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This document constitutes the final report for the work accomplished

between 29 dune 1972 and 30 June 1973 by TRWSystems Group for the Hattonal

Aeronautics and Space Administration, Lewts Research Cqnter, under Contract

NAS3-16780on Cryogenic/High Temperature Structural Adhesives.

Thts work was conducted under the technical dtroctton of Dr. Ttto T.

Seraftnt of the Lewl_ Research Center, Cleveland, Ohto.

The Applled Chemistry Oepartment of the Chemistry and Chemtcal
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the work performed on thts program. Dr. E. A. Burns, I_nager, Applted
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SUHHARY

Thts documentis the ftnal programreport describing work performed
by TRWSystemsfor the National Aeronautics and SpaceAdmtn|stration, Lewis

ResearchCenter, under Contract NAS3-16780. Theobjective of this program

was to develop technology for a cryogenic/high temperature structural
adhesive systemfor application to SpaceShuttle structures. This objective

was accomplishedby 1) conducting a literature survey In order to identify

potential adhesivecandidates andassessing the processing characteristics
p

and perfomance properties of the candidate systems, 2) performing a screening
, evaluation of se)ected candidate adhesive systemsand 3) performing a detat]ed

evaluation of the mostpromising candidate adhesive systems.

) The ftrst phaseof the work established that adhesive systemsbased

! on potytmtde, polyphenylqutnoxaltne, polyqufnoxaltne, polybenzothiazole

i and polybenztmtdazolepolymersall possessedpotential for providing use-ful properties over the requtred temperature range. However,the pol_-

_ qutnoxaltne, polybenzothlazole and polybenztmtdazolesystemswere not

selected for further evaluation becausetheir processing requirements were

not conduciveto production procedures. Consequently, three polytmtde
adhesfvesystems (TRNP4/A5F, AmericanCyanamtde8R34/FH34and DuPontNR150B)

andone polyphenylqutnoxaline[Boeing Aircraft Corporation PPQ]! ([H_)]

were selected for screening evaluations. During this phase, adhesive

formulary and processingdevelopmentstudtes were performed w_h the P4/

ASF, NR150Band PPQI! (11414)systems. [t was established during these

studies that h,. 50Bsystem requtres further developmentto provide a suitable

adhestvesystembasedon thts resin.

The secondphaseof the work provided detailed property information on

' the P4/ASF(P4A/A5FAfor stainless steel substrates) andBR34/FH34systems,
lntttal information also wasobtained for the PPQII (]HH) systemalthough

• sufficient quanttty cf PPQ1! (|_) restn was not available to complete the
evaluation. Property information was obtatned durtng this effort pertaining

to static shear strength over the 20°K to 58g°K temperaturerange; stressed

andunstressedthermal aging at 477°K, 533°Kand S8g°K;and thermal shock
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Differences between coefficient of thermal expansion values for the FM34

and A5FAadhesives systems were related to differences between shear strength

values of the two adhesives at temperature extremes. The results from the

detailed evaluations indicated that both adhestve systems, ¢.e. BR34/FM34

and P4/ASF or P4A/ASFAprovide structural adhesive Joints that are suitable

for service applications in the 20_K to 58g°K temperature range. However,

the P4/A5F adhesive system was easier to process than the BR34/FM34adhesive

and the P4/ASF adhes|ve system provided void-free bond|ines.tn |a_ge surface

area adhesive Jotnts,
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I. INTRODUCTION

This final report presents the work accomplished by TRWSystems for

the Nattonal Aeronautics and Space Administration, Lewis Research Center.

under Contract NAS3-16780 durtn9 the per|od 29 June 1972 through 30 June 1973.

The objective of the program was to develop technology for a cryogenic/high
temperature structural adhesive system for application to Space Shuttle structures.

Structure1 adhesive systems capable of production 1the fabrication

and suttable for cryogenic (20°K) and htgh temperature (589°K) applications

are needed for the Space Shuttle. The desired lightweight, htgh structural

efficiency requirements for this vehtcle necessitate the use of adhesive

bonding for beth primary and secondary structures. A high degree of relt-

abIltt.v for thts adhesive ts a key factor, therefore, a matertal that pro-

vtdes sound safety mergtns tn structural designs ts htghly desirable.

Prior to c_menclng thts program, a ltmtted numberof htgh temperature

adhesive systems previously hid been evaluated at cryogenic temperatures

but sufficient data to afford e sound system selection for the Space

Shuttle were net available (Reference 1). Because the theme1 performance

range ts very large (approxtmtely 810°K), themally tnduced stresses are of

greet concern. Consequently, a screening evaluation program of potential

candidate adhesive systems was necessary to tdenttfy the most promising ad-

hesive system to mee_ the use requirements.

Several studies had been performed that had shown the po1ytmtdes (Pl)

and polyphe_ylqutnoxaltnes (PPQ) possessed h19h potential for applications

tn the 20°K to 589°K temperoture range. However, detailed perfomance date

for these polymrs as adhesives were not available and were necessary tn

order to select candidate materials for the Space Shuttle applications. Other

polymers that also had shownpotential for this application were the polybenzo-

thtazoles (PBT), polyqutnoxallnes (PQ) end polybenztmtdazoles (PBI). Although

these systems all had been evaluated for htgh temperatures, evaluation for cryo-

genic temperature applications had not been performed. Because these data were

an unkno_ factor, these emtertals also were considered as potential candidates.

However, evaluation of technical tnfo.'mtton pertaining to the processing

requtrmnts of these system tndtclted that these systems were net suttable

!
L_
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for production applications. Consequently, adhesive systems based on these

resin systems were not tncluded |n the screening studtes.

Durt,9 the course of this program, structural adhesive syste:nswere

evaluated for bondtn9 tttantum alloy and stain]ass steel adherends. The

systems evaluated were:

e Adhesives based on P4/A5F polyimtde adhesive developeQ

by TRWSystems under Contract HASI-9532 (Reference 2)

e American Cyanamtde's BR34/FH34polytndde adhesive

t Adhesives based on polyphenylqutnoxaltne (PPQ) resin

developed by Boeing Aircraft Corporation, and

e Adhesives based on Dupont's NR150Bpolyimtde resin
varnish,

Detailed screening studies whtch included evaluation of adherend surface

tr_atmenfs, bondl|ne thickness variations and cure cycle variations were

conducted during the tntttal phase of the program. The two most promising

systems (P4/A5F and BR34/FH34) then were selected for detat)ed evaluation.

These evaluations included long term, elevated temperature stress rupture

tests, unstressed isothermal aging tests, determination of shear strength

at temperatures from 20°K tSrough 589°K and coefficient of thermal expansion

i determinations over the temperature range 20°K through 58g_K.
This programwas performed in three tasks. During Task |, candidate

adhesive systems were screened from which the two most promising adhesive

systems were selected. These two systems then were evaluated to provide

detailed property data during Task 11. Reporting requirements were provided

as the Task llI activity.

Thts report ts divtded tnto sections covering the following subjects:

e Selection of adhesive systems for evaluation, and

t Detatled evaluation of adhesive systems.

The significant conclusions reached and assessmentsof the results

are ltsted together with recommendationsfor activities that warrant

further Investigations. The information presented tn the n_tn body of

thts r_port ts supplemented by appendices covering detatled descriptions
of procedures used in specimen preparation, specimen processing and testtng.

2
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2. SELECTIONOF ADIESIVE SYSTEMS

Several polymer and adhesive systems were avatlabl_ at the onset of

this program which possessed the potential for providing acceptable per-

:. formance over the service temperature range 20°K (-423°F) to 589°K (600°F).

Consequently, in order to select the most promising systems for screening,

a literature search was perfc"med and an evaluation madeof the systems

; considered most applicable (see Table I).

TABLEI.

, POLYMER/ADHESIVESYSTEMSPOSSESSING
J POTENTIALFORCRYOGENICTEHPERATURESERVICE
i

_ Polymer Type Trade Nam_ l_nufacturer/Developer

Polytm|de DR34/FN34 /_ertcan Cyanamide
610omingdale Dept.

i ', Havre de Grace, Nd.
i Hettbond 840 Whittaker Corp.Nsmco I_iterta|s Otv.

Cesta Nasa. Ca,

NRI$OA E, I, Dupont de Nemurs Co.
Plastics Dept.,
WtlmfnOton, JOel,

P4/ASFa) TRWSystems

Polyqufno_al Ins PQ NhIrisker Carp,
Research Otv.
San Diego. ¢allf.

Polyphen¥1eo/noxaltne PPOII (I1_) BOeing Aircraft Corp.
Seattle. Wash.

PPq 401 NhJttsker Corp.
Research I)tv.
San Diego. Calif.

PoTybenzlmtdaz_le ImId'Jte 850 Whittaker Corp.
Narmo N_tertals Div.
Costa Rosa, Csltf.

Potjfoenzothtazole PaT Abex Corp.
Columbus.Ohio

I .....

a)Coveloped under Contract NA$1-9532, Reference 2.

An earlier evaluation of structural adhesives for spacecraft appli-

cations had been reported tn Reference ! whkh included adhesive sys-

tems based on polytmtde, polyamtde-tmtde, polybenztmidazole, poly-

3
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qulnoza%Inc. po|yphenylquinoxalSne and polyimlde-az.nquSnazolIne polymer

systems. Fron_ these syste,_s, one polyi,Hde adhesive (F)434). one poly-

benz|midazole (lmtd$ te tP_O)and one |mlyqutnox.i the (Whittaker Pq) were

evaluated; all others, except for tile a,Hde-i,nlde, were not evaluated

because, they were not available comnercta]ly. The amtde-t,nlde syste.!

; was rejected because of reported poor elevated temperature performance.

In the studies reported in Reference I titanium alloy 6A14Vlap-shear

specimens were prepared and subjected to a thengal shock cycle (see Fi_re 1).

The results of lap-shear tests on the therntally shocked specimens strength

were higher than the other two high temperature adhesives at both room

temperature and at 200°K (-IO0°F) (see Table If). Testing at 533°K (500°F)

also showedthe superiority of the Ft434adhesive (see Figure 2).

"_ 533 "

0 2 3 4 5 6 7 9

TIME, h

Figure 1. Thermal Shock Test Cycle

4
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TABLE1I. "

THERMALStlOCKTEST DATA

Shear Strenqth. MNIm2

_. Adhesive System Cycle I a) Cycle 2a)
• i

I 295oK 200°K 20U°K 295°K

[ Imidite850 10.4 8.1 8.0 8.3
• (PBI)

FM34 (PI) 16.0 18.5 18.5 13.0

" Pol.vqutnoxal tne 11.8 11.6 g.6 14.5
(PQ)

: EA 913 (Epoxy) 27.0 13.1 12.2 26.5
_t

,! a)See Figure1.

|
I_ TESTEDAFTERI0 minAT TEMPERATURE

J_ TESTEDAT TEMPERATUREAFTER5054-hTHERMAL-VACUUM EXPOSURE - 20.5

- 16.4

PQ PQ PI - 12.3 i

PBI

PQ P_BI :z:
PBI 8.2

I
4.1

I

i

200°K 295GK 533°K

TEMPERATURE

Ftgure 2. Adhesive Strength Test Data

5
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The author of Reference i concluded that the pol.vtmtdo a.;;_estve

system (FM34) was.an excellent candidate fop future spacecraft app]tcat|ons.

Also, he concluded that the PQ and PB] systems offered no advantage over

the poly_m_de system when used to bond titanium adherends. He noted that

"astde from thetr |ower adhe_tve strength on tttaniu_, the:/ also are con-

stderably more dtff|cult to process tnto adhesive bonds".

An evaluation of polybenzothiazo|e (PBT) adhesives reported _n

Reference 3 showed these system to possess outstanding properties at

775'K (900°F) (see Ftgure 3). However, agtng studies at 589aK (600°F)

showedthese systems had no advantage over the polytmtde adhesives (see

Ftgure 4).

• P§l AF-R-I21(31)-1,2
• PEr AF-R-25060
II PET AF-R-2506B



• PI 200gB '_,
0 PEt A-t21
Q PBT 2506B

24,6 X P! FM-34
o El PBT 25060

i 16.4 • •

i t

II ! # ( [ [ I
roT.5 24. 50 I00 200 400 500

T"_E (HOURS)

Figure 4. 58g°K Lap-shear Strengths of Tttani_m Joints
BondedWtth Vartous High Temperature Adhesives

A program performed by TRWSystems for the NASALangley Research Center

(Reference 2) had developed an adhesive system (P4/A5F) based on a blend of

TRWA-type addition-cure polytmlde resin technology developed originally fop

NASALewis Research Center (Reference 4) with AmocoAI-1137 amide-]mtde resin.

During thts program it was demonstrated that the P4/ASF adhesive system

produced zero-void, crack-free large surface area bondllnes; a feature

previously not obtained wtth other polyimide adhestve systems, Lap-shear

strengths of titantum alloy 6A14V Joints produced durtng this program
showedthat the P4/ASF system also provided htgher shear strength than

other polytmide adhesive systems _see Table II1).

4
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• TABLEIII.
d

COMPARISONOF STRENGTHSOF ADHESIVE
BONDEDTITANIUMALLOYJOINTS

Lap Shear Strength, MN/m2
at | at

Adhesive System 295°K I 589°K

i_ P4/ASF 24.0 12.3

FM34 21.0 8,5

AF-A-2OO9a) 12.3 8.0

a)see Reference3.

Based on the findingsof this evaluation,the followingsystemswere

selected for screening:

BR34/FM34- BloomingdaIe Department, American Cyanamid Corp.

NR150B- Dupont De Nemours

P4/ASF - TRWSystems

', PPQ II (IMW) - BoeingAircraftCorp.(BAC)

These systems were selected because:

e Data reported in Reference 1 showedthat the BR34/FM34

system was the condensation cure polytmide adhesive system

that provided the highest shear strength over a broad

temperature range.

o Work performed under Contract NASl-gS32 (Reference 2) had

shown that the P4/A5F system provided property and processing

improvements over the BR34/FM34system.

I • Privatecommunicationwith Dr. P. M. Hergenrother,BAC,
had indicated that Poem temperature shear strength values

of titaedum alloy joints bondedwith PPQ II (IMW) resin
were _25,0 HN/n_2.

e Published data _heets for the DuPon_NR150Bpolyimide resin

indicated that high strength, low void content, thermally

stable composites were produced from this resin which con-

sequently indicated high promise for thts resin as a
structural adhesive.

8
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The PQ, Imidtte 850 and PBT systems were not selected because the

processing requirements for fabricating bonded joints with these systems

were too severe and not conducive to production techniques. Also, theT

earlier work (References 1 and 3) had not provided property improvements

' from joints bondedwtth these systems over those bonded with polytmtde

j; adhesive systems, Whittaker Corporatton'.s Metlbond 840 and PPQ401 systems
were considered similar to the BR34/FH34and PPQI! (IHW) systems, respect-

tvely, and therefore parallel screening of these systems would tn essence

have been a duplication of effort.

Prior to commencingscreening of the selected polymer/adhesive sys-

tems, It was necessary to establish surface preparation procedures for
both the titanium alloy and stainless steel substrates. Also, two of the

selected systems [NR150Band PPQ XI (Z_)] were not formulated adhestve

systems. Consequently, tt was necessary to perform adhesive formulary

studies with these two The P4/A5F adhestveand processing systems. sys-

tem was developed by Tl_dSystems under a NASALangley Research Center

contract for bonding titanium alloy substrates. In order to use this

adhesive system wtth ferrous substrates it was necessary to incorporate
an anttoxidant which again required adhesive fomulary studies.

2.1 EVALUATIONOF SURFACETREATMENTS

Test specimens confomtng to Figure 5 were prepared in accordance

with the screening matrix in Figure 6 using 17-7PH stainless steel and

6A14V titanium alloy. The laying surfaces were prepared by procedures

described in Appendix A. Adhesive tape manufacture, drying cycles and

curtng schedules for the various adhesive systems were perfomed in
accordance with Appendix B,

Two titanium surface preparation procedures appeared to provide

equ|valent properties during these studies (see Table IV), _.e. Method A

(Pasa-Jel) and Hethod C (Turco 5578). However, because previous studies

(Reference 2) had shownthat the Pasa-Oel method provided excellent |ong
term elevate_ temperature aging properties and similar information per-

raining to the Turco 5578method was not available, the P_sa-Je| method

was selected for use throughout thts program.

] 974006 ] 2 ] -I-S B05



Similarly, for stainless steel, Method A (Prebond 700) and Method C "

(Sulfuric Acid-Sod.tum Dichromate Bath) appeared equivalent (see Table IV).

However, Method C was selected because it was the simplest for production

appltcattons.
NOI"E: All Joints to be

I 1 (Typical) 4"1 !,S Igl.(I

Figure 5. Lap Shear Panel

lo

- LJ

1974006121 -TS B06



: =e_ , '" --- _ " .... , h L " .'Z-

#
I

#

Adhesives .

BR34/FH34 P4S/A5FS

" TI SS

i
I k II |

SS TI

" TI SS

•c' SS Tt

= Figure 6. Preliminary Screening of
Surface T_'eatments

TABLEIV.

SLI_IARYOF DATAFROHPRELIHINABYSCREENING
OF SURFACETREATMENTS

Substre_ Cleantngc) Shear Strenath !Adhesive Fltlure

Meth)d M/m_ Stafldalede) Rode
Devlatlon

TIa) A II.7 0,0_ P4S/ASFS Mheslve

Tt C 9.8 0.04 PI$/ASFS MhIIIVl

S$b) B 12.9 0.21 P4S/ASFS Adhesive

SS O IS.! -- P4SIASFS Adhestvt i

TI 6 14.5 0,18 BR341FM34 Combination
Adhesive and i
Cohesive

TI O (d) -- BR341FYD4 kdbesfve

SS A 17.6 0,05 BR341FH34 Cohestve

SS C 18,1 0.12 BR341FIG4 Cohestve

A)Tt - 6A14YTitdni_ Alloy d)l"estSpecimensdlbon(Md

b)ss- i?-TP_StainlessSteel e)Ftvereplicates

"-"_" c)SeeA_dtx A
x,,
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2.2 ANTIOXIDANT STUDYOF P4/ASF ADHESIVE SYSTEM

An antloxtdant ts an essential component of adhestve systems used for

bonding ferrous alloys, e.g. stainless steel, In Joints Intended for htgh ser-

vice temperature applications. The anttoxtdants selected for sc eenlng In thts

' programwe': ,rsentc thtoarsenate (As2S4) and arsenic pentoxtde (As205)

both at 5 phr concentrations. Data from this study are presented tn
Tab]e V and demonstrate that the formulations conta!nfng both of the a,tt-

oxidants (i.e.. P4S/A5FS wtth As2S4 and As2O5) lowered the _ntttal shear

TABLE V.

ANTIOXIDANT STUDY USING P4/A5F TYPE ADHESIVES

Substrstea) Anttoxtdent mttoxtdent Sheer Strength Fatlure

phr MN/mZStandardS) Mode
Oevtettefl

T|b) As2S4 10 16.9 0.11 Adhesive
Ttb) .... 21.7 0.29 Adhesive

Ttb) As20S 5 18.8 0.12 Adhesive
Tt c) As2S4 10 11.7 0.02 Adhesive

Ttc) As2S4 5 11.6 0.09 Adhesive
Ttc} .... 17.7 0.12 Adhesive

SSd) .... 25.7 O.OS Cohesive

5$d) As20s 5 21.5 0.07 CombinationAdhestveand
Cohesive

SSd) As2S4 5 19.1 0.13 CombinationAdhesive and
Cohesive

a)Tt - 6AI4VAlloy
SS- 17-TPHStainless Steel

b)surface preparation per AppendixA.2.1 except surfaces first were grit
blasted wtth stum_numoxide.

_)Surfece preparation per AppendixA.2.1.

d)surface p_-epsretlonper AppendixA.1.2. HethodC.

e)Ffve replicates

properties of the P4/ASF system on both substrates. The lower values

recorded wtth adhes]ves containing arsentc thtoarsenate (P4S/A5FS) IlL

the same pattern as values reported |n the literature for other polytmtde

12
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systems (References 3 and 5). Consequently, the arsentc pentoxtde con-

taining adhestve fomulation P4A/A5FAwas selected for thts program.

Because the data presented in a previous report (Reference 2) indicated

that anttoxidants were not essential for retention of properties durtng

thermal agtn9 of tttanlum alloy Joints but essential for stainless steel

alloy jotnts (.Reference 1), it was decided that two separate formulations would

be used during subsequent evaluations, one for stainless steel alloys, _.¢.

P4A/A5FA, and one for tttanium alloys, _.o. P4/ASF.

2,3 NR150BPROCESS[NGSTUDY

Lap shear test specimens were prepared from NR15OBadhestve ftlm

(see Table B-l) ustng the same curtng process as recommendedby OuPont

for glass composite fabrication. Because the ftrst series of test panels

demonstrated a complete lack of adheston to the substretes, a short process

study was conducted to determine whether a successful adhestve bonding

procedure could be developed expeditiously. The processing conditions

Investigated were the tmfdfzing cycle, cure temperature and cure pressure

(see Table Vi). Because the shear strength values obtained all were low

(_7 HN/m2 was the htghest shear strength at room temperature), further

attempts to develop an NR150Badhestve were terminated.

TABLEVZ.

SUI'_ARYPROCESSPARAHETERSOF NR150B

, ,, , m i

Panel Cleantngb) Substrete Precure [" PressingCycle
Number Method (c) MinutesAt T_ma Pressurs ¥_,

472"K672_K Htnutes HN/B_ _K-
7119-7-1 A.2.3 Ti 180 120 7 17.4 688
7119-7-2 A.2.1 Tt 180 120 7 17.4 688
7119-7-3 A.1.2 $S 180 120 7 17.4 606
711g-7-4 A.1.3 SS 180 120 10 3#,8 699
7119-7-6 A.2.3 Tf 160 35 10 34.8 699
7119-13-1a) A.2.1 Ti 180 3S 10 34.8 699

a)AdhesivecontainedS phrof arsentc thioarsenate

blseeAppendtxA.

C)T/ - MI4V TitantumAlloy
SS- 17-TPHStainless Steel

$
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2.4 DEVELOPHENTOF BONDINGPROCESSFORBACPPQRES]N

The Boeing AtYcraft Company(BAC) PPQ11 (IHN) resin was evaluated

for bonding lap shear test specimens using adhesive formulations described

in Table B-1. These fomulattons dtd not provtde promising results (e._.

' <4 HN/m2), therefore it was decided to investigate the use of neat PPQ

resin as the primer and adhesive for bonding lap shear specimens. The

shear strength values obtained from these bon_ed specimens were acceptable

although considerable difficulty was encountered tn reproducing the
adhesive coating thickness during specimen fabrication. Host of the

specimens provided a bondline thickness of O.08mm (0,003 Inch) and

attempts to obtain thicker coatings were frustrated by local unbondtng

of the coating from the faytng surface prior to the curing operation. A

_ processing procedure then was developed using the 5_ w/w neat PPQresin

i solution as a primer and the PPQadhesive formulation showntn Table B-I.

Although the unbonding problem that had been prevalent during the prepar-

e, ation of earlier specimens did not reoccur, Lhts procedure did not provide

t reproducible 0.20mm thick bond!!ne thicknesses. Values obtained during

I these studies (see Table VII) Indicated that differences in bondltne thicknesshad little effect on room temperature tap shear strength but had significant '

effect on elevated temperature strength. Thts conclusion was drawn because

bondltne thickness was the only significant variable between test panels.

Additional work on process development for the PPQsystem was precluded

because only a ltmited supply of resin was available from BAC(this resin

was not available commercially).

It . I ....... 14
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TABLEVII.

SUMMARYOF PPQADHESIVEPRELIMINARYSCREENING

Bondllne Substrate Test Shear Percentb_
Thickness Temp., Strength, Retention•
(ram) (a) °K MNIm_

0.20 Ti 295 18.2c) --

0.10 Tt 295 19.0 --

0.10 SS 295 23.8 --

0.20 Tt 533 12.8c) 70

0.09 Tt 533 10.8 57

0.08 SS 533 5.5 23

0.20 Tt 589 10.5 c) 58

0.08 TI 589 3.2 17

0.08 SS 589 2.1 9
%

II

e)Tt - 6A14VTttantum Alloy
SS - 17-7PHStainless Steel

Shear Strength @Test Tempera.ture
b)Percent retention = Shear Strength O 295°K (72°F) X 100

c)100S adhestvefatlures

15
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3. DETAILEDEVALUATIONOF CANDIDATE
ADHESIVESYSTEMS

Detatled evaluation of the candidate adhestve systems for servtce

applications tn the temperature range 20°K to 589°K consisted of:

- l Static shear strength determination at 2O°K (-423°F),

i 520K (-353°F), 295°K (72°F), 533"K (5OO°F)and 589°K

(60O°F).

e Theme1 shock tests over the 20°K (-423=F) to 5890K

(600°F) temperature range.

._ e Stattc Isotherm1 agtng tests at 477°K (40O*F), 533*K
-- (50O°F) and 589°K (600°F).

#

e Stress rupture tests at 50_ of ulttmate shear st_-ength

at 477°K (400°F), 533=K (500°F) and 589°K (600°F).

• Coefftc|ent of ther_l expansion detemtnattons of the

adhestve system over the 20°K (-4230F) to 58g°K (600°F)

temperature.

Adhestve _¥stem evaluated dur|ng these studfes were BR34/FN34 and PPQII

([IN) for both t|tan|um alloy and sta|nless steel substrates, P4/ASF foe

tttantum _dloy substrates only and PdA/A5FAfor stainless steel a11W sub-

strates only. Full evaluatfon of the PPQII (ZM_) system was not completed
because the restn was not commercially available.

3,1 STATICSHEARSTRENGTHTESTINGOF ADHESIVESYSTEMS

Lap shear test specimenswere bondedwtth PPQII (lMH) P41ASF,

PdA/A5FAand BR34/FM34adhesives. These specfmens then were tested at

20°K (-4230F), 52°K (-353°F), 295°K (72°F), 5330K (500°F) and 589°K (600°F).

Detat|s of the test _pectmn preparation procedures, test procedures and

test results are provfded below.

3.1.1 PTeparetlon of Test Spec_m.ns -

Test specimenswere prepared (see Ftgure 7) us|ng 17-7PH stahtless

steel and 6A14V tttanf,_m alloy lap shear specimens. The sueface prepara-

tions of the tltantum and stalnless steel substrates were perfomed tn

PR 'l_ ,I_DINGPAGI_ IILKNK NO1' I,'ILMI,;D17

I Q 7A I'1 ("1_ '1 9 ,I T(_D 4 '3



t ,

_,:cordance wtth the procedures defined tn Appendices A.2.1 and A.],3,

respectively. Tapp manufacture, couponpriming, panel preparation and

bonding cycles were in accordance with the procedures defined tn Appendix
B.

Adhesive SystenVSondlfne TMckness

P4A/A5FA P4(ASF 8R34fFM34 ePq
O.23m b.4Omm 0.23 n_n 0.4Omm 0.23 nm 0.4Omm O_23mm 0.4Omme)

i__ ..... _ 4 4 4 _ 4b)

bl

_'_ 4 4 .... 4 4 --
Ul ¢,,_ "-

t
f.,,,

a)aendltne nominal th|ckness

b)Number of replicates at each test temperature - 295OK(72°F), 533°K (50OQF),
SgOOK(eO0°F).

D

Figure 7. Static Shear Strength Test I_trix

3.1.2 Test Procedures -

Lap shear test specimenswere loaded in tension at a loadtng rate of

550 kg/mtnute. Simple clevis-pin 9rips were used for all tests except

the cryogenic tests where a combination of serated, tapered tenstle jaws

_If and pins was necessary. Residence time at test temperature was ten minutes.

3.1.3 Test Results -

g sumnaryof the static lap shear test data obtained is presented in

Table VIII. Sufficienttest speciw,_nswere not availablefor cryogenic

testing of specimensbonded with the PPC)II (IMW)system;therefore,only

1974006121-T£ R1.'4



roomand elevated temperatureresultswere obtalned. D_ta obtainedfPom

testing specimens bondedwith the UR34/Ff434,P4/ASF and the P4A/A5FAsys-

tp'qs were plotted graphically (see Figures 8 through 15). These graphs

tndtcate that at the cryogenic t.empePatures, shear strengths of the BR34/

FH34 adhestve are htgher whereas at elewted te, iperatures the shear strengths

of the P4/A5F and P4A/ASFAsystems are higher.

TABLEVIII.

SUHNARYPRELIHINARYSCREENINGOF ADHESIVES

/Klhestve |ondHnl SubstrItl Tilt Shelir$trlngth Percilnt¢)

System rfficknels (I) T_eriture, *K Ht/m2I o(b) ,,,Retent(°n

BR34/FM34 0,23 TI 20 34,0 3.3 142,0
0.39 Tt 34,9 1.8 150,4
0.2S .% 33.5 di.7 140.)'
0.39 SS 33,6 3.3 111.4

P4/ASF 0,23 Tt 29,9 1.5 104.9
0.36 Tt 21.9 0.0 79.9

P4AIASFA 0.23 5S 23.0 2.S 125.0
0.40 55 23.5 1,S 124.3

BR34/FH34 0.23 TI :! 30.4, 6.8 124.1
0.39, H 34.3 3.8 147.8
O.25 SS 34.8 1.5 146.2
0.39 $$ 30,7 3.0 150.0

P4/ASF 0.23 T_ 33,3 2.5 116.8
0.30 Tt 25.1 0.9 91.6
0,23 35 23,0 2.5 120.0
0.40 .% 2%5 14 124.0

BR341FR34 0.23 Tt 2__ 24.5 1.5 --
0.39 Ti 22.2 1.2 --
0.25 SS 23.0 0.0 --
1_.39 .% 19.0 1.4 --

PPQ 0.10 Tt 19.0 2.3 --
0.IS H 23.2 ....

PI/ASF O,20 T4 20.S 3.0 --

O,40 T| 27.4 1,1 "-

P4A/ASF,_ 0.23 SS I I 10.4 0.2 --

0.40 .% 18.9 0.2 --

BR34/ff134 0.2S Tt 5") 11.8 0.2 40.2
0.3S H 11.8 0.5 60.9
0.23 .% 13.6 0.9 61.1

PPQ 0,39 .% 12.1 0.7 64.8
0.09 *-: 10.8 2.3 61.0
0.15 H 10,7 -- 81,0

P41ASF 0.23 TI 21.9 2.5 2|.6
0,36 Tt 22.0 0.0 81,5

P4A/A_A 0,_3 .% i I 15.3 0.7 83.20.4n Ss 16.0 0.1 64.7

!1P,341FM34 0,25 TI 569 7,5 0.7 30,6
0,36 T$ 7.7 0°3 33.2
0,25 SS 1,3 0.4 30.1
0,39 SS 6,6 O.+t 33.2

ffQ 0.00 T| _1,2 0.4 18.0
0.15 Tt 3.0 *- 31.0

PI/ASF 0,20 TI la.0 I *S d14*O
0.31 Tt 12.5 !,4 4_,0

I

P4A/ASFA 0,'h3 SS k I I1.3 I .I 61.4
' 0.30 63 r 2.0 0.7 61.P

I)TI - 6414VTl_nlwn 411O)'
SS - 17-1 PHStltnlllS StNt

b)Sf_ndo_ dewtlt$onsulHni 4 rlpH¢ltli.

1' |l'
. . . _ ............ .c. .............. ____ alilillh r ........ , O-%nl,

'IQTAC'IVI_4_4 n-o_a a
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F_gure 8. Lap SheerStrength Retention _a Test Temperature
: for 0.40 mmThtck Bondllnes on Tttantum Substrates

!

120 _'_'_'"_'_ _P4/ASF Tf - 0.23 m
100

i-6O

g,
2O

0 tOO 200 300 400 5flO 600
Test TeY_rature, °K

Ftgure 9. LapShear Strenyth Retention ua Test Temperature
for 0.23 .leThtck Bondllnes on Tttantum Substrates
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| ".,.. (_) P4A/A5FASS- 0.23mm
_20 J (_ "'_, _ BR34/FM34 $S- 0.23 mm

i"
"_ 6O

' t____________2_. 40

2O

0 l CO 200 3QO 40Q 500 600

Test Temperature_ _K

FigurelO. Lap Shear StrengthRetentionpe Test Temperature
for 0.23 mm Thick Bondlineson StainlessSteel
Substrates

160'

140, _ilL _P4A/ASFA - O,4omm

120- ".% ,_BR341A5FA " 0,4Ohm1

80- _r

40- %_

20"

|_ 2_ 3_ 4_ _0 600

Test T_erature, °K

FigureII. Lap Shear StrengthRetentionue Test Temperature
for 0.40 mmThick Bondlineson StainlessSteel
Substrates
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30 _,._._._ (_ BR341FH34SS - 0.35 mm%

i; _ _ . _"_. _ P4IVASFA SS - 0.35 mm

_ 2o

$
10

I

1_ 200 3_ 4_o _o _o
Test Tel_erature, QK

Figure 12. Lap Shear Strength ve Test Temperature for 0.35 mm
Thtck Bondlineson Stainless Steel Substrates

] "_.._ _) OR341Ftt34SS - 0.25 mm

"" 0 100 200 300 400 500 600

Test Tee_erature. *K

Figure 13, Lap Shear Strength ve Test Temperaturefo_ 0.25 mm
Thick Bondl_neson Stainless Steel Substr_tes
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Figure 14. Lap Shear Strength us Test Temperature for O,23mm
Thick Bondlines o_ Titanium Substrates

10

100

Test Temperature, °K

Figure 15. Lap Shear Strength L_eTest Temperature for 0.35 mm
Thick Bondlines on Tttantum Substrates
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3.2 THER!,_LSHOCKTESTS

Stainless steel lap shear test specimens were bondedwith P4A/A5FAand

BR34/FM34adhesives and subjected to then_al shock at 20_K (-423°F) and

589°K (600°F). All of the test specimens survived the thermal shock tests

and subsequently were subjected to additional evaluation. Details of the

test specimen preparation procedures, test procedures and test results

are provided below.

3.2.1 Preparation o.f Test Specimens-

Stainless steel 17-7PH adherends were prepared in accordance

! with the procedure defined in Appendix A.1.3 and then bondedwith P4A/A5FA

} end BR34/FM34system by the procedures defined in Appendix B.2.1 and B.2.2,
f

! respectively. Sufficient specimenswere prepared to meet the planned

thermal shock test requirements (see Table IX) as well as for static

thermal aging tests (see Section 3.3).

TABLEIX.

THERMALSHOCKEVALUATIONS

_lr of AdRel4vel) Adherlhdsb) Post-Test
S_e¢lmns Systm Use

1 P4A/ASFA SS Test at ReTi
I P4AIASFA SS Tilt st 477°K

1 P_IASFA SS Test at SSSeK
! P4A/ASFA SS Test it SSP*K

10 P4A/ASFA SS Agingit 477°K
)0 P4A/ASFA SS Agtn9it SSS*K

10 P4A/ASFA SS Astnsit S$S*K
Z P4A/ASFA S$ StreSSrupture

it 477eK

2 P4A/ASFA SS Stress Rupture
it SSSeK

P4A/ASFA SS Stress rupture
it SSg*K

1 BRS4/FM34 SS TeSt it R. T.
1 |R34/PI434 $S Tilt it 477eK

1 iH41FI04 SS Tilt it S33*K

1 |RS4/I_434 SS Tilt It 469"K

10 |R34/FM34 SS AsSnpit 47PK

10 IR34/FR34 $S A91n9It SSSmR
|O _R34/FM34 SS Aefngit 4890K

2 IRS4/FM34 $5 Stress Rupture
it 47PK

2 SR341FM)4 $S Stress Rupture
it S33*K

2 |R341FK!4 _$ Stress Rupture
it 589'K

I)Sondttne thtcknllS O,2S nn n_mtnll

b)SS• 17-7 PHStaln)ess Steel

24
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3.2.2 Test Procedures -

The specimens were placed tn a chamber and the temperature was elevated
P

to 589°K (600°F) then, after stabilization of thts temperature, the spect_ns

were re_ved and tmnwdiatel2 placed in a c_ostat of ]1quid nit_gen (LN2).
After stabilization at the LN2 temperature of 52°K (-320°F) the spectmns/

were transferred tmedtately tnto a liquid hydrogen (LH2) c_ostat which
then was purged and ftlled wtth 11qutd _drogen. The spect_ns were allied

to stabilize at 20°K (-423°F) then removed and placed tn a chamber at 589°K

(600°F). After stabilizing at s8g°K (600°F) the specimens were removedI
. _ from the cha_er and al'iowed _ cool _ room te_erature (295°K). An t_al-

tzed th_al shock _cle based on a temperature change rate of 11=_minute

; minimum is sho'_n graphically in Figure 16.

!

tA Asoo

:i' "°II\ I \
i' ;'°°" \ / '

I . i _ m I _ I :
20 40 60 _ i00 120 1_ i_

Time.Hfnu_s

Ftgu_ 16. Therma| S_ck Cycle

3.2.3 T_t Results -

Post-test vtsual examination of specimens that had undergone the

, preceding themal shock cycle provtded no indication of adverse affects.

$pect_ns t_n were selected _r stattc lap shear tests to daftne whether

_chanical proper_ deg_dation had occurred as a result of thermal s_ck.

Results from these tests (see Tabl_V[11) indicated that no proper_

degradation had occurred for the BR34/FM34syst_ as a result of therml shock,

although some degradation did occur with the PdA/ASFAsyst_. The remaining

I "

-- II I I IIII._ _ .J
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specimens were used fop thermal aging and stressed themal agtn9 tests

tn accordance with. Table IX (see Sections 3.3 and 3.4).

TABLEX.
LAPSHEARSTRENGTHBEFOREAND

AFTERTHERHALSHOCK

Adhestve Lap Shear Strength at Lap Shear Strength at
System 2_5°K (R.T.) MN/m2 295°K (R.T.) HN/m2

Before Thermal Shock After Thermal Shock
I I

P4A/ASFA 19.1 15.9

BR34/FH34 21.7 21.7

3.3 STATICTHERHALAGINGTESTS

Stainless steel lap shear test specimens were prepared wfth P4A/ASFA

and _R34/FH34 adhesives _nd, together wtth specimens surv_vtng the thermal

" shock tests (see Sectton 3.2), then were subjected to thermal aging In atr

circulating ovens at 477=K (400°F), 533°K (500°F) and 589°K (600°F).

After completion of the lO00-hour agtng duratton the specimens then were

loaded to failure at room temperature. Detatls of the test speclmen prepar-

ation procedures were provtded Jn the preceding sectton and test procedures

and results are provided below.

3.3 1 Test Procedures -

The test specimens were placed on metal shelves Jn three etr ctrcu-
I

i lattng ovens each wtth an atr velocity of 12.7 m/sec and an aft change rate

i of 1g.7 m3/sec. Atr temperature tn each of the three ovens then was ratsed

to each agtng temperature, 4.e. 477°K (400°F), 533°K (500°F) and 58g°K

(600°F). Spectme,s were withdrawn from the a_r ctrculattr, g ovens after
egtng durations of 50, 100, 500, 750 and 1000 hours and thetr 295°K (R.T.)

i shear strength was determined.

3.3.2 Stat!c Thermal A_t,g 1apt Results -

Strength retention pe agtng duratton plots at each test temperature

were drawn (see Figures 17 through 22) from the shear strength values ob-

tained from the post agtng test results (see Tables XI through XIII). These

26
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Ftgu_e 17. UnstressedAgtngat 477°Kof
Stainless Steel LapShear Panels
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I/_" _, BR34/FH34
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I I I ! W

0 200 400 600 800 1000

Ag|n9 Time, Hrs.

Ftg.re 18. UnstressedAging at 477°Kof
Stainless S_eel Lap Shear Panels
After ThermalShockTests
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(_) P4A/ASFA

BR34/FM34
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0 200 400 600 800 1000

AgingTime. Hours

Ftgure 19. Unstressed Agtn9 at 533°K of
Stainless Steel Lap Shear Panels

I _ 00_ o P4A,AsF_

_BR34/FH34

I ! | I I

Z00 400 600 800 1000

Aging Time, Hours

Figure 20. Unstressed Agtn9 at 533°K o_
Stainless Steel Lap Shear Panels
After Thermal Shock Tests
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_ %% _ 6R34/FM34
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Ftgure 21. Unstressed _tng at 5_°K of
Stainless St_l Lap Shear Panels
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Ftgure 22. Unstressed Agtng at 509°K of
Sta|nless Steel Lap Shear Panels
After Thermal Shock Tests
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TABLE Xl.

RESULTS FROM THERMAL AGING TESTS AT 477<'K "

Adhesive AgtngDuret4on As Prepared Specimens Specimens.After Theme1 Shock
System at 477°K. Hrs. Lap Sheare) Strength Lap She_rA) Strength

Retention
S_41_th. _ Strength.HN/m_ Retention.S

P4MASFA 0 19.1 ,,- 15.9 --

BR34/FR34 0 21.7 -- 21.7 --

P4A/A5FA 50 19.B 104 17.5 110

BR34/FM34 50 21.5 99 21.5 99

P4A/ASFA 100 19.B 104 17.1 108

8R34/FM34 I O0 21.2 98 24.S 113

P4A/ASFA 500 19.! 100 17.2 108

BR34/FM34 500 18.2 84 22.5 104

P4A/A5FA 750 17.6 92 ! 7. I 108

8R34/FN34 750 18.5 85 21.4 99

P4A/ASFA IO00 . 18,3 96 16.1 101

BR34/Ff134 1000 18.7 85 21.1 97

e)Oetemtned at 2950K(ROT.)
TABLEXlI.

RESULTSFROMTHERIMLAGINGTESTAT 533°K

Adhes|ve AgtngDuretton ASPrepared Specimens SpectmmsAfter Thom|l Shock

Strength L_Ptren,I_! Retent,on.
System at 533"K, Hrs. LaPstrength,ShRreJRet|ntton, She Y Strength

o 1,1 . 159
OR34/FM)4 0 21.7 o- 21.7 --

P4A/ASFA SO 18.7 98 17.I 108

6R34/_34 SO 20.8 96 23.0 106

P4A/ASrA 100 19o6 103 16.6 104

BR34/FR34 1O0 23.9 110 24.2 112

P4AIASFA SOO 19.0 100 16.6 104

BR34/FM34 SO0 22. S 104 21.8 lot

P4A/A5FA 750 19.3 101 11. 3 90

6R341FH34 750 19.S 90 20.7 95

P4A/ASFA 1000 18.0 94 1S.2 96

BR34/FH34 1000 1 18,0 B3 20.3 94I _.

a)Oetem_ned(it295°K (R.T.) I
30
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TABLEXIIl.

RESULTSFROMTHERHALAGINGTESTI M 589_K

Adhesive Aging Duritton A_Preptred Specimens SpecimensAfter Therm_t Shock
System 8t 580°K, Hrs. Lag S_elra) ' S_rength I Lap Shelf a) Strength a)

St_enlthQ Re)an)toni StrenAth, Retehttonl
HN/m• % HN/mZ %

P4A/A§FA 0 10.1 -- 15,9 --

BR34/FH34 0 21.1 -- 21.1 --

P4_/ASFA 50 lS,S 98 15,4 97

8R34/FH34 50 1g,8 gl 22.4 103

P4A/A5FA 100 19.1 100 16.6 104

6R$4/FH34 100 23.9 110 22.7 I0_

P4A/ASFA 500 I 1,8 62 10.9 69

BR34/FH34 500 19.4 89 18.7 86

P4AIASFA 750 11.3 S9 11.3 71

SR3_FH34 750 )6.7 77 16.5 76

P4A/ASFA 1000 11,2 09 10.1 64

BR34/FM34 1000 16.6 77 16.0 74

a)Oe_rmtned at 295°K (R.T.)

plots indicated htgher strength retention for the P4A/ASFAadhesive joints

aged at 477°K and 533°K and higher strength retention for BR34/FH34adhesive

joints aged at 589°K. No effects of thermal shock on either type of

adhesive joint were observed.

3.4 STP£SSEDTHERHALAGINGTESTS

Lap shear test specimens were bondedwtth PPQ II (IHW), P4/ASF, P4A/

A5FAand BR34/FM34adhesives. These specimens were loaded into stressed

thermal _ging te_t Jigs at 50_ of their ulthr_te strength and then subjected

to thermal agin9 in air circulating ovens at 477°K (400°F), 533°K (500°F)

and 589°K (600°F). After completion of a 1BOO-houraging duration, those

specimens that survived the test were loaded to fatlure at room temperature.

Details of the test specimen preparation procedures, test procedures and

test results are provided below.

3.4.1 P__eparation of Test Specimens -

Lap shear test specimens were prepared using 17-7PH stainless steel and

6A14Vtitanium alloy substrates. The surface preparation of the titanium

a11o¥ and stainless steel alloy substrates was tn ac:ordance wtth the pro-
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cedures described in Appendix A.2.1 and A.1.3, respectively. Panels were

bondedwtth BR34/FH34, P4/A5F, P4A/A5FAand PPOII (IHW) adhesive systems

trt accordance wtth the procedu_es described in Appendtx B.

: 3.4.Z Test Procedures -

Test specimensprepared in accordance with Section 4.3.1 as well as

stainless steel specimens which had survtved thermal shock (s_.e Sectton 3.2)

were loaded into the stress rupture test fixtures and the predetermined

load (see Tables XlV, XV and XVI) wa_ applied (see Figures 23 and 24) by
adjusting the we|ghted lever arm length by an adjustment screw, These test

jigs were pre-located tn air circulating ovens wtth an atr veloct_ of 12.7

m/see and an air change rate of 19.7 m3/sec. The ovens then were heated to

the test tee,peratures (_.e. 477°K (400°F), 533°K (500°F) and 589°K (600°F)

and the test specimens and jigs were allowed to reach equilibrium before

TABLE XIV,

SUHHARYOF STRESSEDTHERHALAGINGSTUDIE3FORTITANIUH ALLGYSPECIHEN$Adltesfve ;tresned Therml Aging Conditions

q In#tie! $hene Mfner Strength Strength s) leaflure Test Test

Test Shear

_¥stWn Strength. After Aging. Retention, TSme, T_rature,] Load,
2gS=K 295"K _t Hours =K (Q

PPQ11 24.6 |9.6 80 N.F. 477 _.22 7o0
(1_)

P41ASF 32.5 24.9 77 N.F. 417 ).g6 12.S

gl_34/R_34 24.1 20.9 87 (t.F. 477 $.96 6.2

vpqzz zg.o tT.db) 6'_ Z S'3.= _.._e e.z
(zw)

P4/ASf 30.4 (¢) (c) 192 533 3.$6 11.2
288

B#)4/FN34 26.3 (c) (¢) 168 $33 2.14 6.7
192

PI_ 1t 27.g 4.9 b) 18 864 S69 0.71 2.2

Pe/_bF 27.1 ( c) (c) _60 559 I. 91 6.0
8P.14/FR34 24.4 (c) (c) 2 589 1.18 3.7

e)% Rotation • Sheer _ss O 295°K After Aging
_ner Stress O 2gS'K Before Aging

b)Velue represents one specmen. Other spectmn f, tied during mgtng.

¢)l_tther specimens_retved egtng.
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TABLEXV.

SUMMARYOF STRESSEDTIIERMALAGINGSTUDIES
FORSTAINLESSSTEELSPECIMENSAFTERTHERMALSHOCK

Stressed Themal A_In9Conditions

Adhesive |nitlalShear S=,e_'Strength StrenDtl_a) Failure I TESt Test Test Shear
System!, Strmlgth. ,_fterAging. Retentioe. Tiine. ;TEmperaturE. Load. Stre_s.

295°K 295'>K blours °K K_ V_/mz

P4A/A5FA 15.9 IB.3 115 N.F. 477 2,8 8,8

BR34/FM34 21.7 18.3 84 N.F. 477 2.3 7.0

P4AIASFA 15.g II.4 I09 N.F. 533 2.5 7.7

BR34/FM34 21,7 20,3 94 N.F. 533 1.9 6.1

P4A/ASFA 15.9 12.8 81 950 5_9 1.8 5.6

BR341FM34 21.7 13.9 64 N.F. 5z_9 1.3 3.7

_ ShearStres_@ 295=KAfter_
a)% Retention"'_'_earStress@ _95"K Be'_ore-_

TABLEXVl.
SUMMARYOF STRESSEDTHERMALAGINGSTUDIES

FORSTAXNLESSSTEELSPECIMENS

" , Stressed _hermal A_tn_ Conditions
Adhesive Initial Shear Shesr Strength Strengthe; Failure lest Test Test ShEar
System SCrength, After Aging, Retention, Time, Temperature, Load, 5tn,_s,

295°K 295_K £ Hour_ _K KN I_l/m¢

r-- P4A/ASFA 19.! 19.2 101 100 b) 477 2.8 8.8

8R3dlfM3d 21.1 18.8 87 N.F. 477 2.3 7.0

_ P4AIABFA 19,1 18.8 98 N.F. 533 2.5 7.7

8R34/FM34 21,7 10.0 83 N,F, 533 1.9 6.1

P4A/ASFA 19,1 13,3 70 N.F. 589 1.8 5,6

BR34/FN34 21,7 12,4 57 N,F. 589 1.3 3.7
I

Shear St_ss @ 295*K After A_tn_
e)_ Retention * _'_'_g

b)Vslue represents one specimen. Other spec|mn fetled during egmg.
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_ Figure23, LoadingSpecimensin StressedThermalAging Test Jig

'._

4
# • :tp P

Figure 24. StressedThermalAging Test Jig in Air CirculatingOven
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the final load adjustmentswere made. Oven temperaturesand specimenloads

were monitoredcontinuouslyand the loadswere readjustedas necessaryto

the proper levels in order to compensate for test specimen creep. After
completionof a IO00-houraging duration,the load was released. The

test fixturesand specimenswere cooledto R.T. and the unfailsdspecimens

were removed. Testing of the unfailed specimens then was performed at

R.T. using a loadingrate of 550 Kg/minute.

3.4.3 Stressed Thermal Agin9 Test Results -

Examinationof the test results for the titaniumalloy specimensindi-

_ cated that the PPQII (I_) bonded specimens performed better than the other

adhesive systems (see Table XIV). The stressed thermal aging tests on
stainless steel alloy specimens were performed on specimens bondedwith BR34/

_ FM34and P4A/A5FA adhesives only because sufficient quantity of PPQII (IMW)

i resin for preparingthese specimenswas not available. These results (see

Tables XV and XVI) indicatedthat the P4A/ASFAadhesivebondedspecimens

maintainedtheir shear strengththroughoutthe lO00-houraging cycle better

than the BR34/FM34system. There were no apparentadverseaffectscaused

by the thermalshock testson either the P4A/ASFAor BR34/FM34bondedspecimens.

3.5 COEFFICIENTOF THERMALEXPANSIONDETERMINATIONS

The coefficientof thermalexpansionwas determinedon specimensmolded

from the ASFA and FM34 adhesivefilms. These determinationswere made over

a 20°K (-423°F)to 589°K (600°F)temperaturerange. Detailsof the test

specimenpreparationprocedures,testproceduresand test resultsare pro-

videdbelow.

3.5.I _)_ecimen Preparation-

Test specimenswere molded from A5FA and FM34 adhesivefilms using the

procedures described in Appendix C. The resultant panels then were machined

into p:ugs 2.0_ thick by 12.7 mmwide and 50.8m long.

3.5.2 Test Pr__.__t_cedur_e_-

Coefficient of thermal expansion determinations were madeusing a

standardquartz rod and tube with a liquidhydrogencryostatfor temperatures
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: ....... f_om 20°K (-423°F) to 295°K (R.T.) and electrical resistance heaters for
4

temperatures from 295°K (R.T.) to 589°K (600=F). Dimensional cnanges in

the speci_ns were measuredwith a linear variable transformer (LVT) which

were plotted on a _sley x-y recorder. Temperature changeswere measured

by a thenmcouple attached to the specimen and plotted on the _slw x-y

recorderto providestrainus temperatureplots (see Figure25).

3.5.3 Resultsof Coefficientof Themal ExpansionDeterminations-

Strainmeasurementswere taken for the four specimensover a temperature

range of 20°K (-423°F)to 589°K (600°F)and plotted (seeFigure25). Taking

incrementalslopesfrom the data plottedin Figure 26, the incremental

_ averagecoefficientof thermalexpansionwas calculatedand plotted(see

Figure24). These data indicateda wider value range for the A5_ system

(_22.86X lO"6 to ,_5g.44X I0"6 cm/cm/°K)than for the FM34 system (_6.86X

_ 10-6 to 25.15 X 10-6 cnV_/°K). Variationsin the metallicfiller content

! _ for either adhesiveformulationcould changethese valuesand value ranges.

Consequently,furtherfo_ula_ tailoringof eithersystem could be per-

foxed to obtain coefficientof thermalexpansionvaluesto meet specific
requirements.i

0,015' *._1 j

t O,OlO *._41 " _J_

o

_1= ii

33 " '_B i44 200 2_5 3ll _ 422 47; ._)._ be_
(-400) (.Z_) (-ZOO) (-100} (-0_) (+100) (,_00) (+Jo0) {,400) ('50(_) (,_01

le_perature, °K (¢F)
t

Figure 25. Strain us Temperature Plots For Adhesive Plugs
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3.G SUr4HARYOF TEST RESULTS

Results from the static lap shear tests indicated that all of the

adhesive systems evaluated, £.e. P4/A5F or P4A/A5FA, BR34/FH34and PPQ II

(Ir_) provtded simtler roomtemperature values (see Table VIII). However,

at 589°K (600°F) the P4/A5F or P4A/A5FAsystems provided significantly higher

strength retention values than did etther the DR34/FH34or PPQII (IHI_)

systems. Superior strength retention for the PPQII (IHH) system after

thermal aging at 589°K was indicated by the results from stressed thermal

aging tests with titanium alloy _pectmens {see Table XIH). Because a

sufficient quanttty of the PPQ_! (IHH) resin was not available for pre-

paring specimens for other tests such as unstressed thermal agtng_ stre_ed

thermal aging or stattc tests at cryogenic temperatures, a thorough eval-

uation of this experimental resin was not performed. Unstressed ther-

mal agtng tests on the other two adhestve systems, _.e. BR34/FH34and

P4A/ASFAshowedslightly higher strength retention values for _he P4A/AhFA

system at Aging temperatures of 477°K (400°F) end 533°K (500°F) end slightly

higher strength retention values for the BR34/FM34system At 589°K (600°F).

37

1974006121 -TSD04



Statictests at 20°K (-423°F)showed that the BR34/FM34shear strength

values increasedmore than the P4/A5For P4A/A5FAsystem (seeTable VIII).

The BR34/FM34valuesat 20°K were 42% higherthan the room temperature

valueswhereasthe P4/A5Fand P4A/A5FAvalueswere 5% and 25% higher,

respectively. Shear modulideterminationswere not made duringthis pro-

gram thereforeit was not possibleto ascertainwhether significantresin

embrittlementaccompaniedthe high shear strengthincreasefor the BR34/

FM34 system.

Stressed thermal aging tests indicated that the titanium a11oy adherends

bondedwith the P4/A5F system survived for longer durations at 533°K (500°F)

and 589°K (GOO°F) than those bondedwith BR34/FM34(see Table XIV) although

those bondedwith the PPQ II (IMW) system survived the whole lO00-hour

test duration. Most of the stainless steel alloy specimens prepared with

the P4A/A5FA and BR34/FM34systems also survived the whole lO00-hour test

duration. However, the room temperature shear strength retention of speci-

mens surviving the stressed thermal aging tests was higher for the P4A/ASFA

system than for the BR34/FM34system (see Table XV). Thermal shock tests

had no apparent adverse affects on stressed thermally aged spect,_ens bonded

with either system (see Table XVI).

Thermal shock tests did not appear to affect the room temperature

lap shear strength of specimens bonded with the BR34/FM34. There was

somestrength degradation for the P4A/ASFAsystem caused by thermal shock. ""_

Thermal shock had no apparent effects on properties determined by other

tests, such as stressed thermal aging tests.

Coefficient of thermal expansion determinations on molded A5FA and

FM34specimens indicated a wider range of coefficient of thermal expansion

values for the AGFAsystem than the FM34 system (see Figure 2G). At

the elevated temperatures the coefficient of thermal expans|on for A5FA

is above that of titanium and stainless steel substrates which indicates

that less stresses occur at elevated temperatures in the bondltne of speci-

mens bonded with P4A/A5FA. This should result in higher strength reten-

tion at elevated temperatures. Observed elevated temperature values (see

Table VIII) confirmed this deduction. The data also led to the deduction
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that the BR34/FN34system should provide higher shear strength values at

room temperature and htgher shear strength retention values after thermal ,
shock than the ASFAsystem. These deductions also are confirmed in the

test results described in Section 3.4 (see Tables XIII, XIV and XV), As

' discussed previously in Section 3.5, adhesive formulary adjustments can

; change the coefficient of ther_na] expansion values. Consequently, opti-
mization of either system formu|atton could be performed to suit specific

performance requirements, such as improved thermal shock resistance, higher

cryogenic or higher elevated temperature strength retention.
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3, 4. CONCLUSIONSANDRECOMMENDATIONS

I Summarizedbelow are the conclusions reached during thts effort to
d

} identify a structural adhesive system for cryogenic and htgh temperature

) service applications. Based on these findings, recommendationsare given
for further matertal improvementand evaluation studies.

4.1 CONCLUSIONS

1. Twopolytmtde adhesive systems, _.e. BR34/FM34and P4/ASFor

P4A/ASFAwere identified for applications at cryogenic (_.e. 20°K)
J

I and elevated (_.e. 589°K) service temperatures. These systems
provided sound structural Joints with both titanium alloy and

stainless steel substrates. Both systems provided approximately

equivalent properties. However, the P4/A5F system ts easier to process

and provides better qualtty bondlines (e.g., lower void contents)
particularly in large surface area jotnts.

2. The results from long term ({.e., lO00-hour) stressed and unstressed

theme1 aging tests from Joints bondedwith the BR34/FM34and P4/A5F

or P4A/A5F_ adhesive systems demonstrated the suitability of both

systems for carrying sustained loads at elevated temperatures, i.e.,

477°K (400°F), 533°K (500°F) and 589°K (600°F) as well as surviving /

at these temperatures in the unloaded condition.

3. Determinations of the coefficient of therma] expansion values

for the FM34and A5FAadhesive systems indicated that different

values and value ranges exist for these two systems. Because

this property can affect the performance of adhesive bondltnes

in different thermal environments, tt was suggested that variations

tn adhesive formulations could be made in order to opttmize thts

property for a spectftc application.

4. Evaluation of e polyphenylqutnoxaltne resin [BAC PPq II (IMW)]

indicated high promise of thts generic class of polymers for

structural adhesive applications. However, detatled adhesive

developmental _tudtes are necessary to obtain suitable adhesive

systems based on thts type of polymer which will provide suttable

bondedjoints for detailed evaluation.

(
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5. A conenerctal, proprietary surface preparation material, Pasa-

Jel 107, was Identified for preparing tttantum a11oy substrates "

for adhesive bonding. Processing procedures for preparing titanium

: alloy substrates with Pasa-Jel 107 are stmple and amenable to

L production applications. Titanium alloy 6AL4V substrates prepared

wtth Pasa-Jel 107 survtved long term aging at air temperature
C
; : extremes up to 589°K (600°F).

6. A standard sulfurtc acid -sodtum dichromate pro-etch procedure

: was Identified for preparing stainless steel alloy for adhestve
t bonding. Processing procedures for preparing stainless steel
i

substrates by thts process are stmple and amenJable to production

; appl|cations. StoJnless steel 17-7PH substrates prepared by the
t i

i sulfurtc actd- sodtum dichromate etch survived long term agtng
in atr temperature extremes up to 589°K (600°F).

4.2 RECOMMENDATIONS
( 1. Studies to evaluate the effects of adhestve formulation changes

on coefficient of thermal expansion values as well as companion
studies on the effect of vartat|ons tn coefficient of thermal

expansion values on other properties are warranted tn order to

opttmtze an adhestve system for spectftc applications. Such

studies slmuld attempt to define opttmum adhes|ve formulations

(_._. meta|]tc ftl]er contents) required to obtatn highest

thermal shock res|sLance, highest cryogen|c and highest elevated

temperature strength values.

2. Developmental studtes on adhestve formulations based on poly-

phenylqut.oxaline polymer systems are warranted tn order to

obtatn tmproved htgh temperature strength retontJon and also

to evaluate these systems for cryogenic temperature servtce.

3. Further property evaluation studies on structural Jotnts bonded

with the BR34/_34 and P4/ASF adhestve systems are warranted

to obtatn detailed destgn Information. Studtes should |nclude

determ|nation of shear modulus, creep, fat|gue strength
and stressed thema] aging at cryogenic temperatures and at

different stress levels over the complete temperature range.

_.e. 20°K (-423°F) to 589°K (600°F).

4Z
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5. NENTECHNOLOGY "

Hethods of preparing adhesive Joints with BACPPQ[] (IMH) polypheny]-

qutnoxaline resin were developed that demonstrated promise for this system

as a structural adhesive. The relationship between coefficient of thermal

expansion values of two polytmtde adhesive systems (AbFAand FH341 and their

_: mechanical properties, i.e. thermal shock end stressed thermal aging strength
retention were established. Definition of this relationship can provide mean-

lngfui guidance in future adhesive formulary studies for specific applications.

The above concepts have been described tn New Technology Disclosures

- submitted to the TRWPatent Office. The subject matter of these disclosures

i ts ltst_d below:

Docket Number Tlt1__e

73-112 Structural Adhesive CompoundsBased On

i Polyphenylqutnoxaline Res!n
73-113 Process For Forming Structural Joints

Htth Polyphewlqutnoxailne Adhesives

73-134 Hethod For Predicting the Thermal
Behavior of Structural Adhesives by
Coefficient of Thermal Expansion
Determinations

73-115 Autoclaveble Structural Adhesive For
Bondtng Ferrous Alloys For High
Temperature Applications
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" APPENDIXA.

i SURFACEPREPARATIONPROCEDURES

A,1 PREPARATIONOF 17-7PH STAINLESSSTEELALLOYFORBONDING
L

A.1.1 Method A - Prebond 700t

L

Step 1. Solvent clean with acetone.

Step 2. Immerse tn Prebond 700 at 368°K (200°F) for 15 mtnutes.

3 di r)_.._...._..___ (75 Kg/m sttlled ware

Step 3. Cold water rtnse at 295°K (72°F).

Step 4. Immerse tn an aqueous solutton of 4%w/w H2SO4 and 4_ _/w
HC1 at room temperature for 20 mtnutes.

Step 5. Cold water rtnse at 295°K _72°F).

i Step 6. Immerse tn an aqueoussolut4on of 12_ w/w HNO3 and 2_ w/w
HF at room temperature for 15 mtnutes.

Step 7. Cold dlsttlled water rinse at £gS°K (TZ°F).

Step 8. Dry _n an air circulating oven at 339°K (150°F).

A.].2 Method B - Solvent Clean and Vapor Honed

Step 1. Solvent clean wtth acetone.
/

Step 2. Vapor hone fay_ng surfaces.

Step 3. Cold distilled water rtnse at 295°K (72°F).

Step 4. Dry |n an atr circulating oven at 339°K (150°F).

A.1.3 Method C -Sulfurtc Actd- Sodtom Dichromate Bath

Step 1. Solvent clean w|th acetone.

Step 2. Immerse ]n a bath of 96.6_ v/v concentrated sulfurtc actd

(I.R4 sp. gr.) and 3.4g v/v saturated aqueous so|utton of

sodtum dichromate (Z.380 kg/|tter distilled water) at

339°K (150QF) for |S mtnutes.

_. Step 3. Atr dry tn an atr circulating oven at 339°K (150°F).

A.1.4 Method D - Solvent Clean

Step 1. Thoroughly washfaytn9 surfaces with acetone and wtpe

dry.

PREC_OING I:AG], BLANK NOT FIL[It':L)
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A.2 PREPARATIONOF 6A14VTITANIUMALLOY

A,2.1 Method A - Pasa-Jel

Step 1, Solvent clean wtth methyl ethyl ketone (HEK).
Step 2. Alkaltne clean at 355°K (180°F) for 15 :ntnutes tn a

so|utton of Turco HTC (428 g/liter).

Step 3. Rinse tn hot tap water at 339°K (1SO°F} then cold tap water

at 295°K (72°F).

Step 4. Immerse tn an aqueous bath of nitric actd ]5Z w/w and

hydrof|uortc actd 3_ w/w at room tempezrature for 30
seconds.

Step S. Rtnse _n tap water at 29S°K (72°F).

Step 6. Immerse faytng surfaces tn Pesa-Jel 107 for 15 mtnutes

at room temperature.

Step 7. Rinse In distilled water It 295'K (_t2"F).

Step 8. Dry In an atr circulating oven at 339°K (150°F).

A,2.2 Hetbod B -Turco 5578

Step 1. Solvent clean with e_eth.yl etl_yl ketone (MEK).

£tep 2. Alka|tne clean at 355°K (180°F) for 15 mtnutes tn 4

solution of Turco HTC (428 g/liter).
Step 3. Rinse tn hot tap water at 339°K (150°F) then cold tap water

at 295°K (72°F).

Step 4. Immerse in an aqueous bath of Turco 5578 (544 Kg/m3 dis-

ttlled water) at 366°K (2000F) for 20 mtnutes.

Step 5. _ash wtth 366°K (200°F) distilled water.

Step 6. Dry tn an air circulating oven at 339°K (150°F).

A.2,3 Hethod C - Phosphate FluorldeTreata_nt

Step 1. Solvent clean wtth methyl ethyl ketone (HEK).

Step 2. A1k_11ne clean at 355"K (180°F) for 15 minutes
tne solutton of Turco RTC(428 g/liter).

Step 3. Cold water rtflse at 296°K (72°F).

Step 4. Immerse_n an aqueous bath of nitric actd 155 w/w and

hydrofluoric actd 3Z w/w for 30 seconds at room

temperature.

Step 5. Cold water rinse at 295°K (72°F).

Step 6. Immerse tn an aqueous bath of S[ w/w trtsodtum phosphate,

2_ w/w potassium fluoride, 3_ w/w hydrofluoric actd at room

temperature for 2 minutes.
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Step 7. Cold distilled water rtnse at 295°K (72"F).

i Step 8. Immersetn 339°K (150°F) distilled water for 15 minutes.Step 9. Cold dtstflled water rtnse at 295SK (72aF).

Step 10. Dry tn an atr circulating oven at 339°K (1500F).A.2.4 Hethod D - Solvent Clean

Step 1, Thoroughly wash faytng surfaces wtth meth?l ethyl
ketone (NEK) and wtpe dry.
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APPENDIXB. _' i
DETAILEDPROCESSINGPROC!_DURES " ,

B.l PREPARATIONOF ADIIESIVEFORMULATIONS i

The adhesiveformulationswere preparedusing the constituentslisted

in Table B-I by the followingprocess.

B.1.1 P4/A5FSeriesof Formulations i

The A-type polylmideand Amoco AI-1137amide-acidvarnishesfirst

were blendedtogether. Aluminumpowder thenwas added and blendedtogether

with Cab-O-Silfor adhesivepastesand the arseniccompoundswhere appli-

cable. The primerformulationsthenwere dilutedwith DMF. Adhesivefilm

was preparedby immersingStyle 104 ALTO0 glass scrim in the adhesivepaste

and drawingthe resultantfilm throughwiper barswith a 0.45 mm gap. The

resultantfilms thenwere air dried for 30 minutesand thendried in an air

circulating oven for 15 minutes at 408°K (275°F) plus 5 minutes at 450°K

(3so°F).

_I B.1.2 NR150BFormulation
The NR150Bpolytmide resin first was diluted to 40%w/w resin solids

)x by the additionof DMF. Aluminum powder then was added and blended together

ii with Cab-O-Silfor the adhesivepaste. ThP primerformulationswere obl

tainedby dilutingthe formulationswith DMF. The adhesivefilm was pre-

pared by immersingStyle I04 A1100 glass fabricIn the adhesivepaste and

allowingto drip dry over a periodof 5 minutes. The adhesivefilm thenwas

air dried in an air circulatingoven at 472_K (390°F)for 3 hours and then

precuredan additionalI hour at 672°K (750°F).

B.I.3 PPQ II (IMW)AdhesiveFormulation .-

To the 20 percentresin solidsPPQ II (IMW)resin,aluminumpowderwas

added and blendedtogetherwith Cab-O-Silfor the adhesivepaste. The

adhesivefllmwas preparedby mountingthe St¥1e I04 A1100 glass scrim over

a pictLlreframeand coatingthe scrimwith a 5% w/w PPQ resinand xylene/_

cresolmi^ture. The resultantfilm then was air dried for 20 m_nutesat

room temperatureplus 4 hours at 355°K (180°F). A secondcoatingthen was

appliedusing adhesivepasteand air dried for 16 hoursat 355°K (IBO_F).
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B.2 PREPARMIONOF BONDEDLAP SHEARSPECIMENS

B.2.1 P4/ASF Series of Adhesives

Step 1. Prepare steel and titanium lap shear couponsfor bondtng using

applicable c]eantng procedures (See Appendix A).
m

i Step 2. After applytng _n approximate 0.125mn primer coat to the

prepared laying surfaces, dry as follows: 30 minutes 295°K

(72°F) plus 15 minutes at 408°K (275"F) plus 5 minutes at

450°K (3500F).

Step 3. Assemble panels in bonding Jtg using previously prepared
adhesive tape.

Step 4. Prepare vacuumbag assembly in accordance wtth Appendix O,

NASAReport CR-112003(Reference 1).

Step 5. Install assembly in an autoclave.

Step 6. Evacuate air out of the vacuumbag to provide a pressure
of _lOOkN/m2.

Step 7. Apply 610kWm2 nitrogen gas pressure.

Step8. Heat assembly to 58g°K (600°F) at a heat-up rate of 2-4°K
per mtnute.

Step 9. Cure for 6u mfnutes under pressure.

Step 10. Release pressure and cool the essembly to room temperature

in the vacuumbag (_lOOkN/m2).

Step 11. Removelap shear specimens and postcure in an air circulating

oven for 16 hours at 561°K (550OF).

B,2.2 DR34/PM34Adhesive System

Step 1. Prepare steel and titanium lap shear couponsfor bonding

using applicable clesntng procedure (See Appendix A).

Step 2. After applytng e 0.Smmprimer coat to the prepared laying

surfaces, dry as follows: 30 mMutes at 296°K {72°F) plus

35 minutes at 394°K (250°F).

Step 3. Assemble panels in bonding Jig using commercially prepared
adhesive film.

Step 4. Prepare vacuumbag assembly using conventional vacuum

bagging techniques (_.e., ztnc chromate sealant, nylon ftlm,
etc.).
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Step 5. Install asse;nbly tn an autoclave.

Step 6. Evacuate atr ou_ of vacuumbag assembly and heat at rate of
1-4°K/minute to 405°K (270°F) then reduce rate to 0.5-]°K/minute

up to 450°K (350°F). _hen the temperatureof th_ assembly

ts 427°K (310°F) apply 305kN/m2 nttrogen gas pressure.

Hold temperature at 450°K (350°F) for 60 mtnutes.

Step 7. Release pressure and cool the assembly to room temperature

tn the vacuumbag (_lOOkN/m2).

Step 8. Removelap shear specimens and postcure as follows:

30 mtnutes at 4500K (350=F), then raise temperature to

561°K (5SO°F) at 7°K/minute for 2 hours at 561°K (550°F).

B.2.3 NR150BAdhestve System

Step 1. Prepare steel and tttantum lap shear couponsfor bonding

using applicable c]eantng procedure (See AppendtxA).

Step 2. After applying a 0.Smmcoattng to the prepared faytng

surfaces dry as follows: 30 mtnutes at 295°K (72OF) plus

........ 3.hours at 472=K (3900F) plus 2 hours at 672°K (7500F).

i Step 3. Assemble lap shear couponsand adhestve film onto a pre-heated assembly jig at 689°K (780°F) and load into

i preheated press. Apply 17.SMN/m2 (2500 psIg) pressure
and hold for 7 minutes.

_ Step 4. Cool press to below 589°K (600°F) prtor to release
of pressure.

Step 5. Remove|ap shear specimens from assembly Jtg and cool

to room temperature.

B.2.4 PPQII (IMN) RESIN

Step l. Prepare titanium lap shear specimens for bonding using the

Pasa-Oel clean|rig method. (See Appendix A.2.I.)

Step 2. Using a 5_ solutton of PPQI[ (£M_) and xylene-m cresol

(50150 v/v) apply a thin coat]ng and dry 4 hours at 355°K

(leO°F).

Step 3. Us_n9 the PPQ I! (!1_) adhestve paste (Table= B-l) apply

another coating to the lap shear spec|me.nsand dry for 16

hours at 3550K (180°F).
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Step 4. Prerare adhesive film tn accordance wtth Appendix B.1.3 .
and apply to the faytng surfaces.

Step 5. Assemble lap shear couponsonto a preheated assembly jig
at 643°K (700°F) and load into a preheated press. Apply
0.35 MN/m2 (50 psig) pressure and hold 60 minutes.

Step 6. Cool press to below 423°K (300°F) prior to release of
_ pressure.

Step 7. Remove]ap shear specimens from assembly jtg and _G¢1to room temperature.
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APPENDIXC. _

_" PREPARATIONOF COEFFICIENTOF THERMALEXPANSIONSPECIMENS

C.l PREPARATIONOF ASFA ADHESIVEPLUGS

Step I. Lay-upa lO-plylaminateof adhesivefilm prepared

in accordancewith AppendixB.l.l,

Step 2. Installlay-upin a cold press and apply 0.7 MN/m2

(lO0psig) pressure. Raise plattentemperatureto

SBgOK (600°F)and cure for one hour. Cool laminate

under pressure.

Step 3. Postcurelaminatein air for 16 hours at 589°K (600°F_.

C.2 PREPARATIONOF FM34ADHESIVEPLUGS

Step I. Lay-up a lO-pIylaminateof adhesivefilm.

Step 2. Installlay-upin a vacuumbag as describedin

AppendixB.2.2.

Step 3. Cure laminatein an autoclaveas describedin Appendix

B.2.2.
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