4.2
COMPRESSION SET PER ASTM D 395
24 Hrs. at 400° F — 25 percent
Deflection used
T'ercent of original deflection 50 Max 30.2
TEMPERATURE RETRACTION,
50 PERCENT ELONGATION
TR-10 °'F <5 Max -2*F j‘
v2-B2707-8
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EXPOSURE: 7 days in JP-5 fuel at 250°P

wowans || I S R A
oo M| momurror

——— e e i e e e e -—— — e ——— e - — — e — -

—— -

TLONGATION

|
TENSILE

T ) 1
1000 1400 1800 2200 2600 3000 3k00

TENSILE STRENOTH (psi)

E
==y g - £ N arT A S Y A sl S Emk aEn

_a 2

150 190 230 270 310 30 3%
ELOWGATION { PERCENT)

 aatione |

Figure 3-49. Tensile Proparties of Fluorocarbon Rubber,-Kuel-Aging
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EXPOSURE: 7 days In JP-5 fuel et 250°F
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Figure 3.50. Flurocarbon Rubber, Hardness and Volume Change
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EXPOSURE: 7 deys in air at 350°F
MATERIAL
————————————— -}__——.—————__l‘__—— T——-_ -
EX-995-41
sTrznen [
17107A
PRECISION
975-75
PLASTIC
aD [—
RUBBER
PRODUCTS
T7-545
PARKER
SEAL
R U . —— USRS, | REVER UV P — i S [ —— —1 ______ RO O R ———
SR-276-T70
e w
_______ 20 30 50 60 70

COMPRESSION SET (%)
Figure 3-51. Fluorocarbon Rubber, Compression Set, 350°F

reinforced length of tubing built upon a flat short-

width base manufactured from the same fabri~.
The design is shown in Fig. 3-52.

To establish the fuel resistance of the fluoro-
silicone polymer, Parker Seal's 6-372-7 com-
pound was immersed in JP-5 fuel at 250°F for
seven days. After the immersion period, tensile
properties and Shore "A'" hardness were deter-
mined and coinpared to original values. Percent
volume swell was also calculated. Resulis of
the fuel immersion tests are shown in Fig. 3-53.
A 30 percent reduction in tensile strength and 25
percent reduction in elongation are indicated.
Shore "M'hardness has dropped from 68 to 60 and
the volume swell was eight percent., These data
indicate that the fuel resistance of the elastomer
is adequate.

High temperature aging data indicate that there
will be no significant degradation of the fluoro-
silicone elastomers in the 400° to 450°F tempera-
ture range. After high temperature aging,

tensile strength, elongation, compression set,
and stress relaxation v.lues are within acceptable
limits. Dow Corning L8-2311U hae the best high
temperature comoression set properties while
Hadbar 1000-81 exhibits the lowest stress
relaxation values,

The strength of the composite seal is largely
dependent upon the reinforcement. Similarly,
tensilc elongation is limited by the reinforcement,
but this is of no importance as long as compres-
sive flexibility and the capability of meeting
design deflections are obtained.
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CONSTHUCTION:

1. COVER: SILICONE CLOTH

2. CORE: SILICONE, 20/6k TH.

0.D.X,
1/L IN. I.D. TUBING

NOTE: ALL DIMENSIONS IN TWCHES

TWO ROWB OF
STITCHING -
ONE EACH SIDE
OF BULB

Figure 3-52. Aerodynamic Seal, Test Configuration

b. Aerodynamic Smoothers
A dimethyl silicone compound is used to smooth
aerodynamic surfaces of the airplane. The ma-
terial selected is available in either plain or
pigmented colors from the General Electric
Company, and is designated RTV-1071 (plain)
and RTV-1072 (pigmented). It has demonstrated
satisfactory shaving and sanding characteristics.

This material is applied manually or with the use
of an extrusion gun. After cure, the material is
shaved and sanded, cither manually or with a
mechanical sander to a smooth, level, continuous
surface. The material does not roll or tear
during working. This provides a distinct cost
reduction by eliminating the need for rework.

The material cures in 24 hours at room tempera-
ture, requiring no expensive temperaiure or
humidity controls. When cured, the two versions
of the material are virtually identical in composi~
tion. There are no differences in hardness or
other physical properties. Cure is accomplished
hy chemiral raaction with an accelerator blended
into the base material before application.

Satisfactory adhesion to Ti 6A1-4V alloy is ob-
tained by solvent cleaning and application of a
primer. An aromatic naphtha or ketone based
solvent mixture is used for cleaning. Brush
application and room temperature air drying of a
solvent based primer ensures satisfactory ad-
hesion to the metal at all operating temperatures
and weather conditions.

Properties of the smoothing and fairing compound
enable it to satisfactorily withstand the tempera-
tures and weathering of supersonic flight. Ex-
posure to temperatures in excess of 500°F
results in no significant degradation of the ma-
terial,

A satisfactory alternate smoother is a one-part
mica, silicone, and crystobolite solids loaded
paste. This compound. designated CAI9R and
available from Englehkard Industries, is applied

in exactly the same manner as the dimeihyl
silicone. Cure is accomplished by solvent
evaporation concurrent with chemical reaction
initiated by an accelerator. It requires two hours
of air drying, followed by two hours of baking at
300°F,
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EXPOSURE: T DAYS IN
JP-5 FUFT, AT 250°F
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Figure 3-53. Fluorosilicone Seals, Aging in JP-5 Fur'

V2-B2707-8

!

o B

~—

o e em W /I /|

l




/89 |2 65 - T =2

SNDEE tio B —~— B cey B GHD

Satisfactory adhesion to Ti 6A1-4V alloy is ob~
tained by solvent cleaning of the surfaces to be
filled. An aromatic naphtha or ketone based
solvent mixture is used for this purpose. No
primer application to the clean metal is required.
Exposure to temperatures in excess of 500°F re-
sults in no degradation of the material. It was
originally developed for use in applications

where temperatures up to 1000°F are encountered.

Effects of temperature on hardness of the aero-
dynamic smoother materials are shown in Fig.
3-54.

3.6.5 Fluid System Seals

a, Fuel and Engine Qil Seals
Fluorocarbon (Viton) elastomers will be used for
fuel and engine oil seals. These seals will be
subjected to a temperature range of -50° to 400°F
with low fluid pressures.

Physical properties of several vendor fluoro-
carbon and fluorosilicone fcrmulations have been
determined and are listed in Figs. 3-49, 3-50
and 3-55. In simulated service tests of O-rings
and rubber-in-metal groove seals fabricated from
Parker 77-545, no leaks were detected after

480 hours of aging. The aging consist d of 120
hours in JP-5 referee fuel at 250°F and 360 hours
at 475°F with leak testing done at -65°F.

Fluorocarbon elastomers were chosen over
fluorosilicone elastomers because of their better
physical properties. The fluorocarbons have
much lower compression set which is a particu-
larly important characteristic for seals,

Since the seal designs are standard, no problems
are expected in installing seals.

b. Hydraulic System Seals
Seals used in the hydraulic system must be capa-
ble of withstanding continuous expousure to the
system fluid at operating temperatures of 425° to
450°F, Important sea! properties include dimen-
sional stability, low stress relaxation, low com-
pression set and compressive creep, low coeffi-

cient of friction, and tear and abrasior resistance.

In general, tear and abrasion resistance are more
important for dynamic than for static applications
where damage during seal installation is the
primary concern.

For static seal applications, Viton elastomeric
O-rings and filled Teflon (TFE) back-up rings

are used 1n conjunction with silver plated stain-
less steel rings of the V and K types. The TFE
back-up rings will be filled with 15 percent

glass fibers and five percent molybdenum disul-
fide. Cast iron step-cut rings and 15 percent
graphite filled TFE rings will be used in dynamic
sealing applications,

The Viton elastomer and the filled TFE compounds
were selected for use as nonmetallic seals in the
hydraulic system on the basis of the requirements
outlined. Performance of these materials in
comparative physical property tests and functional
tests has been superior to that of other candidates.
Parker 77-545, a Viton compound, has demon-~
strated the best performance of any material
tested for use as a static O-ring configuration
seal. Fluorosilicones and dimethyl silicones
were among other classes of materials evaluated
for this purpose.

General physical properties of the canaidate
nonmetallic seal materials are listed in Tables
3-0 and 3-P, and shown graphically in Fig, 3-56
through 3-61. These data, along with results

of fluid compatibility studies and service appli-
cation tests provided the criteria for materials
selection.

Figures 3-62 and 3-63 show the effects of aging
at 430°F in three candidate hydraulic fluids on
two Viton based elastomers. Figure 3-64 pro-
vides a direct comparison of the five compounds
in terms of resistance to a fluorcsilicone hydrau-
lic fluid, Dow Corning XF1-0294. Volume swell
was determined along with changes in tensile
strength, elongation, and hardness.

The selected materials have performed satisfac-
torily in simulated service testing of a hydraulic
actuator, Results of these tests are presented
in Table 3-Q. Seals fabricated from the Viton
and filled teflon materials have experienced up to
426 hours and more than 6,400, 000 cycles of
testing without failure.

Assuming materials compatibility, a post-cure at
elevated temperature in the applicable hydraulic
Juid results in a worthwhile improvement in the
physical properties of elastomeric seal materials.
In particular, a significant reduction in compres-
sion set values has becn noted. In order to
exploit this characteristic, all Viton seais will
receive a suitable post cure in the hydraulic

fluid prior to installaticn,
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EACH DATA POINT IS BASED ON 168 HOURS OF EXPOSURE.
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Figure 3-54. Shore D Mordness, Aeradsnamic Smocthe s
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Taoble 3-P. Propurties of Filled TFE Materials

l

Graphite Filled T FE
Parallel Perpen-
Glass to dicular
Room Temperature Propert'2s Filled Molding to
TFE Direction Molding
Direction
Tensile strength, psi 2, 000-3, 000 4,700 2,200
Elongation, percent 50 70 60
Compressive strength, psi
50 percent deflection 5,100
Stress at 1 percent strain 1,500 1,200
0.2 percent offset yield stir2ss 1,600 1,200
Modulus x 10-4 15.0 12.0
Flexural properties, psi
Modulus x 10-5 1.70
0.2 percent offset yield ctress 1,375
Compressive creep, percent
78°F and 2, 000 psi for 24 hours
Initial 2.9 1.8
Retained or permanent 0.4 2.1
122°F and 2, 000 psi for 85 hours 2.9
500°F and 600 psi for 24 hours
Initial 2.6 1G.8
Retained or permanent 1.8 7.1
Impact strength, ft 1bs/in. 2.01
Hardness, shore D 60-70 66 66
Coefficient of thermal expansion
1072 in./in./°F 3.6
75° to 200°F ! 4.7 1.0
200° to %0 °F | 5.2 4.3
300° to 100°'F | 3.9 4.7
400" to S00°F iL 7.5 5.4
Limiting PV factor ' 3,000-10, 000
10 FPM j 15, 000
100 FPM ! 15, 000
1000 FPM 12,000
I
R . -10 /in.” - min
Wear Factor, K, 10 (—-———lb T - hr) i 6
Coefficient of friction !
Static 33.3 psi 0.15 0.11
Dvnamic  33.3 psi, 150 fpm
V2-B2707-8
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Table 3-Q. Actuvater Seal Test Performance Data

step cut ring

Long Short
Test Stroke Stroke
Application Seal Material Hours Cycles Cycles Comments
Static
Primary seal | Viton "A" 426 -- -- Satisfactory
O-rings performance
(Parker 77-545)
Baékup rings | 25% Glass filled 280 - - Satisfactory
Teflon (TFE) performance
Dynamic
Piston Seal K6E Cast iron 426 97,400 6,347, 000 | Satisfactory
step cut ring performance,
Considerable
wear life left,
Rod seal
1st stage | K6E Cast iron 426 97,400 6,347,000 | Satisfactory

performance.
Very low leak-
age,

2nd stage | 15% Graphite filled | 427
Teflon (TFE) Foot-
seal with Viton "A"
loading O-ring

97, 400 6,347,000 | Satisfactory
performance

15% Graphite filled | 182
Teflon DynaBak
with Viton "A" O-
ring

47,400 2,412,000 | Satisfactory
performance

Test Conditions:
Temperature: 400° to 475° F
Pressure: 3000 psi

Filled polyimides have exhibited considerable
promise for dynamic seal applications., These
materials are quite rigid but provide excellent
thermal stability and should offer extended ser-
vice life at system operating temperatures.
Research on a material of this type (Polymer SP)
was performed by the Republic Aviation Division
of Fairchild Hiller under a NASA contract (NAS
3-7264 Ref. 27). Graphite is the most common
filler, but others could be incorporated as
required to improve friction characteristics.

Other composites based on a Teflon (TFE) matrix,
with fillers such as bronze or carbon, are under
investigation.

Materials presently being studied for possible
static seal applications include the meta-carborane
based polysiloxanes. Recently developed poly m
carboranylenesiloxane polymers display elastom
eric properties over the temperature range of -80°
to 800°F. These experimental polymers are
available only in very limited quantities at the
present time. However, small samples are

being evaluated for compatibility with hydraulic
system fluids at elevated temperatures. Other
experimental elastomers will be investigated as
their development progresses and samples become
available for evaluation.

V2-B2707-8
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3.7 LUBRICANTS

Performance analysis and selection of lubricants
is based primarily on wear life evaluation of the
lubricant at temperatures and loads anticipated
in specific applications. Friction coefficient,
load carrying capability, and thermal stability
are also considered, In addition, compatibility
and corrosivity of the candidate lubricants with
system materials are established.

Typical applications where oils, greases, and
solid lubricating materials :nay be used include
plain bearings, rolling element bearings, gears,
pulleys, cables, variable diameter engine center-
bodies, variable geometry nose sections, wing
hinge faying surfaces, access doors, fasteners,
pin or hinge joints, and overlapping wing control
surfaces such as flaps, slats, spoilers, elevons,
and ailerons.

Many of the lubricant applications for the B-2707
have temperature and load requirements consistent
with the requirements of commercial jet powered
airplanes. In these applications, oils, greases,
and solid lubricants qualified to military and com-
pany specifications are employed. Lubricants for
the new high temperature environments of the
B-2707 have been evaluated and selected.

3.7.1 Greases

The use of conventional airplane Inbricants quali-
fied to inilitary specifications will satisfy the
temperature requirements for many bearing
lubricant applications. Greases qualified under
Military Specification MIL-G-23827 are general
purpose greases with a service temperature

range of -65° to 250°F These greases contain an
extreme pressure additive and are used in anti-
friction bearings, instruments, gears, and actua-
tor screws. Grease conforming to Military
Specification MIL-G-25760 is used in terperature
environments of -65° to 350° F for the lubrication
of antifriction {.carings. Conventionul grease
lubricants are used fer control pulley bearings,
fair leads, control stands, :nd other Learing
applications.

High temprerature resistant greases are used to
lubricate ball, roller, and plain bearings ¢pera-
ting thre.h 2 tomperature range of -65° to 450 [
They have the ability to lubricate modifted 440C
stainless steel bearing materials at high unit loads
under conditions of osculating or rotating motions.

R S,

- x

In addition, lubricants provide corrosion and
oxidation resistance, ar< compatible with
surrounding structure, have a low evaporation
rate, and are waler reaistant, Bearings requir-
ing high temperature resistant grease are located
on control surfaces,. flaps, flap tracks, spoilers,
and leading edge wing slats.

The preliminary ealustion of 33 candidate
lubricants recommended for high temperature
bearing applications indicates the following four
chemical classifications of greases are superior
on the basis of minimum wear and low coefficients
of friction on 440C stainless steel at 400°F.

Grease Fluid Thickener
1. Marlin Rockwell High Organic
EG 551 molecular
weight
hydrocarhon
2. Dow Corning Fluorosili~  Arylurea
E4 3025 cone
3. Du Pont Fluorocar-  Telomer
PR 240AC bon dispersion
4, McGee Chemical Polyalka- ~ontains
McLube 1195 line glycol M082

Figure 3-85 presents the load carryiug capacities
of these four types which have been selected for
bearing tests.

Oscillating bearing tests on an AN2COK5ST
shielded bearing «t 450°F with 1, 405-1b radial
load at £+30 degrees osciliating and 20 cpm have
been rur. The berring with the Merlin Rockwell
EG 551 grease ran for a iotal of 100, 700 cycles
(75 hours). Failure was caused by bleeding and
thermal decomposition of the hydrocarbon fluid
in the grease resulting in excessive torque and
scoring of the balls and races in the bearing.

The other three materials are being similarly
tested.

3.7.2 Self Lubricating Materials

Areas exist where relative movement of contact-
ing surfaces occur and long inte rvals between
rejubrication is 1 requirement. Self-lubricating
rub sttip materials are used ‘~ these applications.
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Figure 3-65. Reletive Loed Carrying Capacity of Synthetic Greasas

a. Boeing Developed Solid Lubricant
Compacts

Lubricant compact materials have heen developed
that are capable of providing low friction and
wear resistance when in contact with metal sur-
faces at temperatures from -65° to 700°F under
loads i0 10, 000 psi. Original development by
The Boeing Company was done in 1961-62 under
Air Force Contract AF33(616)-7395 (Ref. 28),
Development of i)esign Criteria of a Dry Film
Lubricated Bearing System. Additional work
has been cone by subcontract for Midwest Research
Institute under Air Force Contract AF33(657)-
10384 Task Number 30404 (Ref. 29)

Boeing lubricant compacts provide superior wear
resistance, especially through the 450° to 650°F
temperature range, over reinforced tetra-
fluoroethylenes and are considered to represent

a major break through in self lubricating mate-
rials. They are used in applications where
flexing and impact resistance is not a riajor con-
sideration. Physical, me<hanical, lubricity, and
material compatability properties of the compact
materials selected are shown in Table 3-R.
Figure 3-66 illustrates typical part configuratiens
and uses in whicn Boeing solid lubricant compact
materixls have been successfully applied.
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[J Compact Designation
Property 108 108-67 108-67-175 ~46-40

B Physical Properties T

Density, Gm/cc 5.40 5.54 6.13 5.5
-6 -6 -6 -6

U Coefficient of Thermal Exp. 5 x 10 5x10 5 x 10 5% 10
(0° to 1,800°F) in /in /°F
Maux. Operating Temp. in

ﬂ Nonoxidizing Atmosphere
Inert gas or vacuum 1,500°F 2,000°F 2,500°F 2,500°F

B In air 700°F 700°F 70C°F 700°F
Mechanical Properties (RT.)

[ , Flexural Strength, psi 9, 000 13, 000 1€, 375 28, 000
Compressive Strength, psi 14, 000 22,000 36,800 112, 060
Friction & Wear
Max. Surface Speed, ft/min 15, 000 12, 000 12,000 2,900

|
Max. PV (pressyre in psi x 4, 000, 000 4, 000, 000 4, 006, 000 4, 000, 0CO
velocity ft/min u& 1
i !
Friction Coefficient in air 0.02t0 0.3 0.62t0 0.3 | 0.02t0 0.3 ' 0.02t0 0.3
and in vacuum ] |
Wear Rate in /hr in air at 0.0175 0. 0020 i 0. 0002 »
2,900 ft/min (PV = 3, 000, 000) i |
| 1
Wear Rate (in /) - recipro- t |
cating at 450° F -7 i
at 200 psi --- 3.7x 10 ' --- i --- -
at 10,000 psi --- --- | --- i 5x10”

f e —————

Table 3-R. Properties of Bceing Developed Lubricant Compects

L

e Y TR At —_—

Material Compatibility - No corrosion evident after 3¢ day exposurc to water, salt spray, MIL-D-525%
oil, Versilube F-50, Freon E3, Conc. HCl, & Conc H,,SO‘.
- Dissolved in two day exposure to conc. HNO,. -
~ No stress corrosion at 550° F when rubbed og titanium surfaces (see Scction 3.5, 1),

> Temperature stabilized and no galling evident at 12,000 ft/min.

V2-B2707-8
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Figure 3-66. Typical Application of Bowing Lubricant Compocts

Composition and sintering tempera.ure and pres-
sures of these compact materials can be adjusted
to produce different strengths und other desired
properties to meet requirements of specific appli-
cations. For example, lubricant compact number
108-67 has been developed for use as moveable
seals rubbing against titanium in the engine inlet
centerbody where loads are approximately 200 psi
and temperatures to 620°F are expected. Friction
and wear tests simulating the engine centerbody
application have been conducted. Wear of this
material was less than 0.012 in. after 1,400, 000
cycles (46, 000 ft total travel) at temperatures of
535°F and 620°F. Maximum wear allowed is
0.030 in. No galling or scoring of the titanium
mating surface occurred in these tests and the
friction coefficient was 0.15 to 0.20. Wear resis-
tant properties of this material and a filled

Teflon rub strip material (Rulon LD), subsequently
discussed are shown in Fig. 3-67. Rulon LD may
be used in areas where flexure and impact resis-
tance is required.

Table 3-R shows properties of other compact
materials with higher streng:lis which can be used
for jourral bearing liners and track sliders
where optimum life {2 required at temperati.res
between -65° and 706 °F.

b. Teflon Fiberglass Reinforced Cloth

At temperatures below 400°F, exceptional wear
life of plain and spherical hvarings is obtained

using liners madn of Teflon fiberglass reinforced
cloth adhesively bonded to the races. The friction
coefficient of this Teflon material ranges from

0. 02 to 0. 10 “epending on the load. Additional
information covering wear life and load limitations
are presented in Sec. 4.2,

¢. Filled Teflon Materials
Self lubricating materials such as Dixon Corpora-
tion Rulon LD and bronze or glass filled Teflons
are used in taying surfaces such as flaps. slats,
and ailerons where titanium or steel are in contact
under light loads. Reciprocating tests have been
crnducted on Rulon LD at temperatures of 335°
and 400°F to determine the friction coefficient
and weur rate properties. Coefficient of friction
ranged from 0. 10 to 0, 25 at a 200 psi load and
was less than 0. 10 at a 1000 psi load. Average
wear rates found for the Rulon LD were 0. 12 x
10-9 in. /ft of tiavel at the 200 psi load and 6 x
1075 to 12 x 107 in. /ft of travel at 1, 000 psi
lo=ding. These values are based on dimensional
measurements of the wear specimen before and
after testing.

3.7.3 Solid Films

Solid lubricating materials are used in applications
when relubrication is not possible or desired,

dirt cunnot be kept away from the lubricated area,
or large exposed metal surfaces preclude the use
of oils or greases.

a. Applications Below 250°F
Products qualified under a company solid film
material specification and meeting requirements
of Military Specification MIL-L-8937 are used in
applications where they have been proven by
commercial and military airplane experience.
Room temperature evaluation of one of these
lubricants applied to a steel alloy had a wear life
in excess of 12,000 ft and a friction coefficient
less than 0.10 at 10, 000 psi load with no meas-
ureable wear.

b. Aprlicetions for Temperatures Between
-65° and T00°F

A solid film lubricant coating with excellent fric-
tion and wear life properties at temperatures to
700°F was developed by North American Aviation.
This lubricent, designated Vitro-Lube 1220, was
developed for use on the XB-70 airplane under
Air Force Contrart AF33(600)-42058 (Ref. 30).
It consists of molybderum cisulphide, graphite,
and silver powders dispersed in 2 glass frit.
Bonding is achieved in one ininute when the part
to which it is spplied is raised to a tempcrature
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METAL: Ti 6A1-L4y
SUPPACE SPEED: 5 ft/min
(Reciprocating
at £ 1.0 IN.)
LOAD: 200 pst
RILON
16,000 ¢
"~
¢ p
a m.m
g 8000 ¢
o
E
a Looo p
[S)
o Come— b
0 .00k .008 012 .016 .020
WEAR (inches)

Figure 3-67. Weur Rate

of 975°F. This materiz! i commercially :vail-
able from National Process Industri=::.

The Boeing Company has inade extensive evalua-
vions of the Vitro-Lube '220 lubricant coating. It
i3 used for prevention of galling and fretting of
metal-to-metal interfaces in the te.nperature
range from -65° to 700°F. <7his choice is made
for the following reasons,

e Wear life is superior (lowest wear rate) to 23
other commercially available solid [ilm iubri-
cantg which were evaluated at 450 °'F with
applied loads of 200 and 10, 000 psi. Figures
3-6% and 3-69 show a comparison of some of
.~ materials tested.

o Coefficient of friction of Vitro-lube 1270 at
450°F is less than 0. 30 under a load of 220
psi and less than 0, 10 under ', 300 pai load.

o Vitro-Labe 1220 has been used successfully
for XB-70 applicsticns,

of Boeing Compoct and Rulen LD

e The Vitro-Lube 1220 coating has received
extensive evaluation by North American
Aviation to determine the effects of batch
variations, process variations, corrosive
atmospheres, curing in noncxidizing atmos-
phere, coating of one versus two surfaces,
cure temperatire, coating thickness, sub-
strate mater:al, bearing clearance, fluid
contamination, cure {ime, and spray versus
dip applications.

e Repeatable resuits have been cbtained in The
Boeing Comoany evaluation.

®  Compatibility of the Vitro Lube 1220 coating
with titanium alloys has been found to be
acceptable at 450°F {sce Par. 3.8.1).

Wher the effects of the 975°F cure temperature
cannot be tolerated or wear iife of the lubricant
is not a critical fuctor, Everlube 811 (a sodium
silicate bonded MoS,~graphite solid lubricant
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VITRO-LUBE

BOEING
(EXPERIMENTAL
LUBRICANT)
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TOTAL DISTANCE TRAVELED { eet) [
Figure 348. Reletive Your ¢! Solid Film Lubriconts, 200 psi
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Figure 3-69. Reletive Waar of Solid Film Lubricents, 10,000 ps.
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coating) is used. This use is based on repro-
ducibllity of test results and wear life determina-
tions as shown in Fig. 3-69,

Figure 3-68 indicates that a developmental coating
designated MRL-1 and a Boeing experimental
lubricant utilizing a polyimide resin binder have
exceptional wear lives at 450° F and 200 psi load.
These coatings are still in experimental stages
and will be further evaluated.

c. Applications for -65° to 1200°F
Solid lubricating pigments such as lead monoxide
and graphite will be used iun lubricating films for
applications where temperatures exceed 700° F
on engine mounts and thrust reversers. These
materials exhibit good lubricity to 1200°F.
Y ubeco 2023, Fel-Pro C-300, Electrofilm 1000,
and Sermetel (Type 11) are solid films contzining
these lubricating pigments dispersed in high
temperature stable inorganic binders and are used
where environmental temperatures exceed 700°*F,

d. Applications for Fasteners
Solid film lubricants such as Lubeco 2123 and
Fel-Pro C-300 are used on fasteners to facilitate
installation in interference fit holes and as thread
lubricants. It has been demonstrated that fasten-
ers coated with these lubricants can be installed
into holes with interferences as great as 0. 005
inches. Installation forces for interference fits
are shown {n Fig. 3-70. Section 4.1 covers
additional details concerning the use of solid film
lubricants in fastener applications.

3.7.4 Oils

Neopenty! polyoiester oil with additives is used
for lubricating mechanical systems such as
accessory drives, gear boxes, actuators, genera-
tors, and compressors. This oil is readily
available and is procured in accordance with
Military Specification MIL-L-23699. It is
presently used in applications such as turbojets,
turboprops, and turboshaft engines for commer-
cial and military airplanes. Neopeatyl polyolester
oil has superior oxidation resistance, thermal
stability, bearing and gear ioad capacity, and low
voiatility inthe temperature range of -65°to 400° F.

3.8 CORROSION AND DETERIORATION
PREVENTION AND CONTROL

The prevention of corrosion and material deteri-

oration is a very important consideration in the

design, production, and maintenance of airplane

structures. Proper investigation, analysis, and

control will be implemented during development,

design, and manvfacturing to assure satisfactory
service life for the B-2707. As a result of
extensive testing and in-service subsonic experi-
ence, The Boeing Company will provide effective
preventive measures against corrosion and other
deterioration processes,

These measures consider all forms of corrosion
mechanisms as well as other deteriorating
reactions such as thermal degradation, reduced
pressure, ultraviolet radiation, wear, erosion,
scratches, dents, abrasion, and eiectrical damage.
Controls are being established that will ensure
compatibility of airplane materials with each

other as well as with:

a, Manufacturing materials such as forming
lubricants.

b, Service environment including deicing and
snow removal aids.

c. Maintenance materials such as cleaning
fluids.

Surface treatments, plating systems, special
systems for such items as erosion protection and
elimination of static charges, and paint systems
have heen developed and their use is controlled by
Document D6A10072-1, Protective Finishes,
Detailed Requirements for Model B-2707.

3.8.1 Materials Compatibility

The factors causing corrosion and deterioration
of commonly used structural airplane materials
as well as their interaction with other materials,
are well understood from long experience with
subsonic airplanes. The effective methods used
on current airplanes to control these problems
will be applied to the B-2707.

The transition from conventional structural
materials to titanium alloys requires special
attention. Very little information exists concern-
ing interaction of titanium with other materials
under siticipated environmental conditions. The
position of titanium in the electromotive series
(Table 3-5) establishes that titanium is a relatively
noble metal when paasivated, but when activated it
becomes anodic to most of the commonly used
airplane metals. A passive condition is dependent
on the compatibility with the environment and with
the other materials. All materials, metals and
nonmeais, that are anticipated to come in contact
with titanium are being envireonmentally tested and
this program will continuc.
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Figure 3-70. Instcllation Forces for Lubricated Fasteners

The test procedures selected include a bend test
as a screening procedure for identifying the
problem materials. It is very sensitive to surface
embrittlement and discontinuities. This is a
modification of the test described by G. J. Heimerl
and D. N. Braski (Ref. 31). The bend test
requires stressing in the plastic region and thus
does not relate directly to airplane structures,
More sophisticated test procedures are necessary
to quantitatively evaluate the probler: areas in
each material system.

A tension-tcnsion fatigue test is used to quantita-
tively evaluate surfacc embrittlement. The center
section of the fatigue specimen is coated with the
material in question and exposed to that environ-
ment which caused the surface embrittlement
detected by the bend test. After exposure, the
specimens are fatigue tested at room temperature
to determine fatigue life compared to control
specimens,

A precracked Charpy specimen, under sustained
load conditions, is used to evaluate the effect of

liquid or soluble decomposition products on the
crack propogation rate. The fatigue cracked
specimen is immersed in the gsolution under a
sustained load until failure occurs. The stress
required to produce failure in six hours is com-
pared with that for control specimens tested in
distilled water and in 3. 5 percent salt solution.
This test is similar to those used for materials
selection as discussed in Sec. 2,1.

Results of the materials compatibility program to
date are presented in Table 3-T.

3.8.2 Paints

a. Exterior Coatings
Silicone based paints kave been established for
use on exterior surfaces. These paints are
available in a variety of colors and extensive
formulation information is available. High
emittance and good decorative properties will be
maintained through repeated flight and ground
service exposures. Four manufacturers are
qualified to supply material to The Boeing
Company material specification.
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Table 3.5. Electromotive Series

Magnesium
Magnesium-base alloys

Titaniura (active)
Aluminum (active)

Zinc

Chromium (active)
Galvanized steel
Aluminum

Aluminum-base alloys
(5000 series)

Cadmium

Aluminum-base alloys
(2000 series)

Mild steel

Wrought iron

ast iron

{ Aastenitic stainless
( steels (active)

Lead

Tin

Nickel (active)

Incorel 600 (active)
Chromium and marten-
sitic astainless steels
{passive)

Yellow brass

Copper

70-30 Cupronickel

Inconel 600 (passive)

Nicke] (passive)

Titanium (passive)

Monel

Austenitic stainless
steels (passive)

Silver

Gold

The selection, based on screening tests of 31
vendor supplied paints established a clear
superiority for silicone based paints. Properties
determined in these tests included:

o Resistance to system fluids

e Adhesion after heat and water exposure

o [Emittance as cured

e Emittance after heat and water exposure

/

o Elevated temperature hardness as cured

o Elevated temperature hardness after heat
exposure

® Appearance

e Ease of application and cure temperatures

The results showed silicones with the highest rat-
ings, an epoxy with the next highest rating, and
urethanes and polyimides with the lowest ratings.
In addition to superior performance in the
screening study, silicones have advantages in
availability and color retention, and they cure
without baking.

Screening study properties of the top ranked
paints are listed in Table 3-U.

The air dry silicone paints qualified for use will
be applied by air spraying and cured by conven-
tional means. A satisfactory cure is obtained in
seven days of room temperature exposure, Or
cure may be accelerated by use of heat lamps,

Cleaning of the silicone paints, in difficult areas
such as wheel wells, will be easier than cleaning
of currently used airplane paints. Fluorocarbon

coatings (Teflon) will be used in any areas

presenting particularly difficult cleaning problems.

High temperature coating materials are available
to perform the coating functions required on
exterior surfaces subject to temperatures above
450° F such as leading edges, nose, and engine
areas. The coating materials shown in Table
3-V (Refs. 32, 33, 34, and 35) will be used for
these applications.

b. Interior Paint
The interior paints selected for various service
requirements are shown in Table 3-W. Paints
for use at temperatures up to 150°F are used on
current airplanes and are readiiy available,
Their effectiveness has been well established in
service. An exception is the substitution of
polyurethane for vinyl chloride paints, because of
the toxicity hazard of vinyl chloride ir. fires.
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Table 3-T Compatibility of Titanium Alloys With Other Moterials

Material in Contact with Stressed

Titanium Sheet during Exposure [I>

Reduction in Bend Characteristic of Titanjum Sheet
after Exposure Cycles

NIL

SLIGHT
(<10%)

SIGNIFICANT
(105 - 25%)

DRASTIC
(>25%)

Aerodynamic smocther’
CA9R
RTV 1071
RTV 1072

Adhesive
FXM 34B25A

Air-strip Deicer
K3P04-HCONI12

Electroplated Steei
Cadmium
Chromium
Copper
Nicke}
Nickel-Cadmium
Silver

150°F
600° F

750 F
750°F
750°F

900°F

750°F

Hydraulic Fluid
Castrol
ETO 5251
XF 1-0294

E R

Insulation
XA 5910

Lubricant
Compact (Ta + MoS
Lubeco 2123
Vitro-lube

)

Metals
Aluminum

Paints and Primers
DC 308
Midland 9 x 414
De Soto Supsr Koropon
DCXP-7-1359%
DCXR-6-2165

P ]

Plastics
DulPont 2501
Epon 957 (Teflon-glass)
Monsanto Skygard 700

oA

Scalants

AFML Viton
FC 2332
RTV 60
RTV 106
94-002
94-021
94-512

L

I\

A A A A KD

D Fxposure cvcles unless otherwise noted are =s follows

9% ks, 16% hours at RT

1.
2. 95 ksi, T2 hours in botling water
3.

90 Asi, 165 hours at 450° F
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Table 3-UL Properties of White Silicone Paints

Paint Bend Adhesion Total Normal Pencil Hardness '
B> Emittance
RT 450°F | RT 450°F l
> 2| B > (| (]|
Midland 2 0 0 0.75 0.74 3B 6B 4H 2B n
84410
Rinshed-Mason 0 0 0.9 3.80 0.80 2H 2B 4H HB
Q36W309
Dow Corning 0 0 0.5 0.79 0.79 2B 6B H HB
DC XP-7-1359 ]
Markal ( 0 0 0.76 0.76 B 6B 3H 2B
SR-4 | ' Y
Condition:
As sprayed and cured
> Immersed in water for 168 hours
B> Exposed at 450°F and 30 torr for 168 hours
B> The numbers in exch columr indicate inches of paint adhesion failure as measured from
the smallest bend radius on an ASTM conical mandrel, 0 indicates optimum adhesion —
Teble 3-V. Extreme Migh Tomperature Resistent Finishes J
Maxiraum -
Paint Type Service Function Application Data and/or :
Temperature Method Reference 4
Aluminized 1.000°F Abrasion pro- Conventional (1) A pencil hardness e
Polyimide tection spraying above 5H is main- :
corrosion tained by polvimide =
protection and coatings
decoration (2) Ref. 32 H
Silicate 500°F Thermal control | Conventional Ref. 33
j corrosion spraying
l protection and []
. decoration
Rokide A 3.600° F f Thermal control | Flame Re!. 34
j and decoration |spraying u
Aluminized 1.200° F rDe(:()l‘:_lkm and |Conventional Paint
| Stlicone | corrosion pro- spraying | practice Ref. 15
tection oased el o
i OR ServViCe CXposurss
V2-B2707-8
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Table 3-W. Inte:.or Paints

[] Service Temperature
Function -65°F to 150° F ~-65°F to 300°F -65°F to 400°*F

U General Epoxy - chromate primer Epoxy - chromate Air dry silicone -
Corrosion primer chromate primer

[ Protection (suitable to 450° F)
Impact and (1) Polyurethane Silicone (1) Stlicone
abrasion Enamel elastomer elastomer
protection (2) Vinylidene dispersion dispersion coating

fluoride coating (2) Flurocarbon
coating [[> elastomer

i coating [>

¥ Chemical Epoxy enamel over epoxy Epoxy enamel over {No requirement for
resistance chromate primer epoxy chromate chemical resistance

F‘ primer anticipated)

i General Acrylic - Nitrocellulose Air dry silicone Air dry silicone
decoration lacquer topcoat topcoat
Stress Activated, metal rich primer -

‘- corrosion silicone based
protection

h

U > Ailicrnate material to be evaluated for impact, abrasion and fire resistance.

P> Alternate material to be evaluated for impact and abrasion resistance,
B> Ii nued arises fluorocarbon paints will be used.

R |

Satisfactory performance of paint during actual

I aircraft service is the most reliable criteria for e Resistance to South Florida exposure
| paint selection. However, when paints must be
selected to meet new requirements, considerable o Adhesion and flexibility at -65°F

reiiance can be placed on simulated environmen-
tal tests. These tests have shown good correla-
tion with service history. Tests which Boeing
specification materials must pass are listed below:

(2) Primers - Corrosion protection under
salt spray.

(3) Elcvated Temperature Resistant Paints
(1) All paint material

¢ Adhesion in boiling distilled water

e Adhesion under water immersion

Resistance to hvdraulic fluid at 350°F

e  Adhesion under condensing humidity

¢ Resistance to Military Specification MIL-1.-
e Resistance to system and maintenance fluids, 23693 Jet Fngine Oil 2t 300°F
flamability and toxicity
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Interior paint materials will be applied and cured
by conventional means. Application will be by

air spraying, brushing, dipping, or flow coating.
All interior paint materials are capable of obtain-
ing full cure at room temperatures. Acoceleration
of curc by heating will be possible with all the
solected elevzted temperature resistant paints.

3.8.3 Plating
Mode]l B-2707 presents the usual airplane

requirements for corrosion resistance, anti-
galling coatings, and bearing surfaces protection.
In addition, the higher temperatures invclived and
the need for compatibility with titanium compo-
nents require special sonsideration,

Combinations of materials which would be sua-
ceptible to electrochemical or galvanic attack
will be avoided. Where this is not possible,
sacrificial or barrier coatings will be applied to
prevent corrosion. Plated coatings will also be
used to prevent direct chemical attack, inter-
granular attack, and stress corrosion of critical
cor-.onents.

Platings which are used, their applications and
limitations, are detailed in Boeing document
D6A10072-1 (Ref. 36), Protective Finishes,
Detailed Requirements for Model B-2707. As
noted in this document, many of the platings are
the same as those in use on current airplanes,
because the requirements are the same. The
increased temperatures of operation and the
widespread use of titanium impose new require-
ments for plated coatings. Low alloy, high
strengih steeis are plated with low embrittlement
cadmijum or cadmium-titanium alloy for corrosion
protection provided they are not in contact with
titanium. These coutings are used for compo-
nents operating to a maximum of 350°F oaly, in
order to avoid embrittlement and cadnrium
toxicity problems. At temperatures above 350°F,
a special diffused cadmium nickel costing is
applied, subject to the same restriction against
titanium contact. Electroless and electro-
deposited nickel are used where the piating must
be compatible with titanium.

Special attention is given tc hydrogen residuals
of plated materials in contact with titanium and
titanlum alloys. It has heen found that plated
parts which have not been baked for hydrogen
reduction lose their hydrogen to titanium metal
in contsct with them causing embrittlement of
the titanium at elevated temperatures.

The plating of titanium and titanium alloys requires
close control of processing parameters. The
ability of these materials to rapidly passivate
makes the production of adherent metal coatings
difficuit,

The activation method currently used is aa anodic
treatment in a bath composed of glacial acetic
acld and hydrofluoric acid. This pretrestment
has produced consistently high adhesion of

nickel and copper coatings. Overlay plating of
any desired material is then made to the initial
coat by standard methods. Coatings produced

on titanfum by this method have been used
successfully. An example of such usage was the
titanium helium reservoirs on the Saturn booster.
Adhesion of the coatings was found to be excellent.
Gas residuals. for the various steps in the pre-
treatment. and plating processes were determined
and found to be well below the limits established
as damaging to titanium. Details of the project are
available in Test Report T2-3350-1 (Ref. 37).
Special processing will be employed for those
titanium alloys which prove difficult to plate by
normal methods. Specific cases are well covered
by previous work in the field. McGargar, Pohl,
Hyink, and Hanrshan (Ref. 38) report adhesion of
electroless aickel suitable for gears on a number
of alloys after a treatment involving vapor blast
cleaning, alkaline electroless nickel, diffusion
bake at 1550°F for four hours, and shot peening.
The same process was employed by Levy and
Romuld (Ref. 39) to produce coatings resistant

to seizing and galling on army weapons. The

post plating diffusion treatment must be compaticle
with the heat treatment of the alloy. Baking for

V2-B2707-8
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adhesion of nickel has reportedly been done at
temperaturea as low as 750°F for 15 minutes in an
argon atmosphere. Diffusion layers of three tc
six mils are reported after diffusion at 1550°F
(Ref. 40).

These latter processes are applicable to a wide
varieiy of titanium alloys. The abilit: to produce
an adherent coating by these methods permits
application of almost any follow-on coating.

3.8.4 Surface Treatment

Surface preparation is a key factor for adhesion
of structural adhesives and protective finishes,
corrosion protection, and avoidance cf galling.
It is also a factor in welding and in appearance
control of unpainted metal surfaces, Surface
treatments for aluminum, steel, and magnesium
are the same as those currently used and proven
successful on commercial airplanes.

3.8.4.1 Titanium Surface Preparation for
Bonding
The Pasa Jell .07 process has heen selected for
general prepaint preparation in view of its ease of
application and controllabilicy. The ability to
either immerse large details or manually apply
the treatment for prepain* preparation of
assemblies or to complete airplanes is an added
advantage.

Since Pasa Jell 107 has been selected as the
surface preparation prior to adhesive bonding,
many manufacturing problems are simplified
because common cleaning and treatment facili-
ties can be used. The treatment is compatible
for sealing.

3.4%.4.2 Titanium Coatings to Minimize Galling
The adverse galling properties of titaniumn are
well known and lubricative coatings are required
to minimize the problem where titanium surfaces
rub against each other. The conversion coatings
which minimize galling are Battelle phosphate
flvoride coatings, several proprietary anodic
coatings including one of The Boeing Company's,
and Watervliet Arsenal anodic hard coating.
Thesc coatings minimize galling under light
frictional loading. Their primary function is to
promotc retention of standard lubricants, since
adhesion of the lubricant to bare titanium is not
sufficient to produce adequate lubricity under
heavy loading.

For most applications, the easily applied
phosphate fluoride coating promotes satisfactory

L ———— ———— S
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adhesion to dry film or fluid lubricants, Abrasive
blasting produces good adhesion of lubricant and
subsequerit Jubricity although the surfaces
obtained are not suitable for many types of parts,

The us~ of lubricants to minimize galling is
discussed in Sec. 3.7.

3.8.4,3 Titanium Surface Preparation, Appear-
ance Control
Normal cleaning and pickling processes ior
titanium produce an acceptable appearance after
fabrication, Nitric hydrofluoric acid pickling,
for scale removal or prewelding surface prepara-
tion, produces a smooth and lustrous surface.
Pickling to remove one to three mils per surface
of metal also produces appearance uniformity on
machined surfaces when the machine marks are
not overly prominent. When surfaces are
chemically milled during fabrication, they have
ucceptable appearance equivalent to those after

pickling.

3 8.5 Erosion Protection

The problem of erosion manifests itself in the
flight of the airplane through rain. Rain erosion
is a divect function of impingement velocity and
angle, drop size, and rate of rainfall. Rain
impingement will produce erosion damage by
exerting extremely high pressures over the area
of impact and by an outward taagential flow at
high velocities along surfaces.

a. Supersonic Rain Erosion Protection
Above 40, 000 feet, the expected droplet size is
less than one mm in diameter (Refs. 41 und 42).
At altitudes below 10, 000 feet, rain droplets
greater than two mm in diameter are rarely en-
counteved. It was predicted that droplets would
fragment and vaporize behind a shock wave in
air (Ref, 43). It was later shown on the super-
sonic s!ed investigation by Sundia Corporation
at the kolloman AFR sled facility that droplets
less than one mm in diameter did fragment caus-~
ing no erosion damaye; droplets one to three mm
in diameter did not fragement and caused crosion
dainage (Ref, 44).

It has been shown (Refs. 4% and 46) that the rate
of crosion decrcases sharply as the impingement
angle is decreased and approaches zero, if the
impact angle is less than 15 degrees. During
supersonic flight, crilical areas with respect to
rain erosion are wing leading cdges, empennage
leading odges such as stabilizer and vertical fin,
and the radome tip. In supersonic flight the wing
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leading edges will be swept back to 18 degrees.
Hence, erosion damage is not expected even from
rain droplets which arc not fragmented behind the
shock wave. Although the impact angle for the
empannage leading edges is greater, this area
will also be resistant to damage. Wahl

(Ref, 47) has shown that titanium has over three
times the rain erosion resistance of aluminum
and aluminum performs satisfactorily on leading
edges at Mach ¢. 9. Brunion (Ref. 48) as well
as De Corso and Kothmaun (Ref, 49) indicate
impact pressures from raiu drops at Mach 3 will
be about three times the impact pressures at
Mach 1, Thus, titanium should give satisfactory
protection to all leading edges.

The tip oi the nose radome is the most suscaptible
area to rain erosion damage and must be given
maximum protection. A preformed ceramic cap
is used to protect the fiberglass reinforced polyi-
mide radome. Candidate protective cap materials
available are alumina and Cer-vit. Cer-vitis a
recrystallized glass developed by Owen-Illinois,
Toledo, Ohio, Both alumina and Cer-vit are
suitable as electromagnetic windows in the radar
transmission frequency range. Alumina has
repeatedly shown its resistance to rain erosion at
supersonic speeds (Refs, 50, 51, and 52), Extra-
polation of existing data predicts high dersity
alumina will resist rain erosion at velocities up
to-Mach 10 (Refs. 52 and 53). The advantages

of Cer-vit, compared to alumina, are its ease of
fabrication where glass forming techniquss are
used, its zero porosity, and mirror finish, The
latter two advantages minimize erosion caused

by the tarzential shear forces due to water flow
along the surface,

The protective cap will be bonded to the fiberglass
reinforced polyimide radome. Both alumins

and Cer-vit appear to be compatible with the

high temperature organic adhesives.

The Boeing Company is participating in the joint
Ajr-Force Materials Laboratory — Naval Air
Developmernt Center 1968 program for evaluation
of rain erosion resistant materials at supersonic
speeds. The tests are conducted at the Holloman
Aix Force Base rocket sled facility. Test speci-
mens are mounted on a wedge (Fig. 3~71) which
is designed to preseat faces at angles of 13.5,
30, 45°, 60 , and 90° to the sled direction and
rain field. These nover the spectrum of leading

edge frontal angles of the B-2707. Materials are
tested at Mach 1.5, 2.0, 2.5, and 3.0.

Materials representative of the exterior of the
B-270"/ are being tested as well as candidates for
rain erosion protective coatings. The materials
are:

a, Titanium skins -— on polyimide honeycomb
core,

b. Glass reinforced plastic skins — on polyi-
mide honeycomb core sandwich.

c. Sealed surface of glass reinforced polyi-
mide laminate,

d. Alumina-bonded to a polyimide laminate.
e. Cer-vit 106 (devitrified glass).

A representative from The Boeing Company is
assisting in the testing of those specimens sub-
mitted by The Boeing Company. This enables

the company to have firs: hand, immediate data
from tests of all materials including those from
the results of work done by the Brunswick Corp-
oration under AF Contract AF 33(615)3342. Mat-
erfals will be characterized as to physical proper-
ties, such as hardness, surface finish, tensile and
flexural strength, density, porosity, and modulus.
Attempts will be made to correlate test perform-
ance with these characteristics. Flat ceramic
coated polyimide test specimens have been tested
at the Holloman supersonic sled test facility at
Mach 1. 5 with a rainfall rate of 2, 6 in. /hr using
two mm rain droplets. This is a4 very severe
environment and .s not expected to be encountered
in actual flight, Both the aluinina and Cer-vit
samples showed no signs of rain erosi-n damage,

Tests are being couducted to determine the bond
strength, thiermal shock characteristics, and
impact characteristics of ceramic coated polyi-
mide laminate systems. These tests wi!l be per-
formed at temperatures up to 550° F and bond
streungths are expected to be at least 1,000 psi at
550°F. Room temperature bond strengths of
3,800 psi are attained. Thermal shock resistance
is predicted to be good since the thermal expan-
sions of the laminate and ceramic materials are
of the same magnitude. Impact resistance is
evaiiated by firing projectiles at velocities up to
M-ch 1 at test specimens.
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Figure 3-71. Wedge Test Jig for Rain Erosion Sled Tests
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The physical properties for alumina and Cer-vit
are shown in Table 3-X.

Elevated temperature resistant elastomeric
materials are used for subsonic rain erosion
protection., Elastomeric materials applied as
thick coatings or adhesively bonded shields have
been effective in protecting laminate structures
from damage by rain at subsonic speeds. Cur-
rently used neoprene materials are not satis-
factory sinoe elevated temperatures to 550°F
will be experienced. Therefore, heat resistant
elastomers, such as fluorocarbon and silicone
rubbers are selected. A comparison of the
essential properties of a neoprene rain erosion
protective ccating (Gaco N-79) and a filled
fluorocarbon elastomeric coating (Viton A) is
shown in Table 3-Y (Refs. 54 and 55). The data

show that such materials will provide satisfac-
tory subsonic rain erosion resistance. The
abrasion resistance and tensile strength of Viton
A is comparable to that demonstrated by the
Gaco material.

Surfaces are abraded and solvent cleaned in
preparation for bonding rain erosion protective
coatings and caps. Coating application is by
brush or spray. Shields are formed by con-
ventional deep drawing or calendering and
adhesively bounded to the radome.

3.8.6 Elimination of Precipitation, Static Charges

Protection from static charge buildup will be
afforded to reinrorced polymeric materials used
on exterior surfaces by application of conductive

l

Toble 3-X. Pruperties of Rain Erosion Protective Materials

Properties Alumina CER-VIT
Coefficient of thermal expansion -5
65 to 500°F 1.1x10°°/°F *
Porosity 0.6 0
Denaity 3.4 2.5
Moduius of Rupture, psi 60, 000 70, 000
Hardness, Knoop 800 600

(500 gm load)

(20U gm load)

Young's modulus. psi x 10°° 50.0 13.3 é
Peisson's Ratio 0.26 0.25 ﬂ
Dielectric Constant at 77°F at 932°F at 77°F

1 Mc 9.5 11.3 5.4 {J

10 Ge 9.4 10.0 -

Loss Tangent

1 Mc 0.0007 0.0047 0.005

. 10 Ge 0.0002 0.0002

* The thermal expansion can be tailored from -30 {0 + 140 x 1077/°F

over a wide temperature range.
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"Table 3-Y. Properties of Subsonic Rain Erosion Coatings

Ref. 55 Tensile Elongation | Energy of

Ref. 54 Abracion Strength, at Break, Rupture,
Material Exposure Index psi percent Ib/ind |
Gaco
N-79 None 2-4-2.9 1060 1150 4280
Viton A

+ None 2.2 820 270 1300
Purecal

U
Viton A

+
Purecal 550°F 2.8 - - -

U

coatings. The conductive coating will be either
Du Pont P.1. 5200 or Boeing developed carbon
black modified silicone elastomeric coatiing.
Conductive coatings have a surface resistance no
greater than 100 megohms per square to assure
bleedofi of static electricity before discharge
damage can take place. To nrevent radar inter-
ference associated with highly conductive materizals,
conductive coatings applied to radomes have a
surface resistance greater than one megohm per
square. In addition to meeting the conductivity
requirements, conductive coatings are resistant to
temperatures in the 450 to 500°F range. Table
3-Z shows pertinent properties for the selected
coating. Polymer reinforced laminates will be
prepared for coating by sealing, sanding, and
solvent wiping. Conventional air spraying or
brushing will be used to apply the conductive
coatings

3.8.7 Marking Materials

a. Permanent Markings
Permanent marking will be required on parts and
assemblies to assure proper identification during

final assembly, maintenance, repair, and storage.
Certain areas of the airplane will require markings
for identification, decoration, and instructional
purposes. Permanent markings used on current
commercial airplanes are used and are shown in
Table 3-AA. Part identification markings suited
for elevated temperature exposure are shown in
Table 3-AB.

Stenciling and silk screening with air dry silicone
paint is employed for decorative and instructional
marking on surfaces subject to temperatures above
300°F. Stenciled exterior markings will have the
color range and durability required and will re-
sist the exterior elevated temperature reduced
pressure environment.

b. Temporary Markings
Temporary markings are used to idenciiy parts
during manufacturing. Materials and methods
established on current airplanes will be used for
temporary marking on aluminum, steel, and
stainless steel surfaces. For titanium alloys,
temporary markings are applied by rubber
stamping utilizing the inks listed in Table 3-AC.
The selected inks are free from halides and are
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Teble 3-Z Properties, Anti-Stotic Cootings

Surface Percent
Resistance Resin Pigment | Exposure
Material | Megohms/Square Cure System By Weight Test
PI1 65200 0.5t0 15 200°F Polyimide 7.5 500°F with
15 to 20min., no failure
500°F
30 min.
1 Room Silastic 14 450°F
temperature 30 torr,
with no
failure
Table 3-AA Permenent Markings
Plastic Film Stencil
Decal Paint Film (Etched Metal Silk
Metal-CAL Nameplate (Mylar) Decals or Machine Cut) | Screening
Material 0.002 %0 0.003 Al 0.040 1100 or Polyester Lacquer or | Lacquer. ink Lacquer.
Color anodized 3003 Al enamel or enamel ink or
enamo!
Adhesive Pressure sensitive | Mechanically Pressure Varnish or --- .-
DESCRIPTIVE rubber base. 0.001 | attached: sensitive dextrin
PROPERTIES thick or solvent 15.363
{(TYPICAL activated
VALLES Total 0.004 0.040 plus 8CTEW | [cas than  0.002 t0 0.004 0.001 to 0.003 |0. 0002 to 0. 0015
thickness heads or crimped | 0. 0045
“fingers"
Flexibility Satisfactory Low Satisfactory | Satisfactory| Satisfactory Satislactory
Weight Satisfactory Relatively high Satisfactory | Satisfactory | Satisfactory Satisfactory
Legihility Excellent Exccllent Excellent Excellent Poor to Excellent
excellent
APPLICA- Easc of Modi- | Fair Goaod to faiv Fair Fair Goexd to fair P Fair
BILITY fication or
replacement
Cost Satisfactory Satisfactory Satisfactory | Satisfactory | Satisiactory Satislivtory
Abrasion Excellent Exccllent Excelient Satisfactory | Fair Fair
Cleaning Excellent Excellent Excellent Fair Fair Fair
Fuel Satisfactory Excellent Satisfactory | Satisfactorv | Satislactory .-
RESINTANCE Temperature
PROPERTIES Limit 00 F 5 F o0 F 175 F 160" to 500* F 1750
Humidity Excellent Excellent Excellent Far RIS ---
Water Excellent Excellent Excellent Satisfoctory | Satisbin tory .-
Wenther Exeellent Facellent Excellent Poor to Doar to
1 satisfactoeryy  <atisfacton

(Iiw-cmlx on stencil tvpe uxd background

—_
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Toble 3-AB Elevared Temperature Markings

Marking Material
Service Service
Marking Temperature Temperature Material
Method -i5 to 300 F -65 to 450° F Selection Based On Exceptions
1. Rubber Polyurethane Silicore . Temperature resistance None
Stamping resin hase resin hase . Appearance retertion tests (Sce Tahle
ink ink 3.8.7.1-)
. Exterior paint qualification tests (See
scction 3.8, 2. 1)
2. Electric tempernture limitation 707. 720 and Titantum
Etching same as part material 727 experience Allovs
|
3. Elecirochemical Tempe rature limitation 707, 720 and Nonmetals
Fiching Same as pari material 727 experience
L

Table 3-AC Temporary Marking Inks, Titanium

Material D Color Source
——— e L —_— —. ﬁ

Category | (Max temperature 300° F)

DX-100 Purple Dykem Ink Co.

DX-296 Red Dykem Ink Co.

512 Black Meyercord Co.

73IX-NW Black Independent Ink Co.

S-1141 Black Marking Device Manuf. Co.

WE 43 Yellow Genera! Printing Ink Co.

Paul Bunyan Purple Dickson Ink and Chemical

Co.

Category Il (Principally for use above 300°F)

Paul Bunyan water-soluble inks plus 10 percent sodium silicate

D Removability effected by conventional shop solvents. e.g.. acetone. methyl
cthyl ketone or alkaline cleaner
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adaptable to rubber stamping. Tagging is used

where ink markings would be subjected to abrasion
or where methods of ink removal are incompatible

with part materials. Use of these materials and
methods is controlled by a company specification.

3.8.8 Processing and Manufacturing Aid Materials

Processing and manufacturing aids such as

marking materials, protective coatings, machining

lubricants, and processing chemicals have been
evaluated for compatibility with titanium. The
materials were evaluated by:

e Chemical analysis of the material for halide
content (principally chloride iom).

o Short time exposure of stressed titanium alloy

specimens at elevated temperature (850°F)

e Exposure of flat specimens of titanium alloy
at 500° to 550° F.

Subsequent anaiysis of exposed titanium specimens
included Allison bend testing for surface embritile-~

ment, vacuum fusion gas analysis for detection of
hydrogen or oxygen pickup, and metallographic
examination for evidence of intergranular attack.
Results of the tests are shown in Table 3-AD,

3.9 CHEMICAL AND ELECTROCHEMICAL
PROCESSES
The electrochemical processes are electrochkem-
ical milling, elactrochemical grinding, »nd
electrical discharge machining; all are used to
remove metal and to shape metal parts, Thus,
they supplement mechanical machining processes
and provide increased flexibility in part design
and economy in part production., Aircraft
industry experience has proven the value and
relinbility of tha electrochemical machining
processes for producing complex shapes from
high strength materials,

Chemical processes are chemical milling,
cleaning, and descaling, In usage, chemical
milling is similar to the electrochemical
processes but the processing method and
controls required are more closely related to
cleaning and descaling.

Chemical processing of steel and alusninum
alioys is well understood and has been widely
employed for many years. The procedures
used for the B-2707 will be the same as those
successfully used throughout the industry.

For titanium alloys, the danger of hydrogen
embrittlement and chloride contamination has,

in the past, caused considerable concern about
chemical processing of titanium, While close
control of these processes must be exercised,
experience has proven the compatability of
chemical processing methods for titanium,

3.9.1 Cleaning and Descaling

Degreasing and alkaline detergeut cleaning
materials are used for removal of oily and
water soluble soils. This class of cleaners
are firmly established and their use is

quite routine. However, before any specific
commercial cleaner is approved for use by
The Boeing Company, it is tested for cleaning
efficilency and material compatibility. For
exampie, Freon PCA* solvent is selected for
vapor degreasing of titanium in lieu of the
commonly used trichlorethylene which can
induce stress corrosion cracking.

A variety of acid pickling processes is used
for the removal of scale formed during heat
treating or hot forming metal. Deoxidizing
solutions for aluminum are efficient with low
etch rates and minimum metal attack. For
steels, although tenacious heat treat scales
are common, safe and efficient descaling
methods have long been established, Deacaling
of titanium is complex, but test and production
experience (since 1950) has estahlished effec-
tive methods directly applicable to the B-2707,
Recent investigations have updated this tech-
nology for the new applications to be encounter-
ed.

a. Pickling Solution for Titanium
Nitric hydrofluoric acid mixtures continue to be
the standard solutions for descaling, general
surface preparation, and ligh: etchirg to remove
contaminated metal. The nitric to hydrofluoric
ratio and bath temperature must be controlled
to avoid input of hydrogen to the base metal and
selective etching during descaling. High nitric
to hydrofluoric ratios result in low etch rates,
whereas low ratios result in hydrogen em-
brittiement. The proper nitric to hydrofluoric
ratio can be maintained by hydrofluoric acid
additions; controlled either by analysis of
free hydrofluoric acid or by determination of
etch rate. Figure 3-72 shows the effect of
hydrofluoric acid concentration on etch rate
for titanium pickling solutions. The etch rate
range used is 2 to 5 mils per surface per hr.
This produces effective descaling and minimizes
selective etching., With this etch rate range
and the proper nitric acid concentration, the

*1, 1, € - Trichloro - 2, 2, 1 - Trifluoroethane
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Toble 3-AD. Compatibility of Menufacturing Aid Moterials

Tapes and Temporary Coatings

Protex 50 tape
Mystik 6223 tape
Mystik 6250 tape
Tuck 90T tape
Mystik 5863 tape
(black and olive drab)
Permacel 95 tape
Shuford Mills CP11 tape
Shuford Mills RP52 tape
Tuck 90W tape
Vinyl chloride strippable
protective coatings
Spraylat SC-1071 coating

Approved

E R T

Not Approved

e

Meyercord 512 black ink

Sigmund Ullman W-E-yellow 43 ink
Paul Bunyan purple ink

DyKem DX 100 ink

DyKem DX 296 ink

Cado Flomaster black and purple ink
Independent Ink #68 red ink
Independent Ink 73 x NW black ink
Marco S-1141 black ink

HKH R

Machining and Forming Lubricants

5 percent Barium Hydroxide solution
Freon Butyl Cellosolve mixture
Mineral Oil (Chevron white oil #3, NF)
Sodium Nitrite solution. 5 to 10 percent
Mobile TJ-73

Cut Max 569

Rapid Tap

Everlube T-50

Fel-Pro C-300

Solvac NP

Solvac 2032

Hocut 237

Tapzol 410

Grind Tex B 410

Mobile Met 25

Habcool 318

Tap Magic

Mobil C-250

R

KR HNR

xR A
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Teble 3-AD. (Concluded)

Solvents

Naphtha

Acetone (and other ketones)

Stoddard solvent

Alochols

Toluene, Xylene

Butyl Carbitol

Butyl Cellosolve

Freon PCA

Carbon tetrachloride

Trichlorethylene
(above 800°F)

Methy! chloroform

Methylene chloride

Approved Not Approved

25 2¢ 26 5¢ ¢ 24 ¢ K

K XX

Miscellaneous Material

Turco Pre-Treat (heat treat coating)
Turco 4316 (scale conditioner)
Turco 4338 (scale condidioner)

ZL-2 (penetrant inspection fluid)

R

hydrogen evolved is not significantly absorbed
in the titanium. Any hydrogen pickup encount-
ered is small relative to established allowable
leve! ) for the various alloys. The data plotted
I=. Figs. 3-73 and 3-74 show the relstionship
between otch rate and hydrogen piclup.

Selective etching can be avoided by techniques
such as repeated cycles of immersion and
air-water blasting. Unusually tenacious scale
may be removed by abrasive blasting. However,
use of heat treat protective coatings or scale
conditioners minimize the need for this type

of descaling.

b. Heat Treat Protective Coatings for
Titanium
Several coatings have been selected on the
basis of effectively minimizing acale formation
in different temperature ranges, for removabili-
ty, snd for minimizing axygen alpha case. These
coatings and their special characteristics are:

o Pre-Treat, Turco Products, Inc — This
is a special kaolin-resin combination
applisd by spreying to s controlled
thickness on cleaned surfaces. Proteciion
to 1,900°F is afforded with best effectiveness
to 1,725°F, ARer application, the coating

V2-B2707-8

dries and has moderate resistance to
handling,

T-50, Everlube Corporation of America —
This molybdenum disulfide graphite filled
silicone material is applied by spraying and
affords protection to 1,900° F for a few
hours, This coating is the particular
selection for parts to be hot formed since

it iubricates and minimizes scale and
resists being scraped off.

Boeing Ceramic Costing — This sprayed on
coating is used above 1,400° F to minimize
oxygen alpha case.

Fuller Hi-Heat 171-A25 — This is an
aluminum silicone paint. Its application
and use are similar to the Boeing ceramic
coating but slightly less effective in
minimizing alpha case.

Boeing Crystalline Coating — This agqueous
solution includes a nitrate and carbonate.
When brushed on titanium to be heated to
1,500° F. it causes formation of scale
consisting largely of a litanate. This
scale is considerably less tenacious than
normal oxide scale.
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c. Titanium Scale Conditioners
Scale conditioners operate by altering the scale
after formation for easier removal, When a
coating and a scale conditioner are used, maxi-
mum scale removal efficiency and uniformity
of metal removal are achieved,

Several commercial molten salt baths have
demorstrated effective scale conditioning and
materia! compatibilities, but their high opera-
ting temperatures have prevented their adoption.
A aewer low temperature molt«n beth, Kolene
Corporaticn Alko-N which operates at 4250F,

is being investigated.

Two agueous solution scale conditionera mam-
factired by Turco Products, Inc,, have the
following applications:

® Turco 4338, a conceatrated caustic

granuiar attack. A high nitric low hydrofluoric
solution can be used, but parts descaled in
inhihited hdyrochloric solution are genersally

more free of attack. Turco 4338 scale conditioner

is used to facilitate scale removal.

e. Descaling of Aluminum
A large number of commercial deoxidizers are
available for descaling aluminum. These ma-
teria!z are in current uze, have been proven
effective, and sre economical.

3.9.2 Chemical and Flectrochemical Metal
Removal
Cbemical and electrochemical wchniques will
be used to produce pockets, multiple holes. and
complex three dimensioaal shapes when con-
ventional machining is difficult or extremely ex-
pensive. The following processes will permit
designing a part i» an optimum coniiguration for

e

—

permanganate solution operating at ZG0°F — veight reduction:

This effectively removes residue of czramic

and I”. erlube T-50 coatings before pickling, e Chemical Milling.

but does not chemically alter titanium scale

itself. It is primarily designed to condiiion e FElectrochemical Machining (ECM),
scale on stainless .teel and certain nickel

cobalt alloys. This maierial is currently e Electrical Discharge Machining (EDM),
used at Boeing for titanium and stcei.

e Electrolytic Grinding (EG).

e Turco 4316, a concentrzted caustic solution
operating at 270°F — This solution removes
ceramic and Everlube T-50 residue after
heat treatment and chemically alters
titanium scale. It is effective on scale

ﬂ foimed over a wide heat treat range and

considerably siraplifies pickling. It is used . .
only for titanium, Chemicaily and electrochemically milled surfaces

. are free from induced residual stresses. They
( d. Descaling of Steels exhibit fatigue characteristics similar to those
. Carbon sicels at strength levels less than 220 ksi  resulting from end milling with sharp tools to 2

are descaled in inhibited hydrochloric acid. standard RHR 125 finish as shown in Fig. 3-75.
t Higher strength steels are abrasively descaled.

Each of these techniques have been thoroughly
evaluated with regard tu dimensional tolerances,
reproducibility, surface finish, and efiects on
material properties and is controlled by company
specifications.

Electrolytic grinding removes 90 percent of the
metal electrochemically and 10 percent abrasively;

Austenitic or martensitic stainless steels are producing surfaces with a slight residual tensiie

most readily descaled in nitric hydrofluoric acid. stress. Stress measurements on titanium parts
B The 10 to 1 nitric to hydrofluoric solution as used indicate that residual stresses .com electrolytic
for titanium is satisfactory although a lower ratio grinding are only 10 to 20 percent as high as
(4 to 1) is somewhat more effective for descaling those introduced during conventional grinding.
u and does not produce excessive steel etching. Electrolytically ground paris can usually be used
Becausc high heat treat temperatures are common,  as produced.
heat treat protective coatings are definitely 9
advantageous. For this purpese, Turco Pre-Treat  Electricsl discharge machining introduces high
O or a siliconc coating developed by Boeing arc used.  residusl tensile stresscs. and a remelted auad

oxygen contaminated surface as shown in Fig.
3-76. The contaminated surface is removed
by chemical or coaventionul machining technigues.

Precipitation hardening stain'rss steels require
pickling in low ctch rate solutions to avoid inter-
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Figure 3-75. Fatigue Life of Chemically Produced Sutfaces

a. Chemical Milling
Chemical milling is used un wing and body skin
sections to reduce gage of sheet metal and to
produce desired shapes. Chemical milling is
used to remove metallurgically disturbed surfaces
such as those produced by grinding.

Approved chemical milling processes have been
developed and sources established for aluminum,
magnesium, ferrous alloys, Rene' 41 or M-252,
titanium, and titanium alloys.

Surfaces generated by chemical milling and con-
ventional machining in any combination are used
as dictated by design or manufacturing economy,
The specification requirements control the sur-

face finish, dimensional tolerances, fillet radii,
transition zone, preferential attack, and hydrogen
pickup.

Chemica! milling can be used to reduce thickness
tolerances, thereby providing a minimum weight
structure at a reasonable cost. A potential weight
saving of 0.08 pounds per square foot may be
realized oy decreasing chemical milling thickness
tolerances from the usual +0.005 in, to the
weight-equivalent of +0.002 in,

Chemical milling and light etching of titanium
parts will be accomplished in a nitric hydrofluoric
acid solution or in a chromic hydrofluoric acid
solution. Hydrofluoric acid is the etching snlution
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Figure 3-76. Micrograph of EDM Produced Surface

and the nitric acid or chromic acid limits hydrogen
absorption and moderates the etch rate. A

wetting agent is used to lower the surface tension,
thus reducing the contact angle of the solution

with the metal. This allows the reactant gas to
escape from the surface as small bubbles and
eliminates surface roughening.

Hydrogen contamination of titanium will be con-
trolled by maintaining a high concentration of
nitric acid in the solution and a solution etch rate
which is greater than the diffusion rate of hydrogen
in the metal. The following relations have been
established:

o  The etch rate and the hydrogen pickup will
decrease exponentially and will approach
zero as the concentration of nitric acid
increases.

o Increasing the concentration of the available
hydrofluoric acid will increase the etch rate
exponentially and will increase the hydrogen
pickup to a maximum value which will then
decrease as the etch rate greatly exceeds the
nydrogen diffusion rate.

e Dissolved titanium combines with the fluoride
and decreases the available hydrofluoric
acid, decreasing the etch rate.

¢ The etch rate will increase exponentially
as the temperature increases.

e The temperature and wetting agent have
littic effect on hydrogen pickup.

Etch rate and hydrogen pickup are shown in Figs.
3-73 and 3-74.

b. Electrcchemical Milling (ECM)
Electrochemical milling is essentially reverse
plating. The metal is dissolved in an electrolyte
flowing between the part and an electrically
charged tool. Since cvrrent density is very much
higher on the surface near the tool, the metal is
preferentially dissolved to duplicate the shape of
the tool. The dissolved metal is carried away by
the electrolyte. The machining rate is deter-
mined by the chemistry of the metal and the
current density and is completely independent of
part hardness,

The principal use of electrochemical machining
has been to generate holes and cavities in titanium,
nickel, and ferrous alloy parts that would be
impossible or impractical to machine by other
methods, This technique may also be used to
machine extrusions.

The J extrusion shown in Fig. 3-77 can be pro-
duced by electrochemical milling as well as con-
ventional machining. The I extrusion shown can
only be produced by electrochemical milling,
because the thin webs would distort as a result
of residual stresses induced if the part were
machined.

¢. Electrolytic Grinding (EG)
Electrolytic grinaing is similar to electrochemical
milling except that a charged metal composite or
metal backed grinding wheel is used as the tool.
Ninety percent of the part machining is accom-
plished electrochemically, the remainder by
grinding.

Most of the advantages and restrictions of electro-
chemical milling also apply to electrolytic grind-
ing. Multiple-pass electrolytic grinding of large
surfaces is not feasible; if passes do not overlap
ridges are left, otherwise adjacent areas are
undercut.

d. Electrical Discharge Machining (EDM)
Electrical discharge machining utilizes a charged
tool and high frequency sparking to vaporize the

V2-B2707-8
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E. C. M. PRODUCED "I" MACHINE MILLXD "J"
EXTRUSION 2.5" x 1.7" EXTRUSION 2.5" x 1.7"
x 0,030" x 360" (.015" x 0.060" x 360" (MINDMUM
MINDOM PRODUCINLE MACHINABLE THICKKESS)
TRICKNESS ) ,

19.7 POUNDS

10,2 POUNDS

=

Figure 3-77. Applications of Electro Chemical Milling-Extrusions

nearest metal surface until a cavity is formed considered for their effect on the structural

which duplicates the shape of the tool. The part materials, passengers, and crew during flight. l;
is submerged in a dielectric and additional di- A summary of these factors is presented here. \3
electric is pumped through the tool to prevent A more complete discussion anpears in Operations

forming a stable arc, to carry away metal particles, Suitability V4-B2707-1,

and to cool the part thus limiting the depth of heat

affected metal. The copper cutting tools are a. Ozone

simple and inexpensive, but are consumed at a The ozone concentration in the stratosphere can
relatively high rate frequently requiring separate exceed 10 ppm by volume. Ozone resistant

teols for the roughing and finishing cuts. Machin- materials have been selected on the basis of

ing rates are slow but are completely independent present knowledge. If long term evaluation tests,

of part hardness. now in progress, show detrimental effects, suit-
able protection will be provided.

Electrical discharge machining will be used to

produce blind or through holes in difficult to b. Radiation

machine metals. The damaged surface produced Solar ultraviolet is the only radiation that should

will be removed by chemical or conventional affect materials. It will be a factor only for |

machining methods. organic materials on the exterior surfaces. |
| Materials which might be affected are being |
| 3.10 ENVIRONMENTAL FACTORS evaluated under simulated flight conditions in-

: The atmospheric environmental factors including cluding temperature, reduced pressure, and

ozone, radiation, and par'ticulate matter must be ultraviolet radiation.

V2-B2707-8
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c. Particulate Matter
The concentration of aerosol particles in the
stratosphere is so small that they are not expected
to cause any gross effects by erosion or chemical
action to the surfaces.

3.11 HYDRAULIC FLUID

Humble WSX-6885 hydraulic fluid, manufactured
by the Humble Oil and Refining Co., Linden,
New Jersey, has been tentatively selected as the
hydraulic fluid material for the B-2707 hydraulic
system use. This is a trimethylolpropane ester
material which possesses physical and chemical

properties necessary for efficient hydraulic sys-
tem operation at both low and elevated ‘ ;mpera-
tures.

Complete hydraulic fluid properties and evaluation
which include tables and graphs depicting thermal,
hydrolytic, and oxidative stability corrosion
characteristics, and other property data, as well
a8 extensive pump loop and systems test data on
ETO 5251 fluid (chemically. identical to WSX-6885)
are presented in Systems Report Part B,
V2-32707-11, Comparable data are also included
for other promising candidate hydraulic fluids.

V2-B2707-8
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4.0 FASTENERS, BEARINGS, AND SYSTEMS COMPONENTS

4.1 FASTENERS

The factors which were considered in the fas-
tener type and material selection include the fol-

Required strength levels

Fastener configuration

Weight

Corrosion resistance

Compatibility with structural material
(1) Coefficient of expansion

(2) Galling

(3) Coatings and lubricants

Thermal effects on fastener material
(1) Properties at temperature

(2) Properties after exposure

(3) Metallurgical stability

Cost

Production installation characteristics

Producibility and availability. Table

ws compariscn of fastener materials.

4.1.1 Bolts and Nuts

Bolts selected for general use are Ti 6A1-4V.
Bolts are heat treated to 160,009 psi minimum
ultimate tensile strength and 95, 000 psi mini-
mum shear strength, Higher strength bolts for
use at temperatures of -65°to 500°F are A286
processed to 200, 000 psi minimum ultimate
tensile strength. Table 4-B shows representa-
tive tensile and shear data for bolts of these
materials when tested at room temperature and
at 500°F before and after exposure at 500°F.

Bolts and nuts are unplated and are lubricated,
when required, with a solid film lubricent suit-
able for high temperature service. For most
applications, protruding head bolts are the ex-
ternal wrenching type (12 point or spline con-
figuration); some bolts are of the hexagon head
type. Bolts with 100 degree countersunk heads
are the Hi-Torque recess type. High fatigue bolts
have rolled threads in compliance with Military
Specification MIL-S-8879.

A286 nuts are used in sizes and types not avail-
able in titanium in production quantities. Torque
tension data have been developed for the various
bolt-nut material and solid film lubricant com-
binations. Figure 4-1 illustrates the variation in
preload obtained with lubricated and unlubricated
bolts before and after exposure at 500°F. Figure
4-2 shows the effect of specific lubricants on the
torque to tension relationship.

Figure 4-3 illustrates the type of data developed
for establishing torque-tension design information.
Data obtained from residual tension relaxation
tests after elevated temperature exposure are used
in establishing installation torque values. Estab-
lished torque values result in optimum preload or
clamp up after any relaxation, Preload indicating
washers are used where closer control of initial
preload is required. Titanium 6Al-4V or corro-
sion resistant steel plain washers conforming to
NAS 1587 are used under hexagon or 12 point ex-
ternal wrenching nuts. Countersunk washers
(NAS 1587) from these materials are used under
bolt heads, or the structure is countersunk to
provide clearance for the bolt head-to-shank fillet
radius. Materials and lubricants are selected to
provide maximum corrosion resistance.

High strength corrosion and heat resistant alloys
such as Inconel 718 and Udimet 630 are used for
applications where ultimate tensile strength over
200, 000 psi is required.

4.1.2 Taper Shank Fasteners

Taper shank fasteners are used rather than
straight shank fasteners where high joint fatigue
life in bolted joints is required. The taper shank

V2-B2707-8
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Table 4-A. Comparison of Fastener Materials

l Fastener Material 6A1-4V A 286 Monel
Density 0.160 0. 286 0.319
Coefficlent of Expansion (500° F) 5.2 x 10-6 9.5x1206 | 9.0x1076

|_Corrosion Resistance _ Excellent Good Excellent
Stability at Temperature (500° F) __Good Good Good
Compatibility With Structure Excellent Good Good

Extreme Severe Moderate

G ?
Metallurgical Stability

~ Good Good Good

i

@ Good Excellent Excellent
Suitable Lubricant Available Yos Yes Yes

GUN Fair Good Excellent
Driveability (Rivets) ﬁUEE ZE Excellent Excellent Excellent
[ Shear Strength (Rivets
Room Temperature 90, 000 psi 90, 000 psi 49, 000 psi
500° F 69, 000 psi 82, 000 psi
After 1000-Hr. Soak at 500° F 82,000 psi

Table 4-B, Room and Elevated Temperature Strengths of 0.25 Inch Diameter Bolts

Room Temperature Tensile Strength (1b)

Bolt Material Unexposed After 500-Hours Soak at 500° F After 1000-Hours Soak at 500° F
Ti 6A1-4V 7,110 7,130 7,050
A286 8,715 8,625 8,490

500° F Tensile Strength (Ib)

Bolt Material Unexposed After 500-Hours Soak at 500° F After 1900-Hours Soak at 500° F
Ti 6A1-4V 5,620 5,690 5, 580
A286 7,740 7,735 7,600

Room Temperature Shear Strength (Ib) 500° F Shear Strength (Ib)

Bolt Material Unexposed |After 1.000-Hours Soak at 500° F After 1000-Hours Soak at 500° F
Ti 6A1-4V 5,155 5,185 4,230
A286 5,800 5,745 5,070

NOTE: Bolts were tension loaded to 50 percent of their 500° F tensile strength during the 500 and
1, 000-hour exposures.
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5000 p———1/4-28 T1 6A1-LV Bolts with Ti 6Al-UV Nuts —-
All nuts coated with Lubeco #2123 dry film
lubricant. Bolts were tension loaded to
50 percent of their 500°F tensile strength
during the 300 hour exposure.
BOLTS COATED WITH / //
BOLT 3000 LURECO #2123 DRY —
TENSION FILN LUERICANT  \ /
{pounds) BEFORE EXPOSURE
AND AFTER 300
HOURS AT 500°F UNCOATED BOLTS
2000 / ml ml R
/< UNCOATED BOLTS
Z AFTER 300 HOURS
1000 AT 500°7 —_—
0 25 50 ™ 100 125

TORQE (inch pounds)
Figure 4-1. Torque-Tension Curves, Lubricated and Unlubricated Titanium Bolts and Nuts

4000 | r /
LURRCO #2123 /
3000 mrormx N\ /
BOLT LUBRICATED
TENSION s /
(pounds) /° A
p, Z
2000 7 K
JV ~ESNALUER #382
/ / DRY FILM LUERICATED
oo |— L N—
// 1/4-28 ™ 6ALLY
Uncoated Bolts
e A286‘ Ruts

0 25 50 75 100 125
TORQUE (inch pounds)

Figure 4-2. Torque-Tension Curves, Uncoated Ti-6Al-4V Bolss and Lubricated A286 Nuts
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Figwe 4-3. Torque-Tension Curves, Uncoated Ti-6A1-4V Bolts with A286 Nuis, Size Evaluation

fasteners are Ti 6Al-4V coated with a solid film
lubricant to prevent galling and seizing in the hole
during instaliation. Figure 4-4 is represcntative
of data developed to compare the fatigue life of
joints fastened with taper shank bolts with that of
joints fastened with straight shank bolts.

4.1.3 Hex Drive Fasteners

Shear head hex drive bolts with controlled pre-
load type collars are used in primary shear
joints which are not fatigue critical. These bolts
are Ti 6Al1-4V coated with a 8olid film lubricant.
Collar materials are A286 and Ti 6Al-4V (when
available) coated with a solid film lubricant.

Installa'' >n processes are controlled by Company
process specifications. Company standards are
used for control of standard fasteners not cov-
ered by service or industry drawings.

4.1.4 Rivets

Materials selected for solid rivets are Ti6Al-
4V, A286, and Monel. Titanium 6Al-4V and
A286 rivets have a minimum shear strength of
90, 000 psi. Monel rivets have a minimum shear
strength of 49,000 psi. Reduced and standard
100 degree head, and standard universal head
types are used in 1/8- to 3/8-in. diameters. In
joints subjected to high fatigue loads, rivets are
installed by a room temperature squeezing
process. In joints which are not fatigue critical
or are nonstructural, rivets zre installed either
at room temperature or hot by squeezing or gun
driving. Squeezing and gun driving installation
procedures have been cstablished by extensive
teating, and are controlled by company process
specifications. Fluid tight riveting procedures
are also controlled by a company specification.

v2-B2707-8
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4.1.4.1 Titanium Rivets

Titanium 6Al-4V rivet material is used for high
fatigue resistant structural joints, where instal-
lation can be accomplished by compression head-

ing (squeezing).

The close packed hexagonal structure of titanium
is not conducive to high deformation at room
temperature such as is required for squeeze
riveting. Economical use of titanium riveting is

predicated on driving at room temperature. A
detailed study of the relationship of heat treat-
ment procedures in conjunction with rivet manu-
facturing was conducted. The result has been
that a rivet is now available that can bc squeezed
as successfully as the high sirengta aluminum
rivets. Figure 4-5 shows a comparison of the
driving capability of Ti 6Al-4V rivets as origi-

nally produced and those as currently being used.
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More thar 500,1/4-inch diameter rivets have
been squeeied without a fajlure. A limited nuri-
ber of 3/8-inch rivets have Lyen succesefully in-
stalled. The installation of larger diameters,
using this method, are being evaluated.

More than 150, lap shear joint specimens of the
type shown in Fig. 4-6, fastened with annesled
Ti 6Al-4V rivets, have been fatigue tested. The
effects on joint fatigue life of heading force, hole
eize, and i0 stress ard temperature are
shown in Figs. 4-7, 4-8, and 4¢-9. Curves in
Fig. 4-8 indicate that reasonable hole tolerances
can be used.

A gun driven rivet system was developed for
those areas not requiring the high squeeze instal-
lation procedures. This system uses dry film
lubricated rivets that are installed in interference
fit holes.

Installation is sccomplished as follows:
a. The rivet is driven into the hole.

b. The projecting end of the rivet is resist-
ance heated by a contact electrode during a timed
heat cycle.

c. The rivet is upset by a standard rivet
gun using the electrode as the bucking bar. Acti-
vation of air pressure 10 the rivet gun is solenoid
controlled to prevent driving the rivet before
proper heading temperature has been reached and
current is cut off.

4.1.4.2 A286 and Monel Rivets

A286 rivets are used for applications requiring
installation by gun driving at room temperature.
Standard shop rivet guns and bucking bars are
used to install A286 rivets in sizes through 1/4-
inch diameter. The A286 rivets are similar to
NAS 1198 and NAS 1200 except for improved
dimensional tolerances and closer coatrols on
strength and corrosion resistance. For improved
fatigue nerformance, A286 rivets may be in-
stalled with the same squeeze process developed
for Ti GAI-4V rivets.

More than 150 lap shear joint specimens of the
tvpe shown in Fig. 4-6, f{astened with A28€ rivets,
havz been fatigue tested to evaluate configuration
and installation variables. Figures 4-10 through
4-14 show the effects on joint fatigue life of head-
ing force, hole size, exposure to stress and tem-
perature, gun driving, and hole condition.

Monel rivets arc used in areas where the strength
of A286 or titanium is not required.

4.1.5 Blind Fasteners

Materials selected for use in blind rivets are
A286 and Monel. Nominal sizes 1/8-, 5/32-,
and 3/16-inch diameter are used in wire drawing
and bulbed Cherrylock configurations. A286
blind rivets have a 95, 000 psi minimum shear
strength, anil Mone! blind rivets have a 50, 000
psi minimum shear strength. Where the ratio
of the total sheet stackup to the hole diameter
(T/D) is less than one, only the bulbed Cherry-
lock configuration is used.

Table 4-C shows representative shear ard tensile
data for 3/16-inch diameter A286 hlind rivets
(NAS 1399 style) tested at room and elevated
temperature before and after expr:zure at 550°F,

A28¢ blind bolts having a minimum shear strength
of 95, 000 psi are used in sizes 1/4 through 1/2
inch diameter. Table 4-D shows representative
shear and tensile data for 1/4-inch diameter
A286 blind bolts (MS 90353 style) tested at room
and elevated temperature before and after ex-
posure at 550°F.

Fastener manufacturers are currently developing
titanium blind rivets and Nind bolis which will
be used as they become available.

4.1.6 Panel Fasteners

High strength A286 panel fastencrs ar- used in
structural applications where panels must be re-
moved frequently. These fastencers wer: chosen
because of their strength, material c.:mpatibility,
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U Table 4-C. Room and Elevated Temperature Strengths of A286 Blind Rivets
Ultimate
Nominal Test Double Shear 3trength
u Diameter (Inches) Cordition (1b)
0.187 Room Temperature 5,840
Test No Exposure 5,820
6,120
Room Temperature 6,200
Test after 1,000 6, 100
Hours at 550°F 6.175
B 550°F Test After 5,500
1,000 Hours at 550° F 5,500
5,400
U Ultimate
. Tensile Strength
b (1b)
0.187 Room Temperature 1,690
ﬂ Test No Exposure 1,755
- 1,865
Room Temperature 2,050
n Test after 1, 000 2,075
Hours at 550°F 2,388
ri 550°F ‘l'est After 1,950
U 1,000 Hours at 550° F 1,990
2,390
l' }
and availability. Room temperature shear and Camloc 4002 series quarter turn panel fasteners

are uced where high strength fasteners are not
required, These pane! fasteners meet the
strength requirements of Military Specification

tensile strength values are shown below.

These panel fasteners meet or exceed the

co

strength requirements of Military Specification MIL-F-5591, are suitable for use to 700°F, and
MIL-F-22978. have proved satisfactory in commercial airplanes,
Fastener Diameter
n Strength Values 1/4-Inch 5/16-Inch 3/8-Inch
U Ultimate Single Shear (Pounds) 2,100 3,200 5,800
Ultimate Tensile Load (Pounds) 1,800 2,200 3,300
U V2-B2707-8
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Yable 4.D. Room ond Elevated Temperature Strengths of A286 Blind Rols

Ultimate
Nominal Test Double Shear Strength
Diameter (Inches) Conditions (Pounds)
0.25 Room Temperature 10,120
No Exposure 10,020
10, 420
Room Temperature 10,425
Test After 1000 10,475
Hours at 550°F 10, 500
500°F Test After 9,000
1000 Hours at 550°F 8,740
8,780
Ultimate
Tensile Strength
(Ib)
0.25 Room Temperature 3,435
No Exposure 3,200
3,375
Room Temperature 4,280
Test After 1000 4,825
Hours at 550°F 2,765
500°F Test After 3,730
1000 Hours at 550°F 3,795
3,750

4.1.7 Hole Preparation, Fasteners

4.1.7.1 Drilling

Tools, which provide integral cutting edges to
produce all configuration requirements of the hole,

punched holes in annealed Ti 6Al-4V in thick-
nesses from 0.040 to 0. 140 inches, Process de-
velopment included a study of the following:

are used wherever positive power feed drilling

equipment can be used and precision holes are

required. These tools produce a finished hole in
one pass rather than the three pass process of

drilling, reaming, and countersinking. Further, c. Punch Pressure 3,000 lbs. for
they provide maximum assurance of quality and

reduced fabrication time.

4.1.7.2 Punching

The process for producing class I holes by
punching 18 controlled by company specification.
This process has produced 0.25 inch diameter

"consistency of drilled precision holes, as well as

a. Die Clearance 0.001 to 0.015 inches

b. Punch Point Shape 20 degree chisel to

flat

0,040 in, thickness
to 11,000 lbs, for
0. 140 in., thickness.

The Lest quality holer were produced with a flat
point punch with 0.001 inch die clearance. These
conditions producer’ holes with a diameter toler-

V2-B2707-8

ance of + 0,002 inches, a surface roughness of
less than 50 RHR without delamination,
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4.1.7.3 Dimpling

Hot ram cnin dimpling is used in those cases
where skin guges are too thin to permit counter-
sinking. Dimpling processes, controlled by com-
pany specification, produce good quality dimples
in 11 6Al1-4V without cracks or orange peel.
These processes are used to produce dimples for
fasteners in sheet thicknesses from 0.020 to
0.060 inches.

4.1.7.4 Cold Working

A cold working process controlled by company
specification is used to improve hole quality for
improved fatigue life. The process uses portable
tooling, improves hole roundness eund finish, and
does not require cleaning afterwards. Cold work-
ing is done by installing a split sleeve in the hole
and pulling a tapered mandrel through the sleeve
(see Fig. 4-15),

Figure 4-15. Installetion Setup for Cold Werking Festener Neles

The maximum interference obtainable is deter-
mined by the strength and size of the mandrel and
the capacity of the pncumatic puller. A 0.25

in. hole in 0. 090-in. thick Ti 6A1-4V requires
pulling load of 700 Ib at 0. 008-in. inter-

ference and 1200 1b at 0, 010-in. interfer-
ence. Imnrovement in hole roundness by cold
working is shown in Fig. 4-16.

4.2 BEARINGS

4.2.1 Rolling Element Bearings

Ball, roller, and needle bearings are used for
applications which require iow frictional torque
or high rotating speed. These bearings are used
in fairlead, control pulley, bell crank, control
rod, torque tube, and track roller applications.

Environmental factors which affect bearing
materials and design selection are temperature
extremus, corrosive environment, altitude, and
preaence of extraneous fluid media (such as hy-
draulic fluids, cleaning fluids, fuel, or water).
Operational requirements which affect the bearing
material and design selection are iuagnitude and
directicn of applied load, allowable envelope

size, maximum allowabie torque, and rate and
types of motion (rotating or oscillatory).

The specific combination of bearing and seal
materials, lubricant, exposed surface finishes,

and bearing design configuration are determined
for each individual application.

To aid in besaring design and material selection,
the data sheet shown in Fig. 4-17 will be coin-
pleted for each bearing application. After re-
viewing the data sheets, bearing and lubrication
specialists provide the specific design and
material recommendation. The materials and
design are selected to provide maximum bearing
service life prior to relubrication or replacement.

4.2.1.1 Material Selection
For antifriction bearings operating i- the -65 to

300°F temperature range, the following materials
are used:

Bearing Races AlSI 52100 vacuum de-

and Rolling gassed steel stabilized

Elements for 300°F cperation

Retainer C 1008 low carbon
steel

Exposed Bearing Nickel plated 0. 003

Surfaces inches thick

Rod End Body 17-4PH corrosion

resistant steel

V2-B2707-8
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B2707 ANTI-FRICTION BEARING DATA SHEET oate 8-3-be.
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Figure 4-17. Anti-frictior Bearing Data Sheet
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Bearing Seals Glass fiber reinforred
Teflon or annealed
Teflon

Lubricant MIL~-G-25760

For antifriction bearings operating in the -65 to
450°F temperature rangs, the foilowing materials
are used:

Bear’ng Races AISI 440-C or 440-C

and Rolling modified (14Cr-4Mo)

Elements vacuum degassed steel
stabilized for 450°F
operation

Retainer AISI 305 or 430 stain-
less steel or Beryllium
Copper

Exposec. Bearing None required

Surface Finish

Rod End Body 17-4PH

Bearing Seals Glass fiber reintorced
Teflon or annealed
Teflon

Lubricant selected from those

listed in Par. 3.7.1
4.2.1.2 Desiga Configurations

a. Control Bearings
Airplane control applications utilize control and
fairiead pulleys, bell cranks, and rod end bear-
ings. These bearings are required to support
light to medium loads under oscillating motion at
low torque levels.

Both full complement and retainer bearings are
uscd. Bearings with a retainer are used for ap-
plications which require minimum torque.

Various design types are used to compensate for
misalignment resulting from installation toler-
ances or structural deflection. These types are:

e single or double-row self aligning ball
bearings.

e single or double-row concave roller bearings.

For most applications the bearings are prelubri-
cated with grease and sealed. For some applica-
tions, where grease iubrication is not practical,

a solid lubricant compact material is used in the
retainer.

b. Torque Tube Bearings
Torque tube applications require bearings to sup-
port mecium loads at speedc from 200 to 500
revolutions per minute.

The following design types are used as required.
e Single row ball bearing
e External self aligning ball bearing

e Internal self aligning double row roller
bearing

¢. Track Roller Bearings
Needle bearings are used in control suriace track
applications where support cf heavy loads at slow
rotational speeds is required. The bearings are
sealed and thie outer races are contour controlled
to provide maximum bearir; to track contact
are2. Inlightly loaded track applications, ball
bearing track rollers may Lz used.

Important factors affecting track roller bearing
and track performance are the track material
hardness and wear resistance. The track mate-
rial selected is 9 Ni-4Co-, 30C at 220 KSI mini-
mum ultimate tensile strength. Further diccus-
sion of this material is in Par. 2.2.1,

4.2.1.3 Developmental Test Evaluation

An extensive test program is being conducted to
determine the cumulative environmental effects
on hardness, dimensional stability, and oxidation
and corrosion resistance of the bearing materials.
Seal and lubricant performance is also being
evaluated. Tests are being performed at temper-
atures from -65° to 450°F and atmospheric pres-
sures encountered at B-2707 cruise altitude.
Additional bearing development programs, spon-
sored by The Boeing Company, are being con-
.ucted by three aircraft bearing companies.

Phase I will evaluate lubricant performance and
phase 1T testing will develop bearing load life data
using the best lubricant selected in phase I.

a. Ball Bearing Tests
The Fafnir Bearing Company is testing 9307 size
ball bearings with 440-C races and balls. Test
conditions are as follows:

450°F
2,000 pounds

Ambient Temperature
Applied Load

V2-B2767-8
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Oscillation Angle
Oscillation Rate

+45 degrees
5 cycles per minute

b. Concave Reller Bearing Tests
Rex Chainbeit Incorporated (Shafer Bearing Divi-
sicn) is evaluating concave roller bearing per-
formance at 450°F. Test bearings are double row
roller bearings with 440-C races and roilers and
Armalon (Teflon impregnated fiber glass) seals.
A photograph of the test machine is shown in Fig.
4-18,

c¢. Track Roller Bearing Tests
The Torrington Company will be testing track
roller bearings at 400°F. The bearings have
440-C races and rollers and Teflon seals. The
bearing size and test conditicns are as follows:

Bearing Size 0.875 inches bore, 2
inches O.D.

Applied Load 8,000 pounds

Track Stroke 6.25 and 30 in.

A photograph of the test machine is shown in
Fig. 4-19,

d. Company Test Programs
Antifriction control bearings are tested in the
machine shown in Fig. 4-20 to determine load
life and torque data for preparation of design
aliowables.

A test machine is being designed to test track
roller bearings. This machine will be used to de-
velop load life and torque data for preparation of
track roller design allowables. In addition to the
above testing, work is being conducted to evaluate
the use of a Boeing developed lubricant compact
material in retainers. Lubricant compact mate-
rials are described in Sec. 3.7.2.

4.2,2 Sliding Surface Bearings

Plain journal bearings, plain spherical bearings,
and sliding track bearings are included in this
category. These bearings are used in preference
to rolling eiement bearings when loads are high,
bearing surface speed is low, space for the bear-
ing is limited, and torque requirements are not
critical. These bearings are used in actuator
head and rod end, control surface hinge, landing
gear door hinge and trunnion, engine mount, en-
gine throttle linkage, and track applications.
Sliding surface bearings offer maximum load
capacity in a minimum envelope and are used in
all powered systems.

4,2,2," Material Selection

The limiting materials in achieving long bearing
life are those at the sliding surface interface and
not necessarily the backup materials which can
be made of heat and corrosion resisting meials,
The metal, coating, plating, or lubricant at the
interface is the key material. 'lesi data show
that several material combinations are available
for long life bearings. These combinations are
as follows:

a. Materials such as 17-4PH or NM-100
stainless steel sliding against Vitro Lube 1220
Ary film lubricant coating on 17-4PH steel are
used to 700°F. The long life of thisa combination
is made possible by the use of Vitro Lube 1220,
Of the more than twenty potential high tempera-
ture dry films evaluated at The Boeing Company,
Vitro Lube 1220 exhibited longer wear life by a
ratio of 4 to 1 over the second best material.
Tests conducted on Vitro Lube at 10, 000 psi and
450°F yielded an average wear life of 83, 000
cycles. This life was in very close agreement
with the life data published by North American
Aviation in their paper, The Development and
Testing of a New Ceramic-Bonded Dry Film
Lubricant, by M, A, Hagan and F. J. Williams
(Ref. 56). For additional irformation see Sec.
3.7.3.

b. Materials such as 17-4PH or NM-100
stainless steel running against a high temperature
solid lubricant compact retained ia a metal
holder are used up to 700°F. The compact mate-
rial of this combination was developed by The
Boeing Company. Several compositions of this
compact have beeu evaluated and vesults to date
demonstrate its feasikility for use from -65° to
700°F and for loads to 10,000 psi. Development
woward improving this compact material is being
conducted under Air Force Contract AF 33!615)-
3981, Airframe Bearings for Advanced Vehicles
(Ref. 57). For load life data, physical properties,
mechanical properties, and friction and wear
data see Sec. 3.7.2.

c. .Materials such as 440~C or 17-4PH steel
running against a Teflon glass {abric adhesive
honded with Epon 957 are used up to 4C0°F, This
combination has shown superior performance to
bearings bonded with other adhesives. Work on
this program began in 1962 when it was deter-
mined that a rolling element bearing of « reason-
able size would not meet the requirements of the
wing pivot bearing. Teflon glass fabric adhesive

V2-B2707-8
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bonded bearings were evaiuated and design data
are being obtained from a continuing test program
in which a shaft is oscilla.ed in a plain journal
bearing. Materials tested include Tefion cotton,
Teflon dacron, and Teflon fiberglass fabrics
bonded with the adhesives shown in Table 4-E.
Testing at temperatures up to 450°F and 20, 000
psi show thet Teflon fiberglass fabric bonded with
Shell Chemical Company's Epon 957 resul!s in
longer and more consistent wear life than other
combinatious tested. This has been substantiated
by more than 300 tests on bearings made by The
Boeing Company and by bearing manufacturers.

A summary of the data is shown in Table 4-F, A
photograph of the machine used in these tests is
shown in Fig. 4-21. A photograph of equipment

ment. This test consisted of immersing the bear -

ing in the fluid at room temperature for 22 hr,

removing and drying in air for two hours at 300°F.

Tni3 cycle was repeated ten times and then the

bearing was tested. Results of this environmental

testing are shown in Fig. 4-23 and are compared

to the minimum bearing life of unexposed bearings.

Valid corrclazion of the data to results of a test
»rogram using a large diameter fabric lined
bearing is depicted by the quarter and full scale
wing pivot bearing program reported in Docu-
ment Airframe Design-Part E, V2B2707-9,

d. Wear, temperature, and corrosion re-
sistant metals such as NM-100, AFC-77, and

aluminum bronze, are used in conjunction with
grease lubrication. Greases such as MIL-G-
25760 and the new DuPont PR240AC cover the
range from -65° to 450°F. For additional in-
formation on greases see Sec. 3.7.1. The
materials combination selected depends on the
operating temperature, load, contaminating
environment, vibration frequency and amplitude,
accessibility for relubrication, allowable wear
limits, and allowable torque.

used to measure wear by electrical resistance
techniques is shown in Fig. 4-22.

The effects of fluid contaminants on bearing life
was investigated. A screening test consisted of
cycling the bearing to failure after 10 days immer-
sion in the particular fluid which was at 200°F.
After exposure to this severe environment new
bearings were exposed to an environmental cycle
more closely simulating potential airplane environ-

Toble 4-E. Adhesives Tested in Bearings

Adhesive Adhesive
Designation Type Manufacturer
A 5900 Phenolic Reichold Chemical Co.
AF-31 Nitrile-Phenolic Minnesota Mining &
Manufacturing Co.
XB-131 Modified Epoxy Minnesota Mining &
Manufacturing Co.
XC-131 Modified Epoxy Minnesota Mining &
Manufacturing Co.
Epon 957 Modified Epoxy Shell Chemical Co.
HT 424 Epoxy Phenolic American Cyanamid,
Bloomingdale Dept.
FXM-34B-34 Polyimide with American Cyanamid,
antioxidant Bloomingdale Dept.
FXM-34B-25 Polyimide with anti- American Cyanamid,
(FM-34) oxidant and alumi- Bloomingdale Dept.
num filler
V2-B2707-8
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Table 4-F. Bearing Test Results

j Prior Prior Cycles Cycles
Test Test Heat Heat Wear Wear Life
Temp. Load Soak Soak Time Life
Adhesive (*°F) (P3D) Temp. (°F) (Hours) (Avg.)** Min. Max.

Epon 957 300 20,000 None None 600, 000 280, 000 869, 000
300 20, 000 300 1000 250,000 165, 000 336, 000
400 20, 060 None None 480,000 299, 000 604, 000
400 20, 000 400 1000 175, 000 94, 600 256, 000
450 20, 000 None None 280, 000 256, 000 300, 000
450 10, 000 450 500 180, 000 107, 000 250, 000
450 10, 000 450 1000 90, 000 63, 000 117,000
XB-131 *300 20, 000 None None *276, 660 268, 696 284,623
AF-31 300 20. 000 None None 205, 967 752 1,016,586
A 5900 *300 20, 000 None None *150, 723 98, 164 203,292
FXM-34B-34| *300 20, 000 None None *88, 909 76, 342 101,476
' *300 27, 000 300 500 *66, 000 65,188 67,187
*400 20, 000 400 500 *98, 143 59, 351 1386, 936

450 10, 000 450 1000 96, 767 (ONE TEST)
HT 424 450 10, 000 None None 45,570 7,530 77,300

*2 Tests

**Failure occurs when oscillating shaft wears through approx. 0.014 in. thick Teflon-F/G liner to the
metal ring. Tests were performed on a 2.0 in. diameter bearing oscillated through arc of 120 degrec:
per cycle (+ 30 degrees) at rate of 20 cycles per minute.

As an aid in controlling the selection of mate-
rials, the information required for each bearing
application is recorded on a data sheet similar
to the cne shown in Fig. 4-17. These data are
reviewed by bearing specialists to ensure proper
bearing system design.

4.2.2.2 Design Configuration

a. Plain Spherical Bearings
This type of bearing is used in place of plain
journal bearings in applications where misalign-
ment {s present. Plain apherical bearings are
designed for oscillatory motion on the ball bore
and self aligning motion on the bell spherical
surface. Lubricant materials are applied to

both the ball bore and to the race inside diame-

ter. Since the primary motion will occur on the
ball bore, lubricants having low wear rates and
friction properties are required at this location.
Any of the material combinations listed in Par.

4.2 2.1 are suitable for use.

The race is of split construction held together
by a sleeve which also retains the bearing in
the housing. The inside surface of the race is
accurately ground to match the ball snherical
suxfa~e. Tais eliminates the poor conformity
of race to ball generally found in swaged race
bearing, permits precise control of internnl
clearances, and redurces bearing looseness
resultng from applied load and wear. The ball

V2-B2707-8
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Figure 4-22. Equipment for Wee: Messvrement by Elecwicel Resisrence Tochniques
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hore is bushed to permit positive system clamp
up, to prevent bore lubricant damage during pin
instalistion and removal, and to prevent pin
damage should the lubricant fail. See Fig. 4-24.

0. Plain Journal and Sliding Track Bearings
‘These hearings utilize the same material lubri-
cant ccmbinations as for the plain spherical

hearings

4.2.2.3 Development Programs

Several Jevelopment programs have heen estab-
lished ro ~btain load life curves for sliding sur-
face hearings. These programs are obtaining
dats on the bearing lubricant material combina-
tions shown in Sec. 4.2.2.1.

Design data on sliding surface bearing material
combinations are being obtained in two ways.
The first is by reciprocating a ccated flat plate
under a loaded rider at temperatures to 550°F
as shown in Fig. 4-25. The machine used for
this testing is shown in Fig. 4-26. The second
method is io test plain spherical bearings having
the desired metal lubricant combinations on the
ball bore and spherical surface. During testing,
primary oscillating motion occurs at the inter-
face between the bearing bore and the pin with
misalignment occurring on the ball spherical
surface. Environmental and operational fa.tors
under investization include applied loads to

40, 000 psi, temperatures from 65 to 550°F,
altitudes to 45, 000 feet, oscillation angles from

-~

==

\

% 1 degree to + 30 degrees, oscillaticn rates to
60 cycles per minute, relubrication intervals,
and contaminating environments. See Fig. 4-20
for a phot- :.-aph of the test machine,

4.2.2.4 Bearing Retention

Standard mechanical retention methods such as
bolted end plates and snap rings are used
wherever spuce and design loads allow. Where
space does not allow mechanical retention, the
bearings are retained by roller staking or by
interference fit. As a positive means of resist-
ing thrust loads, roller staking is used instead
of or in addition to interference fit. Bearing
retention processes are controlied hy a company
specification. Bearing outer races are coated
with a dry film lubricant to protect Ti 6Al1-4V
housings during installation and removal of bear-
ings. For interference fit bearings, the bearing
outer race or the housing hole is coated to pre-
vent galling and slipping. The application of the
coatings i8 covered by company specifications.
Table 4-G shows pueh out loads for various
interference conditions and ccatings.

4.3 SYSTEM PARTS

Hydraulic and {uel system fittings and hose as-
semblies, valves, actuators, tubing support
clamps, and metal seals are fabricated from
materials compatible with the system operating
temperatures, support structure, and other
environmental considerations. See D6A10120-1
for further inforination.

RETAINING SLEEVE
18 INTEGRAL PART
" OF EARDG (TYP.)

NISALIG!
| MISALIGNS HEXE

LUBRICANT

7

)

/-CLAKPJJ'P ON BPACER

PRINARY MOTION
OCCURS BETWEER
ERARING BORE AND
SPACER 0.D,

Figure 4.24. Typical Plain Spherical Bearing Instaliation
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Figure 4-2¢. Wear and Friction Test Machine
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Table 4-G Pushout Loads for Interference Fit Bearings

Pushout Load Pushout Load
(Ib) At (Ib) At
0. 0005-In 0,0017-In,
Coating Applied To Interference Interference
Lubeco 2123 Bearing 1,000 2,600
Titanium Bearing or
Uxide Housing 1,200 3,900
Hard Bearing ———— 2,900
Chrome
Watervliet Housing 1,300 3,600
Hard Coating
Uncoated Housing & 600 2,300
{ Bearing

1 1-in. OD by 0.40 in. wide 17-4PH bearings in Ti 6A1-4V housings

V2-B2707-8 .
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5.6 APPLICABLE DOCUMENTS

5.1 The following documents of the exact issue
shown form a part of this document to the extent

specified herein.

FAR 25

MS-33557

MS-33588A

M3-33633A

MS-33750

MIL-A-5090

MIL-A-8806

MIL-A-9067C

MIL-C-5688A

of MIL-R-5647B
MIL-C-6021E (1) Castings, Classification and
Inspection of
MIL-C-6818C Clamps, Instrument Mountings,
Aircraft
V2-B2707-8

In the event of conflict betwecen

Federal Aviation Regulations,
Part 25, Air Worthiness
Standards, Transport Categery
Airplanes

Nonstructural Rivets for Blind
Attachment, Limitations for
Design and Usage

Nuts and Plate Nuts, Self-
Locking, Aircraft Design and
Usage Limitations

{nserts, Screw Threaded,
Design and Usage, Limitations
for (ASG)

Recess~Hi~-Torque, Dimensions
of Recess Gage, and Driver for

Adhesives, Heat Resistant,
Airframe Structural Metal to
Metal

Acoustical Noise Level in
Aircraft, General Specification
for

Adhesive Bonding, Process and
Inspection Requirements for

Cable Assemblies, Aircraft,
Proof Testing and Prestretching

B e vr——

docuraents referred to here and other detailed
contents of Sections 2,, 3., and 4., the detailed
requirements of Sections 2., 3., and 4. take

precedence,

MIL-F-007179B Finishes and Coatings, General

MIL-F-22978A

MIL-F-5991

MIL-F-7190A

MIL-~-M-25047B

MIL~-N-25027B (1)Nut, Self-Locking, 250 Deg. F.,

MIL-P-23460A

Specifications for Protection of
Aerospace Weapons Systems,
Structures and Parts

Fasteher, Rotary, Quick
Operating, High Strength

Fasteners, Panel

Forgings, Steel, for Aircraft
and Special Ordinance
Applications

Marking for Airplanes, Airplane
Parts, and Missiles, (Ballistic
Missiles Excluded)

450 Deg. F., and 800 Deg. F.,
125 ksi Fgy, 60 ksi Fyy, 30 ksi

Fty

Pin, Quick Release Positive
Locking

MIL-P-9400A (2) Plastic Laminate Materials

and Sandwich Construction,
Glass Fiber Base, Low
Pressure Aircraft Structural,
Process Specification
Requirements

Rivets, Aluminum and
Aluminum Alloy
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MIL-R-7705A

MIL-R-8814 (1)

MIL-8-5002A

MIL-8-7742

MIL-8-7839
MIL~8-8802

MIL-S-8879

MIL-T-5842A (1)

MIL-STD-10A

MIL-STD-143

MIL-STD-453

o -

]
1
$
i
:

Radomes, General Specifica-
tion for

Rivets, Blind, Non-structural
Type

Surface Treatments and
Metallic Coatings for Metal
Surfaces «f Weapons Systems

Screw Threads, Standard,
Optimuin Selected Series,
General Specification for

Screws, Structural, Aircraft

Sealing Compound, Tempera-
ture Resistant Integral Fuel
Tanks and Fue! Cells, Cavities,
High Adhesion

Screw Threads, Controlled
Radius Root with Increased
Minor Diameter, General

Transparent Areas, Anti-Icing,
Defrosting and Defogging
Systems, General Specifica-
tion for

Surface Roughness, Waviness
and Lay

Specifications and Standards,
Order of Precedence for
Selection of

Inspection, Radiographic

Air Force Systems Command Marnual 80-1 HIAD

MIL-HDBK-5

NAS 618

NAS 621

NAS 1332

NAS 1347

NAS 1400

FTMS No, 141

FTMS No. 175
FTMS No, 406
FTMS No. 601
AFR 400-44

ANA Bulletin
No. 438

V2-B2707-8

Metallic Materials and Elements
for Flight Vehicular Structures

Fastener - Recommended
Shank, Hole and Head to Shank
Fiilet Radius Limit for

Fasteners - Titanium Alloy
Procurement Specification

Pin, OQuick Release Positive
Locking, Single and Double
Acting

Identification of Fasteners

Rivet - Blind, Self-Plugging,
Mechanically Locked Spindle

Paint, Varnish, Lacquer and
Related Materials, Methods of
Test

Adhesives, Methods of Testing
Plastics, Methods of Testing
Rubber, Sampling and Testing

Corrosion Prevention Control
Program

Age Control for Synthetic Rubber
Parts
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