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FOREWORD "

*his document constitutes the final report for the work accomplished
between 29 June 1972 and 30 June 1973 by TRW Systems Group for the National
Aeronautics and Space Administration, Lewis Research Center, under Contract
NAS3-16780 on Cryogenic/High Temperature Structural Adhesives.

This work was conducted under the technical direction of Dr. Tito T.
Serafini of the Lewis Research Center, Cleveland, Ohio.

The Applied Chemistry Department of the Chemistry and Chemical
. £ngineering Laboratory, Applied Technology Division was responsible for
; the work performed on this program. Dr. E. A. Burns, Manager, Applied
(I Chemistry Department provided overall program supervision and Mr. R. M,
Vaughan, Head, Product Development Section was Program Manager. M™r. C. H.
Sheppard provided the major technical effort throughout the program in
i adhesive formulary and the evaluation of adhesives systems, and Dr. K. :
' Berg, Whittaker R&D Corporation was responsible for all cryogenic testing !
' throughout the program.
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SUMMARY

This document is the final program report describing work performed
by TRW Systems for the National Aeronautics and Space Administration, Lewis
Research Center, under Contract NAS3-16780. The objective of this program
was to develop technology for a cryogenic/high temperature structural
adhesive system for application to Space Shuttle structures. This objective
was accomplished by 1) conducting a literature survey in order to identify
potential adhesive candidates and assessing the processing characteristics
and performance properties of the candidate systems, 2) performing a screening
evaluation of selected candidate adhesive systems and 3) performing a detailed
evaluation of the most promising candidate adhesive systems.

The first phase of the work established that adhesive systems based
on polyimide, polyphenylquinoxaline, polyquinoxaline, polybenzothiazole
and polybenzimidazole polymers all possessed potential for providing use-
ful properties over the required temperature range. However, the poly-
quinoxaline, polybenzothiazole and polybenzimidazole systems were not
selected for further evaluation because their processing requirements were ,
not conducive to production procedures. Consequently, three polyimide .
adhesive systems (TRW P4/A5F, American Cyanamide BR34/FM34 and DuPont NR1508B)
and one polyphenylquinoxaline [Boeing Aircraft Corporation PPQ I1 (IMW)]
were selected for screening evaluations. During this phase, adhesive
formulary and processing development studies were performed with the P4/
ASF, NR150B and PPQ II (IMW) systems. It was established during these

studies that h. 30B system requires further development to provide a suitable
adhesive system based on this resin.

The second phase of the work provided detailed property information on
the P4/ASF (PAA/ASFA for stainless steel substrates) and BR34/FM34 systems.
Initial information also was obtained for the PPQ II (IM{) system although
sufficient quantity cf PPQ II (IMd) resin was not available to complete the
evaluation. Property information was obtained during this effort pertaining
to static shear strength over the 20°K to 589°K temperature range; stressed
and unstressed thermal aging at 477°K, 533°K and 589°K; and thermal shock
and coefficient of thermal expansion over the 20°K to 589°K temperature range.
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pifferences hetween coefficient of thermal expansion values for the FM34

and ASFA adhesives 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 adhesive systems, Z.e. BR34/FM34

and P4/ASF or P4A/ASFA provide structural adhesive joints that are suitable
0°K to 589°K temperature range. However,

sier to process than the BR34/FM34 adhesive
free bondlines-in large surface

for service applications in the 2
the P4/ASF adhesive system was ea
and the P4/ASF adhesive system provided void-
area adhesive joints.
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}. INTRODUCTION

This final report presents the work accomplished by TRW Systems for
the National Aeronautics and Space Administration, Lewis Research Center,
under Contract NAS3-16780 during the period 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.

Structural adhesive systems capable of production line fabrication
and suitable for cryogenic {20°K) and high temperature (589°K) applications
are needed for the Space Shuttle. The desired lightweight, high structural
efficiency requirements for this vehicle necessitate the use of adhesive
bonding for both primary and secondary structures. A high degree of reli-
ability for this adhesive is a key factor, therefore, a material that pro-
vides sound safety margins in structural designs s highly desirable.

Prior to commencing this program, a limited number of high temperature
adhesive systems previously had been evaluated at cryogenic temperatures
but sufficient data to afford a sound system selcction for the Space
Shuttle were not available (Reference 1). Because the thermal performance

range is very large (approximately 810°K), thermally induced stresses are of
great concern. Consequently, a screening evaluation program of potential
candidate adhesive systems was necessary o {dentify the most promising ad-
hesive system to meet the use requivements.

Severa) studies had been performed that had shown the polyimides (P1)
and polyphenylquinoxalines (PPQ) possessed high potential for applications
in the 20°K to 589°K temperature range. However, detatled performance data
for these polymers as adhesives were not available and were necessary in
ovrder to select candidate materials for the Space Shuttle applications. Other
polymers that also had shown potential for this application were the polybenzo-
thiazoles (PBT), polyquinoxalines (PQ) and polybenzimidazoles (PBI). Although
these systems all had been evaluated for high temperatures, evaluation for cryo-
genic temperature applications had not been performed. Because these data were
an unknown factor, these materials also were considerad as potential candidates.
However, evaluation of technical information pertaining to the processing
requirements of these systems indicated that thase systems were not suitable
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for production applications. Conseguently, adhesive systems based on these
resin systems were not included in the screening studies.

During the course of this program, structural adhesive systens were
evaluated for bonding titanium alloy and stainless steel adherends. The
systems evaluated were:

0 Adhesives based on P4/ASF nolyimide adhesive developea *
by TRW Systems under Contract NAS1-9532 {Reference 2) '

* American Cyanamide's BR34/FM34 polyimide adhesive r

] Adhesives based on polyphenylquinoxaline (PPQ) resin
developed by Boeing Aircraft Corporation, and

. Adhesives based on Dupont's NR150B polyimide resin
varnish.

Detailed screening studies which included evaluation of adherend surface
treatments, bondline thickness variations and cure cycle variations were
conducted during the initial phase of the program. The two most promising
systems {P4/AS5F and BR34/FM34) then were selected for detailed evaluation,
These evaluations included long term, elevated temperature stress rupture
tests, unstressed fsothermal aging tests, determination of shear strength
at temperatures from 20°K through 589°K and coefficient of thermal expansion
determinations over the temparature range 20°K through 583°K.

! This program was performed in three tasks. During Task I, 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 I1. Reporting requirements were provided
as the Task Iil activity.

This report is divided into sections covering the following subjects:
[ selection of adhesive systems for evaluation, and

] Detailed evaluation of adhesive systems,

The significant conclusions reached and assessments of the results
are 1isted together with recommendations for activities that warrant
: further investigations. The information presented in the main body of
! this report is suppiemented by appendices covering detatled descriptions
of procedures used in specimen preparation, specimen processing and testing.




. 2. SELECTION OF ADHESIVE SYSTEMS

Several polymer and adhesive systems were available 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 made of the systems
. : considered most applicable (see Table I).

N e

TABLE 1.

POLYMER/ADHESIVE SYSTEMS POSSESSING
POTENTIAL FOR CRYOGENIC TEMPERATURE SERVICE

Polymer Type I Trade Name Manufacturer/Developer

Polyimide 8R34/FMI4 American Cyanamide
Bloomingdale Dept.
Havre de Grace, Md.

Metibond BAQ Whittaker Corp.
Narmco Materials Div.
Costa Mesa, Ca.

NR150A €. 1. Dupont de Nemours Co,
Plastics Dept.,
Wi imington, Del.

R

e e

At

r pasase?) TRW Systems
Polyquinoxaline PQ Whittaker Corp.
3 Research Div.
' San Diega, Calif.
Polyphenylguinoxaline PPQ 11 (1MW) Boeing Aircraft Corp.
Seottle, Wash. .
PPy A0Y Whittaker Corp.

Research Niv.
San Diego, Calif.

Whittaker Covp.
Narmco Materials Div.
Costa Masa, Calif.

Polybenzothiazole J PRT Abex Corp.

Polybenzimidazcle Imidite 850

——

Columbus, Ohiu

) peveloped under Contract NASI<9532, Reference 2.

An earlier evaluation of structural adhesives for spacecraft appli-
cations had been reported in Reference 1 which included adhesive sys-
tems based on polyimide, polyamide-imide, polybenzimtdazoie, poly-

3
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quinozaline, polyphenylguinoxaline and polyinide-azoquinazoline polymer
systems. From these systews, one polyimide adhesive (FM34), ane poly-
benzimidazole (Imidite #50) and one polyquinoxaline (Whittaker PQ) were
evaluated; all others, except for the amide-tmide, were not evaluated
becaust they were not available comnercially. The amide-imide system
was rejected because of reported poor elevated tewperature performance.

In the studies reported in Reference 1 titanium alloy 6A14V lap-shear
specimens were prepared and subjected to a thermal shock cycle see Figire 1),
The results of lap-shear tests on the thermally shocked specimens strength
were higher than the other two high temperature adhesives at both room
temperature and at 200°K (-100°F) {see Table II}. Testing at 533°K (500°F)
also showed the superiority of the FM34 adhesive (see Figure 2).

b
&‘l
2
é 533 P S
g |
§ ol
o 9 “ ot
4 J
= 200 .
o
0 1 2 3 4 5 6 7 9
TIME, h

Figure 1. Thermal Shock Test Cycle
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TABLE II.
THERMAL SHOCK TEST DATA

—— —

Shear Stren 2
Adhesive System Cycle ]a) Cycle 2a)

295°K | 200°K | 20u°K |295°K ?
Imidite 850 -10.4 81| 8.0 | 8.3
(PBI)
FM34 (PI1) 16.0 ]18.5 118.5 [13.0
Polyquinoxaline 1n.s 1.6 § 9.6 ]14.5
(PQ)
EA 913 (Epoxy) 1 A 13.1 le.z 26.5 |

a)See-Figure 1.

=™ TESTED AFTER 10 min AT TEMPERATURE
[ TESTED AT TEMPERATURE AFTER 5054-h ,
o THERMAL-VACUUM EXPOSURE —120.5 s
e :
=
-16.4 §
=
(%41
=
12.3 Z
3]
-—f
_'I
8.2 3
Py,
3
™
4.]

200°K 295°K
TEMPERATURE

Figure 2. Adhesive Strength Test Data




The author of Reference 1 concluded that the polyimide asnesive
system (FM34) was an excellent candidate for future spacecraft applications.
Also, he concluded that the PQ and PBI systems of fered no advantage over
the polyimide system when used to bond titanium adherends. He noted that
naside from their lower adhesive strength on titanium, they also areé con-
siderably more difficult to process jnto adhesive bonds" .

An evaluation of polybenzothiazole (PBT) adhesives veported in
Reference 3 showed these systems to possess outstanding properties at
775°K (900°F) (see Figure 3). However, aging studies at 589°K (600°F)
showed these systems nad no advantage over the polyimide adhesives (see

Figure 4).

e PB AF-R-121(31)-4,2
A PBT AF-R-2806D
@ PBT AfF-R- 25068

12.3 -

s
—
!

LAP SHEAR STRENGTH M/’
e
ro
|

TIME (HOURS!

Figure 3. 775°K Lap-shear strength of Titanium Alloy
Joints Bonded With various High Temperature
Adhesives
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Figure 4. 589°K Lap-shear Strengths of Titanium Joints '
Bonded With Various High Temperature Adhesives

A program performed by TRW Systems for the NASA Langley Research Center
(Reference 2) had developed an adhesive system (P4/ASF) based on a blend of
TRW A-type addition-cure polyimide resin technology developed originally for
NASA Lewis Resaarch Center (Refererce 4) with Amoco AI-1137 amide-imide resin.
During this program it was demonstrated that the P4/ASF adhesive system
produced zero-void, crack-free large surface area hondlines; a feature
previocusly not obtained with other polyimide adhesive systems. Lap-shear
strengths of titanium alloy 6A14V joints produced during this program
showed that the P4/ASF system also provided higher shear strength than
other polyimide adhesive systems 'see Table 1il).
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TABLE 111.

COMPARISON OF STRENGTHS OF ADHESIVE
BONDED TITANIUM ALLOY JOINTS

Lap Shear Strength, MN/m?
Adhesive System ZQgEK 533°K
P4/ASF 24.0 12.3
FM34 21.0 8.5
| aF-A-2000%) _ 123 8.0

a)See Reference 3.

Based on the findings of this evaluation, the following systems were
selected for screening:

BR34/FM34 - Bloomingdale Department, American Cyanamid Corp.
NR150B - fupont De Nemours

P4/ASF - TRW Systems

PPQ II (IMW) - Boeing Aircraft Corp. {BAC)

These systems were selected because:

e Data reported in Reference 1 showed that the BR34/FM34
system was the condensation cure polyimide adhesive system
that provided the highest shear strength over a broad
temperature range.

° Work performed under Contract NAS1-9532 (Reference 2) had
shown that the P4/ASF system provided property and processing
improvements over the BR34/FM34 system.

] Private communication with Dr. P. M. Hergenrother, BAC,
had indicated that room temperature shear strength values
of titanium alloy joints bonded with PPQ 11 (IMW) resin
were 25.0 MNIn@.

] Published data theets for the DuPont NR150B polyimide resin
indicated that high strength, low void content, thermally
stable composites were produced from this resin which con-
sequently indicated high promise for this resin as a
structural adhesive.

F - -
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The PQ, Imidite 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, the
earlier work (References 1 and 3} had not provided property improvements
from joints bonded with these systems over those bonded with polyimide
adhesive systems. Whittaker Corporation's Metlbond 840 and PPQ 401 systems
were considered similar to the BR34/FM34 and PPQ II (IMW) systems, respect-

ively, and therefore parallel screening of these systems would in essence
have been a duplication of effort.

Prior to commencing screening 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 [NR150B and PPQ II (IMH)] were not formulated adhesive
systems. Consequently, it was necessary to perform adhesive formulary
and processing studies with these two systems. The P4/ASF adhesive sys-
tem was developed by TRW Systems under a NASA Langley Research Center
contract for bonding titanium alloy substrates. In order to use this
adhesive system with ferrous substrates it was necessary to incorporate
an antioxidant which again required adhesive formulary studies.

2.1 EVALUATION OF SURFACE TREATMENTS

Test specimens conforming to Figure 5 were prepared in accordance
with the screening matrix in Figure 6 using 17-7PH stainless steel and
6A14V titanium alloy. The faying surfaces were prepared by procedures
described in Appendix A. Adhesive tape manufacture, drying cycles and
curing schedules for the various adhesive systems were performed in
accordance with Appendix B.

Two titanium surface preparation procedures appeared to provide
equivaient properties during these studies {see Table IV), i.e. Method A
(Pasa-Jel) and Method C (Turco 5578). However, because previous studies
(Reference 2) had shown that the Pasa-Jel method provided excellent long
term elevated temperature aging properties and similar information per-
taining to the Turco 5578 method was not available, the Pasa-Jel method
was selected for use throughowt this program.




similarly, for stainless steel, Method A (Prebond 700) and Method C
(Sulfuric Acid-Sodium Dichromate Bath) appeared equivalent (see Table IV}.
However, Method C was selected because it was the simplest for production
applications.

NOTE: All joints to be
12.70 mm overiap.

SO

9.8 Diameter

S PYaces) 254 _._l @

® ® ® O—1+——
& u/" ©)

Rad.
N ’.q {Typical) ’,q

{(+
e

?

+)

e 1534 i
A1l Dimensions In mm

Figure 5. Lap Shear Panel
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Figure §. Preliminary Screening of
Surface Treatments

TABLE IV.

SUMMARY OF DATA FROM PRELIMINARY SCREENING
OF SURFACE TREATMENTS

Adhesive Fatiure

Substrate Cleaning®!
Mo Mode

thyd

1! A pas/ASFS | Adhesive
1) ¢ PAS/ASFS Adhesive \i
s | 8 pas/ASFS | Adhesive
ss ) 15.1 - pAS/ASFS | Adnestve
) 3 .5 | 0.8 BRI4/FM34 | Combination
Adhesive and
Cohesive
T ) () - BRI4/A3E | Adnesive
<5 1.6 | 0.05 gRI/EM34 | Cohesive
sS 18.1 0.12 BR34/FN34 Cohasive
M#MI
)yy - GATAY Titanium Adloy d)rqst Spocimens dehonded
blgs - 17-7pH Stainless Steel €)rqve replicates

Clsee Appendix A
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2.2 ANTIOXIDANT STUDY OF P4/ASF ADHESIVE SYSTEM

An antioxidant is an essential component of adhesive systems used for
bonding ferrous alloys, e.g. stainless steel, in joints intended for high ser-
vice temperature applications. The antioxidants selected for screening in this
program we .rsenic thivarsenate (A5254) and arsenic pentoxide (Aszos)
both at § phr concertrations. Data from this study are presented in !
Table V and demonstrate that the formulations containing both of the anti- '
oxidants {i.e., P4S/ASFS with As,S, and Rs 0.} lowered the initial shear

TR T

TABLE V.
ANTIOXIDANT STUDY USING P4/ASF TYPE ADHESIVES

substrate®) | Antioxidant |Antioxidant Shear Strength Failure
phr MN/m m Mode
Deviation
1% As,Sy 10 16.9 | o.n Adhesive |
%) .- - 21.7 | 0.29 Adhesive :
™ 73,05 5 18.8 | 0.2 Adnestve ‘
14¢) As,S, 10 n.7| o.02 Adhesive
11¢) A58, 5 1n.6] 0.08 Adhesive
T - -~ 17.71 0.12 Adhesive
ssd) .- an 25.7 | 0.05 Cohesive
ss?) As,0¢ 5 2.5 0.07 Gombination
. Cohesfve
ss?) As,S, 5 19| 0.3 gonbination
—d Cohesive :

al7q . 6AY4V Alloy
§$ « 17-7PH Stainless Steel

b)Surface preparation per Appendix A.2.1 except surfaces first were grit .
blastad with aluminum oxide.

C)Surfnce preparation per Appendix A.2.1.
d)Surface preparation per Appendix A.1.2, Method €.

€)give replicates

properties of the PA/ASF system on both substrates. The lower values
recorded with adhesives containing arsenic thioarsenate (PAS/ALFS) fit
the same pattern as values reported in the literature for other polyimide

'2 ]
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systems (References 3 and 5). Consequently, the arsenic pentoxide con-
taining adhestve formulation PAA/ASFA was selacted for this program.

Because the data presented'in a previous report (Reference 2) indicated
that antioxidants were not essential for retention of properties during
thermal aging of titanium alloy joints but pssential for stainless steel

alloy joints (Reference 1), it was decided that two separate formulations would
be used during subsequent evaluations, one for stainless steel alloys, i.e.
P4A/ASFA, and one for titanium alloys, i.c. P4/ASF.

2.3 NR1508 PROCESSING STUDY

Lap shear test specimens were prepared from NR1508 adhesive film
(see Table B8-1) using the same curing process as recommended by DuPont
for glass composite fabrication. Because the first series of test panels
demonstrated a complete lack of adhesion to the substrates, a short process
study was conducted to determine whether a successful adhesive bonding
procedure could be developed expeditiously. The processing conditions
jnvestigated were the {midizing cycle, cure temperature and cure pressure
(see Table VI). Because the shear strength values obtained all were low
(~7 MNlm2 was the highest shear strength at room temperature) , further
attempts to develop an NR150B adhesive were terminated.

TABLE VI.
SUMMARY PROCESS PARAMETERS OF NR1508

Panel Cleaning® | Substrate Precure *  Pressi 1
Number Methodg {c) " M—res%.:ﬁ

472°K 672°K Minutes | MN/m oK
n19-7-1 - A.2.3 T 180 120 7 17.4 688
711922 A2 T4 180 120 7 17.4 688
7118-7=1 A2 58 160 120 7 17.4 688
7119-7-4 A.1.3 58 180 120 10 34.8 699
7119-7-56 A.2.3 T4 180 K13 10 3.0 699
719-13:18) ] A2 ! wo 35| 19 1.8 | 699

"Adhesive contatned 5 phr of arsenic thioarsenate
b)See Appendix A.

€)gy . 6A14Y Titantum Aoy
55 - 17-7PH Stainless Steel
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2.4 DEVELOPMENT OF BONDING PROCESS FOR BAC PPQ RESIN

The Boeing Aircraft Company (BAC) PPQ II (IMW) resin was evaluated
for bonding lap shear test specimens using adhesive formulations described
in Table B-1. These formulations did not provide promising resuits (e.g.
<4 MN/mz), 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 bonued specimens were acceptable
although considerable difficulty was encountered in reproducing the
adhesive coating thickness during specimen fabrication. Most of the
specimens provided a bondline thickness of 0.08 mm (0.003 inch) and
attempts to obtain thicker coatings were frustrated by local unbonding
of the coating from the faying surface prior to the curing operation. A
processing procedure then was developed using the 5% w/w neat PPQ resin
solution as a primer and the PPQ adhesive formulation shown in Table B-1.
Although the unbonding problem that had been prevalent during the prepar-
ation of earlier specimens did not reoccur, this procedure did not provide
reproducible 0.20 mm thick bondline thicknesses. Values obtained during

these studies (see Table VII) indicated that differencas in bondline thickness
had little effect on room temperature lap shear strength but had significant

effect on elevated temperature strength. This conclusion was drawn because
bondline thickness was the only significant variable between test parels.
Additicna) work on process development for the PPQ system was preciuded
because only a limited supply of resin was avaiiable from BAC (this resin
was not avaiiable commercially).

14
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TABLE VII. ,
SUMMARY OF PPQ ADHESIVE PRELIMINARY SCREENING
s——
Bondline Substrate Test Shear Percent, b)
Thickness Temp., Strenath. Retention
(mm) (a) TL °K MN/m
__——H
0.20 T4 205 |} 18.2% -
0.10 T4 295 19.0 -
0.10 $S 295 23.8 -
0.20 T4 533 12.8% 70
s | &
5.5 23
10.5¢) 58
3.2 17
2.1 9

)1y = 6A14V Titanium Alloy
§S = 17-7PH Stainless Steel

b)Percent retention = Sh::: S::::gth 9 TegtKTegzg;ature X 100

°)loox adhesive failures

15
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3, DETAILED EVALUATION OF CANDIDATE
ADHESIVE SYSTEMS
Detailed evaluation of the candidate adhesive systems for service
applications in the temperature range 20°K to 589°K consisted of:

® Static shear strength determination at 20°K (-423°F),
52°K (-353°F), 295°K (72°F), 533°K {500°F) and 589°K
(600°F). ‘

e Thermal shock tests over the 20°K (-423°F) to 589°K
(600°F) temperature range.

° Static isothermal aging tests at 477°K (400°F), 533°K
(500°F) and 589°K (600°F).

] Stress rupture tests at 50% of ultimate shear strength
at 477°K.(400°F). 533°K (500°F) and 589°K (600°F).

® Coefficient of thermal expansion determinations of the
adhesive systems over the 20°K (-423°F) to 589°K (600°F)
temperature.

Adhesive cystems evaluated during these studies were BR34/FM34 and PPQ Il
(1Md) for both titanium alloy and stainless steel substrates, P4/ASF for
titanium il1loy substrates only and PaA/ASFA for stainless steel ailoy sub-
strates only. Full evaluation of the PPQ I1 (IMW) system was not completed
because the resin was not commercially available.

3.1 STATIC SHEAR STRENGTH TESTING OF ADHESIVE SYSTEMS

Lap shear test specimens were ponded with PPQ 11 (IMW) P4/ASF,
P4A/ASFA and BR34/FM34 adhes\ves. These specimens then were tested at

20°K (-423°F), 52°K (-353°F), 295°K (72°F), 533°K (500°F) and 589°K (600°F).

Details of the test specimen preparation procedures, test procedures and
test results are provided below.

3.1.1 Preparation of Test Specimens -

Test specimens were prepared (see Figure 7) using 17-7PH stainless
steel and 6A14V titanium alloy lap shear specimens., The surface prepara-
tions of the titanium and stainless steel substrates were performed in

PRICEDING PAGE BLANK NOT FILMED
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accordance with the procedures defined in Appendices A.2.1 and A.1.3,
respectively. Tape manufacture, coupon priming, panel preparation and
bonding cycles were in accordance with the procedures defined in Appendix
B.

Adhesive System/Bondline Thickness
P4A/ASFA P4/ASF BR34/ FM34 PPQ
ﬂo.ea om 1 0.40 mm | 0.23m [0.40mm | 0.23 om | 0.40 mn} 0.23 om | 0.40 Pl

5

=

S

=3l .. . 3 4 4 a 3 ®)
F=

=

<O

i

(%]

[

E

gg 4 a -- - 4 3 - --
Em

"

3)pondiine nominal thickness

b)Nulmtm of reglicates at each test temperature - 295°K (72°F), 533°K (500°F},
§90°K {600°F).

Figure 7. Static Shear Strength Test Matrix

3.1.2 Test Procedures -

Lap shear test specimens were Joaded in tension at a loading rate of
550 kg/minute. Simple clevis-pin grips were used for al) tests except
the cryogenic tests where a combination of serated, tapered tensile jaws
and pins was necessary. Residence time at test temperature was ten minutes.

3.1.3 Test Results -

£ sumnary of the static lap shear test data obtained is presented in

Table VIII. Sufficient test specimens were not available for cryogenic
testing of specimens bonded with the PPQ 11 (IMW) system; therefore, only

18




room and elevated temperature results were obtained. Data obtained from
testing specimens bonded with the BR34/FM34, p4/ASF and the PAR/ASFA Sys-
trms were plotted graphically (see Figures 8 through 15). These graphs
indicate that at the cryogenic temperatures, shear strengths of the BR34/
FM34 adhesive are higher whereas at elevated temperatures the shear strengths
of the P4/A5SF and PAA/ASFA systems are higher.

TABLE Viil.
SUMMARY PRELIMINARY SCREENING OF ADHESIVES

Adhesiva Bond1ine Substrate Tast Shear Strength percent !
System Thickness (s} Temperature, *K | o b) Retention
BR3IA/FM34 0.23 " 20 .8 | 3.3 142.0
0.39 Ti 1.9 | 1.8 150. 4
0.25 55 .6 | 5.7 140.7
0.28 5s 3.6 | 3.3 1M.4
' PAJASF 0.23 T 9.9 | 1§ 4.9
. 0.3 T 2.9 | os 79.9
' PAAJASFA 0.23 S 23.0 2.5 126.0
0.40 5§ 2.5 | 18 128.3
BRIA/FM34 0.23 T 52 30,4 { 6.8 124.1
. 0.39 . T 4.3 | 28 147.8
: 0.25 38 38.6 | 1.5 146.2
0.39 43 0.7 | 2.0 156.6
PA/ASE 0.23 ™ . 1.3 ] 25 116.8
. 0.36 ' 25.1 | 0.9 $1.6
0.23 ss 23.0 § 2.5 125.0
0.40 5§ 235 § 1.5 124.0 “
BRIA/FMIA 0.2 ™ 295 25 0 15 .
0.39 1 0 2.2 | 1.2 -
0.25 55 2.8 | 0.6 - i
\ .39 58 19.6 | 1.4 .
! PPQ 0.10 i 19.0 | 2.3 -
b 0.15 48] 23.2 . -
P4/ASF 0.20 1 8.8 |1 3.0 -
| ) 0,40 T 21.4 1 10 --
= i PAA/ASFA 0.23 55 + 184 | 0.2 -
R ' 0.40 58 18.9 1 0.2 -
‘ BRM/FMI4 0.25 il 33 ne | oz 8.2
i .35 L] n.e | 0.5 50.9 s
= ! 0.23 55 136 ) 0.9 7.1
PR 0.39 5 12,7 | 0.7 64.8
0.09 il 108 | 2.3 57.0
: . .15 H 18.7 - 81.0
1)
i PA/ASF 0.23 T .9 | 2.5 76.8
; .36 T 2.0 | 0.8 81.5
! PAA/ASFA 0.2 13 + 15.2 1 0.7 83.2
: 0.4n 55 16.0 1 01 84.7
i ARIN/FMIS 0.25 ™ 589 1.5 1 0.7 0.6
0.36 L 7.1 F 02 33.2
; 0.25 5 7.3 ] o.4 30.7
0.3% S5 6.5 | 0.4 0.2
(0] 0.08 T 2.2 1 04 18.0
0.15 1 3.0 - 3.0
: : PASASE 0.20 1 128 1 1.8 .9
T ‘ 0.2 T 125 | 1.4 %6
PARSASFA 0.23 55 \ a1 61.4
0.30 58 9.8 | 0.7 51.9
8)ry . 6AIAY Titantum Attoy
$§ -~ 17-7 PH Stainless Stee)
ns:cmhm deviations using 8 rapitcates.
Percant ratention = Frect-¥ireng ura 5 100

?}f
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Figure 8. Lap Shear Strength Retention ve Test Temperature
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f 3.2 THERMAL SHOCK TESTS

Stainless steel lap shear test specimens were bonded with P4A/ASFA and
BR34/FM34 adhesives and subjected to thermal shock at 20°K (-423°F) and
589°K (600°F). A1l 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.

2,2.1 Preparation of Jest Specimens -

Stainless steel 17-7PH adherends were prepared in accordance
with the procedure defined in Appendix A.1.3 and then bonded with P4A/ASFA
and BR34/FM34 system by the procedures defined in Appendix B.2.1 and B.2.2,
respectively. Sufficient specimens were prepared to meet the ptanned

T R  RU L )
r—— s s

1 thermal shock test requirements (see Table IX) as well as for static
i : thermal aging tests (see Section 3.3).
¢l TABLE IX.
THERMAL SHOCK EVALUATIONS
dumber of Adnasive®) Adherands®) Post-Test
Syecimens Systam Use
] PAA/AEFA §5 Test at K. T,
\ PAA/ASFA 5$ Test at 877°K
1 PAA/ASFA 58 Test at §33°K
1 PAA/ASEA 5s Test at 589°K
10 RAASASFA §5 Aging at A77°K
0 PAA/ASFA s$ Aging at 533°K -
10 PAA/ASFA 5§ Aging at 589°K
2 PAASASFA 58 Strass rupture
at 477°K
2 PAR/ASFA 1 Strass Rupture
at 533%%
2 PAA/ASFA $5 Stress rupture
at 589°K
1 BRIA/FMI4 $5 Test at . T,
1 BRI4/FMI4 s§ Tast at 477°K
1 ORI/ FMAL -1 Test at 533°K
1 BRI4/FMI4 5§ Test at 489°K
10 BRI/ FMIA 1] Aging at 477°K
10 BRI4/FMIA $8 Aging at 533°K
{1 10 BRIA/EMA4 55 Aging et 489°K
; 2 BRI&/FMI4 34 Stress Rupture
' at 477°k
lr ? BR34/FMIA L Stress RAupture
i at 532k
i 2 DR24/FMIA 8 Straas Rupture
' at 589°K
1
‘ t)gond1ine thickness 0.23 mm nomtnat .

bl o 17-7 PH Stainiess Steel
24




3.2.2 Test Procedures -

The specimens were placed in a chamber and the temperature was elevated
to 589°K {600°F) then, after stabilization of this temperature, the specimens
were removed and immedfately placed in a cryostat of'11quid nitrogen (LN2).

; : After stabilization at the LN, temperature of 52°K (-320°F) the specimens
. § were transferred inmedfately into a 1iquid hydrogen (LHZ) cryostat which

"
B i b VR

[}
e

. % then was purged and filled with 1iquid hydrogen. The specimens were allowed
5 d to stabilize at 20°K (-423°F) then removed and placed in a chamber at 589°K
. E (600°F). After stabilizing at 589°K (600°F), the specimens were removed
. : from the chamber and aliowed to cool to room temperature (295°K). An ideal-
3 % {zed thermal shock cycle based on a temperature change rate of 11°K/minute
f i minimum is shown graphically in Figure 16.
{
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Figure 16. Thermal Shock Cycle
3,2.3 Test Results -

Post-test visual examination of specimens that had undergone the
preceding thermal shock cycle provided ne indication of adverse affects.
Specimens then were selected for static lap shear tests to define whether
mechanical property degradation had occurred as a result of thermal shock.
Results from these tests (see Tabla VIII) indicated that no property
degradation had occurred for the BR34/FM34 system as a result of thermal shock, )
although some degradation did occur with the PAA/ASFA system. The remaining A
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specimens were used for thermal aging and stressed thermal aging tests .
in accordance with Table IX (see Sections 3.3 and 3.4).

TABLE X.

LAP SHEAR STRENGTH BEFORE AND
AFTER THERMAL SHOCK

i

Lap Shear Strength at Lap Shear Strength at 1
255°K (R.T.) MN/m?2 295°K (R.T.) MN/m2
Before Thermal Shock After Thermal Shock

19.1 15.9
21.7 21.7 !

Adhesive
System

PAA/ASFA
BR34/FM34

3.3 STATIC THERMAL AGING TESTS 1

Stainless steel lap shear test specimens were prepared with P4A/ASFA
and BR34/FM34 adhesives and, together with specimens surviving the thermal
shock tests (see Section 3.2), then were subjected to thermal aging in air H
circulating ovens at 477°K (400°F), 533°K (500°F) and 589°K (600°F).

After completicn of the 1000-hour aging duration the specimens then were
10aded to fatlure at room temperature. Details of the test specimen prepar-
ation procedures were provided in the preceding section and test procedures
and results are provided below.

3.3 1 Test Procedures -

The test specimens were placed on metal shelves in three air circu-
Jating ovens each with an air velocity of 12.7 m/sec and an air change rate
of 19.7 malsec. Afr temperature in each of the three ovens then was raised :
to each aging temperature, Z.e. 477°K (400°F), 533°K (500°F) and 589°K
(600°F). Specimens were withdrawn from the air circulating ovens after
aging durations of 50, 100, 500, 750 and 1000 hours and their 295°K (R.T.)
shear strength was determined.

3.3.2 Static Thermal Aging lest Results -

Strength retention ve aging duration plots at each test temperature
were drawn (see Figures 17 through 22) from the shear strength values ob-
tained from the post aging test results (see Tables XI through XIIT). These

26
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Figure 18. Unstressed Aging at 477°K of
Stainless Steel Lap Shear Panels
After Thermal Shock Tests
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Figure 20. Unstressed Aging at 533°K of
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TABLE XI.
RESULTS FROM THERMAL AGING TESTS AT 477°K
Adhesive Aging Duration As Prepared Specimens ]Specimens Aftar Thermal Shock
System at 477°K, Hrs. -L_apThEr_'T Strength Lap Sheer 8)] Strength
S;.Nrjmth. Ret:ntion . sgt;:‘ath ' Ret;ntlon .
1 1
P4AsASER 0 19.1 .- 15.9 -
BRI4/FM34 0 21.7 -- 260.7 .-
P4ASASFA 50 19.8 104 17.5 110
BR34/FM34 50 21.5 99 2.5 99
PAASASFA 100 19.8 104 17.1 108
8R34/FM34 100 2.2 93 24.5 133
PAA/ASFA 500 19.1 100 17.2 108
BR34/FM34 500 18.2 84 22.5 104
PAA/ASTA 750 17.6 92 17.1 108
BR3&/FM34 750 18.5 85 21.4 99
PAA/ASFA 1000 18.3 9 16.1 101
8R34/M34 1000 18.7 a6 219 97
3)geternined at 295°K (R.T.)
TABLE XII.
RESULTS FROM THERMAL AGING TEST AT 533°K
R
Adhesive Aying Duration As Preparad Specimens Spacimans Aftar Thermal Shock
System at 533°K, Hrs. e f Shear Strength Lap Shear Strangth
Strength, § Retantion, Strength, Retention,
i #__s wund | %
PAA/ASFA ¢ 19.1 - 15.9 e
BR34/FH34 0 .7 - 2.7 ow
PAR/ASFA 50 18.7 98 17 108
BRIA/FU34 50 20.8 9 2.0 106
PAA/ASFA 100 18.6 103 16.6 104
BRI&/FMIY 100 23.% 110 24,2 nz2
PAA/ASFA $00 19.0 100 16.6 104
BRIA/FM34 500 22.5 104 21.8 100
PAA/ASFA 750 19.3 101 14,3 90
BRIA/FM34 750 19.5 90 20.7 95
PAA/ASEA 1000 18.0 1) 15.2 96
BRI4/FM34 1000 JL_ 18.0 83 20.3 94
2)petermined at 295° (R.T.) ‘
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TABLE XIII.
RESULTS FROM THERMAL AGING TESTS AT 589°K

Adhesive Aging Duration As Prepared Specimens Specimans After Thermal Shock
System at 589°K, Hrs. Lap Shasrdl)y Strength Lap Shear a)} Strength a)
sa;,;!:n. Rnt:ntion. Sﬁagagth. Rat;ntion.
P4A/ASFA 0 19.1 -- 15.9 -
BR3IA/FM34 0 a7 - 2.7 --
PAA/ASFR 50 18.8 98 15.4 97
BR3I4/FM34 50 19.8 91 2.4 103
P4A/HSFA 100 19.1 100 1€.6 164
BR34/FM34 100 23.9 no 22.7 105
P4A/ASFA 500 n.s 62 10.9 (1]
BR34/FM34 500 19.4 8y 18.7 86
PAA/ASFA 750 1.3 59 n.3 n
BR34/FM34 750 16,7 n 16.5 76
P4A/ASFA 1000 1.2 59 101 64
BR34/FM34 1000 16.6 17 16.0 74

a)gatermined at 295°K (R.T.)

plots indicated higher strength retention for the P4A/ASFA adhesive joints
aged at 477°K and 533°K and higher strength retention for BR34/FM34 adhesive
joints aged at 589°K. No effects of thermal shock on either type of
adhesive joint were observed.

3.4 STRESSED VHERMAL AGING TESTS

Lap shear test specimens were bonded with PPQ 11 (1MW), P4/ASF, P4A/
ASFA and BR34/FM34 adhesives. These specimens were loaded into stressed
thermal aging text jigs at 50% of their ultimate strength and then subjected
to thermal aging in air circulating ovens at 477°K (400°F), 533°K (500°F)
and 589°K {600°F). After completion of a 1000-hour aging duration, those
specimens that survived the test were loaded to failure at room temperature.
Details of the test specimen preparation procedures, test procedures and
test results are provided below.

3.4.1 Preparation of Test Specimens -

Lap shear test specimens were prepared using 17-7PH stainless steel and
6A14V titanium alloy substrates. The surface preparation of the titanium
alloy and stainless steel alloy substrates was in ac:ordance with the pro-
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cedures described in Appendix A.2.1 and A.1.3, respectively. Panels were
bonded with BR34/FM34, P4/ASF, P4A/ASFA and PPQ I1 (IMW) adhesive systems
i accordance with the procedures described in Appendix B.

3.4.2 Test Procedures -

Test snecimens prepared in accordance with Section 4.3.1 as well as
stainless steel specimens which had survived thermal shock {sze Section 3.2)
were loaded into the stress rupture test fixtures and the predetermined
load (see Tables XIV, XV and XVI) was applied (see Figures 23 and 24) by
adjusting the weighted lever arm length by an adjustment screw. These test
jigs were pre-located in air circulating ovens with an air velocity of 12.7
m/sec and an air change rate of 19.7 m3lsec. The ovens then were heated to
the test temperatures (i.e. 477°K (400°F), 533°K (500°F) and 589°K (690°F)
and the test specimens and jigs were allowed to reach equiiibrium before

TABLE XIV.
SUMMARY OF STRESSED THERMAL AGING STUDIE3 FOR TITANIUM ALLCY SPECIMENS
Stressed Thermal Aying Conditions
Adhesive inttial Shear Shear Strength Stnngth‘) Failure Test Test Test Shear
System Strength, After Aging, Retention, | Time, Tewperature, | Load, Stress,
295°K 295°K 1 tiours °K KN M/
Q 1t .6 19.6 80 N.F. 477 2.2 1.0
(1mm)
PA/ASF R’.5 24.9 17 n.F. 417 3.9 12.5
BRI/ FN3S . 20.9 8? N.F. A7 1.9 6.2
pPg 11 29.0 7.6 6 2 533 2.58 8.2
{1mm)
PAIASF 30.4 (c) (n) 192 833 3.56 11.2
288
SRIA/FMIA 26.1 {c}) {c) }gg 833 2.4 6.7
PPQ 11 2.9 .80 18 864 589 0.7 2.2
{1mi)
P4/ AoF 2. (c) {c) 350 589 .9 6.0
8RI4/FM3A 24.4 {c) {c) 2 589 1.18 3.7

a) sar s3 § 295°K After Agin
% Retention » %Em' %trus 3 295K Before xglng

")ulue represents one specimen. ODther specimen failed during aging,
SInatther specimen survived aging.
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TABLE Xv.

SUMMARY OF STRESSED THERMAL AGING STUDIES
FOR STAINLESS STEEL SPECIMENS AFTER THERMAL SHOCK

Stressed Thermal Aging Conditions
Adbesive lnitial Shear | Siaor Strength Strongtha) Failure Test Test Test Shear
Systen Strength, Aftoer Aging, Retention, Tiine, Temperature, | Load, Stresgs,
295°K 295°K - Hours K KN 1/
PAA/ASEA 15.9 18.3 115 N, 417 2.8 8.8
BR34/FM34 1.7 18.3 84 N.F. 477 2.3 7.0
PAASASFA 15.9 17.4 109 N.F. 533 2.5 7.7
BR34/FMI4 21.7 20.3 94 N.F. 533 1.9 6.1
PAA/ASFA 15.9 12.8 81 950 Hag 1.8 5.6
8R34/FM34 2.7 1.9 64 N.F. 539 1.3 3.7

Shear Stress @ 295°K After Agin

a) .2
% Retention =-gpoic¥ivess @ 205°K Before Aging

TABLE XVI.

SUMMARY OF STRESSED THERMAL AGING STUDIES
FOR STAINLESS STEEL SPECIMENS

Stressed Therma) Aging Conditions
Adhesive Initial Shear Shear Strength Strength“) Failure Test Test Test Shear

System Strength, After Aging, Retention, Time, Temperature, | Load, Strogs,
295°K 295°K % Hour's °K KN MN/m
PANASFA 19.1 19.2 0 100 ®) a1 2.8 8.8
BR3IA/FMI4 21.7 18.8 87 N.F. 417 2.3 7.0
P4A/AGFA 19.1 18.8 98 N.F. 533 2.5 1.7
BRI4/FM34 21.7 10.0 g3 N.F. 533 1.9 6.1
PARJASFA 19.1 13.3 10 N.F. 589 1.8 5.6
BR34/FMI4 21.7 12.4 57 N.F. 589 1.3 .7

& . Shear Stress 5°K_After Agin
)% Retentton = g Sivess 3 zg EE‘E adore iglng
b)Wlue represents one specimen. Other specimgn failed during Aging.
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. the final load adjustments were made. Oven temperatures and specimen loads

were monitored continuously and the loads were readjusted as necessary to
. the proper levels in order to compensate for test specimen creep. After

b completion of a 1000-hour aging duration, the load was released. The

i test fixtures and specimens were cooled to R.T. and the unfailed specimens
‘ were removed. Testing of the unfailed specimens then was performed at

5 R.T. using a loading rate of 550 Kg/mjnute.

3.4.3 Stressed Thermal Aging Test Results -

4 Examination of the test results for the titanium alloy specimens indi-
cated that the PPQ 11 (IMd) 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 bonded with BR34/
FM34 and P4A/ASFA adhesives only because sufficient quantity of PPQ II (1MW)
resin for preparing these specimens was not available. These results (see
Tables XV and XVI) indicated that the pap/ASFA adhesive bonded specimens
maintained their shear strength throughout the 1000-hour aging cycle better

than the BR34/FM34 system. There were no apparent adverse affects caused

by the thermal shock tests on either the P4A/ASFA or BR34/FM34 bonded specimens.

3.5 COEFFICIENT OF THERMAL EXPANSION DETERMINATIONS

The coefficient of thermal expansion was determined on specimens molded
from the ASFA and FM34 adhesive fiims. These determinations were made over
a 20°K (-423°F) to 589°K (600°F) temperature range. Details of the test

specimen preparation procedures, test procedures and test results are pro- f
vided below.

3.5.1 Test Specimen Preparation -

Test specimens were molded from ASFA and FM34 adhesive films using the
procedures described in Appendix C. The resultant panels then were machined
into p.ugs 2.0 mm thick by 12.7 mm wide and 50.8 mm long.

3.5.2 Test Procedures -

Coefficient of thermal expansion determinations were made using a
standard quartz rod and tube with a 1iquid hydrogen cryostat for temperatures
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e gpom 20°K (-423°F) to 295°K (R.T.) and electrical resistance heaters for

temperatures from 295°K (R.T.) to 589°K (600°F). Dimensional cnanges in
the specimens were measured with a 1inear variable transformer (LVT) which
were plotted on a Mosley x-y recorder. Temperature changes were measured
by a thermocouple attached to the specimen and plotted on the Mosley x-y
recorder to provide strain vs temperature plots (see Figure 25).

3.56.3 Results of Coefficient of Thermal Expansion Determinations -

Strain measurements were taken for the four specimens over a temperature
range of 20°K (-423°F) to 589°K (600°F) and plotted (see Figure 25). Taking
incremental slopes from the data plotted in Figure 26, the incremental
average coefficient of thermal expansion was calculated and plotted (see
Figure 24). These data indicated a wider value range for the ASFA system
(22.86 X 1070 to 469.44 X 10°® cn/cn/°K) than for the FM34 system (6.86 X

10-6 to 25.15 X 10'6 en/cm/°K).  Variations in the metallic filler content
for either adhesive formulation could change these values and value ranges.
Consequently, further formulary tailoring of either system could be per-
formed to obtain coefficient of thermal expansion values to meet specific
requirements.

0.015 | {+.008) /
. /'&
0.010 ] (+.004) /@
3
0.005 § (+.002) /ofo
% //o
; el °
0
: ﬁﬁ#ﬁﬁ#”ﬁj"‘
; s ==’ﬁ5=%,/r¢f”’ﬁ
b ¥ 2
= . —,.'__'_.-—;:—"'—
? -o.oosg.-*.:-'-"-*"""'% 8
{~.002) /
p.‘ﬁ:/s
/s
«0.010
i--wﬂ'
23 » 144 200 255 n 66 422 477 £33 589
{-400) {+300) {-200) (-100} (~U*) {+100) {+200) {+300) {+400) {*500) (+F00Y

Temparature, °K (“F)

Figure 25. Strain ve Temperature Plots For Adhesive Plugs
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3.6 SUMMARY OF TEST RESULTS

Results from the static lap shear tests indicated that all of the
adhesive systems evaluated, i.e. P4/ASF or P4A/ASFA, BR34/FM34 and PPQ 11
(1MW) provided similar room temperature values (see Table VIIT). However,
at 589°K (600°F) the P4/ASF or P4A/ASFA systems provided significantly higher
strength retention values than did either the BR34/FM34 or PPQ II (IMW)
systems. Superior strength retention for the PPQ IT (IMW) system after
thermal aging at 589°K was indicated by the results from stressed thermal
aging tests with titanfum alloy specimens (see Table X1I1). Because a
sufficient quantity of the PPQ .1 (1MW) resin was not available for pre-
paring specimens for other tests such as unstressed thermal aging, stressed
thermal aging or static tests at cryogenic temperatures, a thorough eval-~
uation of this experimental resin was not performed. Unstressed ther-
mal aging tests on the other two adhesive systems, i.e. BR34/FM34 and
P4A/ASFA showed slightly higher strength retention values for the P4A/ASFA
system at aging temperatures of 477°K (400°F) and 533°K (500°F) and slightly
higher strength retention values for the BR34/FM34 system at 589°K (600°F).
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Static tests at 20°K (-423°F) showed that ihe BR34/FM34 shear strength
values increased more than the P4/ASF or PAA/ASFA system (see Table VILI).
The BR34/FM34 values at 20°K were 42% higher than the room temperature
values whereas the P4/ASF and P4A/ASFA values were 5% and 25% higher,
respectively. Shear moduli determinations were not made during this pro-
gram therefore it was not possible to ascertain whether significant resin
embrittlement accompanied the high shear strength increase for the BR34/
FM34 system. '

Stressed thermal aging tests indicated that the titanium alloy adherends
bonded with the P4/ASF system survived for longer durations at 533°K (500°F)
and 589°K (600°F) than those bonded with BR34/FM34 (see Table XIV) although
those bonded with the PPQ 11 (IMW) system survived the whole 1000-hour
test duration. Most of the stainless steel alloy specimens prepared with
the P4A/ASFA and BR34/FM34 systems also survived the whole 1000-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/FM34 system {see Table XV). Thermal shock tests
had no apparent adverse affects on stressed thermally aged specimens bonded
with either system (see Table XVI).

Thermal shock tests did not appear to affect the rcom temperature
lap shear strength of specimens bonded with the BR34/FM34. There was
some strength degradation for the PAR/ASFA system 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 ASFA and
FM34 specimens indicated a wider range of coeffictent of thermal expansion
values for the ASFA system than the FM34 system (see Figure 26). At
the elevated temperatures the coefficient of thermal expansion for ASFA
is above that of titanium and stainless steel substrates which indicates
that less stresses occur at elevated temperatures in the bondline of speci-
mens bonded with PAA/ASFA. This should result in higher strength reten-
tion at elevated temperatures. Observed elevated temperature values (see
Table VII1) confirmed this deduction. The data also led to the deduction
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that the BR34/FM34 system should provide higher shear strength values at
room temperature and higher shear strength retention values after thermal
shock than the ASFA system. These deductions also are confirmed in the
test results described in Section 3.4 (see Tables XIII, X1V and XV}. As
discussed previously in Section 3.5, adhesive formulary adjustments can
change the coefficient of thermal expansion values. Consequently, opti-
mization of either system formulation 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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4, CONCLUSIONS AND RECOMMENDATIONS

summarized below are the conslusions reached during this effort to
jdentify a structural adnesive system for cryogenic and high temperature
service applications. PRased on these findings, recommendations are given
for further material improvement and evaluation studies.

4.1 CONCLUSIONS

1.

Two polyimide adhesive systems, i.e. BR34/FM34 and P4/ASF or
P4A/ASFA were identified for applications at cryogenic {i.e. 20°K)
and elevated (i.e. 583°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/ASF system is easier to process
and provides better quality bondiines (e.g., lower void contents)
particuiarly in large surface area joints.

The results from long term {1.e.; 1000-hour) stressed and unstressed
thermal aging tests from joints bonded with the BR34/FM34 and P4/ASF
or P4A/ASFA adhesive systems demonstrated the suitability of both
systems for carrying sustained loads at elevated temperatures, -
477°K {400°F), 533°K (500°F) and 589°K (600°F) as well as surviving
at these temperatures in the unloaded condition.

Determinations of the coefficient of thermal expansion values

for the FM34 and ASFA adhesive systems indicated that different
values and value ranges exist for these two systems. Because

this property can affect the performance of adhesive bondlines

in different thermal environments, it was suggested that variations
in adhesive formulations could be made in order to optimize this
property for a specific application.

Evaluation of a polyphenylquinoxaline resin [BAC PPQ II (IMW)]
indicated high promise of this generic class of polymers for
structural adhesive applications. However, detailed adhesive
developmental ctudies are necessary to obtain suitable adhesive
systems based on this type of polymer which will provide suitable
bonded joints for detailed evaluation.
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5.

A commercial, proprietary surface preparation material, Pasa-

Jel 107, was identified for preparing titanium alloy substrates

for adhesive bonding. Processing procedures for preparing titanium
alloy substrates with Pasa-Jel 107 are simple and amenable to
praduction applications. Titanium alloy 6AL4V substrates prepared
with Pasa-Jel 107 survived long term aging at air temperature
extremes up to 589°K (600°F).

A standard sulfuric acid - sodium dichromate pre-etch procedure
was identified for preparing stainiess steel alloy for adhesive
bonding. Processing procedures for preparing stainless steel
substrates by this process are simple and ameniable to production
applications. Stainless steel 17-7PH substrates prepared by the
sulfuric acid - sodium dichromate etch survived long term aging
in air temperature extremes up to 589°K (600°F).

4.2 RECOMMENDATIONS

1.

3.

Studies to evaluate the effects of adhesive formulation changes
on coefficient of thermal expansion values as well as companion
studies on the effect of variations in coefficient of thermal
expansion values on other properties are warranted in order to
optimize an adhesive system for specific applications. Such
studies should attempt to define optimum adhesive formulations
(i.e. metallic filler contents) required to obtain highest
thermal shock resistance, highest cryogenic and highest elevated
temperature strength values.

Developmental studies on adhesive formulations based on poly-
phenylquinoxaline polymer systems are warranted {n order to
obtain improved high temperature strength retention and also
to evaluate these systems for cryogenic temperature service.

Further property evaluation studies on structural joints bonded
with the BR34/FM34 and P4/ASF adhesive systems are warranted
to obtain detailed design information. Studies should include
determination of shear modulus, creep, fatigue strength
and stressed thermal aging at cryogenic temperatures and at
different stress levels over the complete temperature range,
i.e. 20°K (~-423°F) to 589°K (600°F).

42




-
=3
=
i
t

5. NEW TECHNOLOGY i

Methods of preparing adhesive joints with BAC PPQ I (IMW) polyphenyl-
quinoxaline resin were developed that demonstrated promise for this system
as a structural adhesive. The relationship between coefficient of thermal
expansion values of two polyimide adhesive systems (ASFA and FM34) and their
mechanical properties, i.e. thermal shock and stressed thermal aging strength
retention were established. Definition of this relationship can provide mean- _
ingful guidance in future adhesive formulary studies for specific applications. ;

The above concepts have been described in New Technology Disclosures
submitted to the TRW Patent Office. The subject matter of these disclosures
is listed below:

Docket Number Title ' i
73-112 Structural Adhesive Compounds Based On

Polyphenylquinoxatine Resin

73-fi3 Process For Forming Structural Joints 4
With Polyphenylquinoxaline Adhesives

73-114 Method For Predicting the Thermal
Behavior of Structural Adhesives by
Coefficient of Thermal Expansion
Determinations

73-115 Autoclavable Structural Adhesive For
Bonding Ferrous Alloys For High
Temperature Applications
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A.1.3 Method C - Sulfuric Acid - Sodium Dichromate Bath

A.1.4 Method D - Solvent Clean

e e W A N

A.1 PREPARATION OF 17-7PH STAINLESS STEEL ALLOY FOR BONDING
A.1.1 Method A - Prebond 700

A.1.2 Method B - Solvent Clean and Vapor Honed

APPENDIX A.
SURFACE PREPARATION PROCEDURES

Step 1. Solvent clean with acetone.
Step 2. Immerse in Prebond 700 at 368°K (200°F) for 15 minutes.
(75 Kg/m3 distilled water)

s g W

g s A M

Step 3. Cold water rinse at 2§5°K (72°F).

Step 4. Immerse in an aqueous solution of 4% w/w Ha50, and 4% w/w
HC1 at room temperature for 20 minutes.

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

Step 6. Immerse in an aqueous solution of 12% w/w HND3 and 2% w/w
HF at room temperature for 15 minutes.

Step 7. Coid distilled water rinse at 295°K (72°F).

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

B L T LIRS S . *)

Step 1. Solvent clean with acetone.

Step 2. Vapor hone faying surfaces.

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

Step 4. Dry in an air circulating oven at 339°K (150°F).

Step 1. Solvent clean with acetone.

Step 2. Immerse in a bath of 96.6% v/v concentrated sulfuric acid
(1.84 sp. gr.) and 3.4% v/v saturated aqueous solution of
sodium dichromate (2.380 kg/1iter distilled water) at
339°K (150°F) for 15 minutes.

Step 3. Air dry in an air circulating oven at 339°K (150°F).

Step 1. Thoroughly wash faying surfaces with acetone and wipe
dry.
PRECEDING FAGE BLANK NOT FILMBL
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A.2 PREPARATION OF 6A14V TITANIUM ALLOY
A.2.1 Method A - Pasa-Jel

Step 1. Solvent clean with methyl ethyl ketone {MEK).

Step 2. Alkaline clean at 355°K (180°F) for 15 minutes in a
solution of Turco HTC (428 g/liter).

Step 3. Rinse in hot tap water at 339°K (150°F) then cold tap water
at 295°K (72°F).

Step 4, Immerse in an aqueous path of nitric acid 15% w/w and
hydrofluoric acid 3% w/w at room temperature for 30
seconds.

Step 5. Rinse in tap water at 295°K (72°F).

Step 6. Immerse faying surfaces in Pasa-Jel 107 for 15 minutes
at room temperature.

Step 7. Rinse in distilled water at 295°K (12°F).

Step 8. ODry in an air circulating oven at 339°K (150°F).

A.2.2 Method B - Turco 5578

Step 1. Solvent clean with methyl ethyl ketone (MEK).
Step 2. Alkaline clean at 355°K (180°F) for 15 minutes in a

solution of Turco HTC (428 g/1iter).
Step 3. Rinse in 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 3578 (544 Kglm3 dis-
tilled water) at 366°K (200°F) for 20 minutes.

Step 5. Wash with 366°K (200°F) distilled water.

Step 6. DOry in an air circulating oven at 339°K (150°F).

A.2.3 Method C - Phosphate Fluoride Treatment

Step 1. Solvent clean with methyl ethyl ketone (MEX).

Step 2. Alkaline clean at 355°K (180°F) for 15 minutes
in a solution of Turco HTC (428 g/Viter).

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

Step 4. Immerse in an aquecus bath of nftric acid 15% w/w and
hydrofluoric acid 3% w/w for 30 seconds at room
temperature.

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

Step €. Immerse in an aqueous bath of 5% w/w trisodium phosphate,
2% w/w potassium fluoride, 3% w/w hydrofiuoric acid at room
temperature for 2 minutes.
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Step 7. Cold distilled water rinse at 295°K (72°F).

Step 8. Immerse in 339°K (150°F) distilled water for 15 minutes.
Step §. Cold distilled water rinse at 295°K (72°F).

Step 10. Dry in an air circulating oven at 339°K (150°F).

A.2.4 Method D - Solvent Clean

Step 1. Thoroughly wash faying surfaces with methyl ethyl
ketone (MEK) and wipe dry.
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APPENDIX 8.
DETAILED PROCESSING PROCZDURES

5.1 PREPARATION OF ADHESIVE FORMULATIONS

The adhesive formulations were prepared using the constituents listed
in Table B-~1 by the following process.

B.1.1 PA/ASF Series of Formulations

The A-type polyimide and Amoco AI-1137 amide~acid varnishes first
were blended together. Aluminum powder then was added and blended together
with Cab-0-Si1 for adhesive pastes and the arsenic compounds where appli-
cable. The primer formulations then were diluted with DMF. Adhesive film
was prepared by immersing Style 104 A1100 glass scrim in the adhesive paste
and drawing tne resultant film through wiper bars with a 0.45 mm gap. The
resultant films then were air dried for 30 minutes and then dried in an air
circulating oven for 15 minutes at 408°K (275°F) plus 5 minutes at 450°K
(350°F).

B.1.2 NR150B Formulation

The NR150B polyimide resin first was diluted to 40% w/w resin solids
by the addition of OMF. Aluminum powder then was added and blended together
Wwith Cab-0-Si1 for the adhesive paste. The primer formulations were ob-
tained by diluting the formulations with DMF. The adhesive film was pre-
pared by immersing Style 104 A1100 glass fabric in the adhesive paste and
allowing to drip dry over a pericd of 5 minutes. The adhesive film then was
air dried in an air circulating oven at 472°K (390°F) for 3 hours and then
precured an additional 1 hour at 672°K (750°F).

B.1.3 PPQ I1 (IMW) Adhesive Formulation

To the 20 percent resin solids PPQ II (1MW) resin, aluminum powder was
added and blended together with Cab-0-Si1 for the adhesive paste. The
adhesive fiim was prepared by mounting the Style 104 A1100 glass scrim over
a picture frame and coating the scrim with a 5% w/w PPQ resin-and xylene/m-
crasol miature. The resultant film then was air dried for 20 mnutes at
room temperature pilus 4 hours at 355°K (180°F). A second coating then was
applied using adhesive paste and air dried for 16 hours at 355°K (180°F).
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B.2 PREPARATION OF BONDED LAP SHEAR SPECIMENS

B.2.1 P4/A5F

Step 1.

Step 2.

Step 3.

Step 4.

Step 5.
Step 6.

Step 7.
Step 8.

Step 9.

Step 10.

Step 1.

Series of Adhesives

Prepare steel and titanium lap shear coupons for bonding using
applicable cleaning procedures (See Appendix A).

After applying an approximate O.125ma primer coat to the
prepared faying surfaces, dry as follows: 30 minutes 295°K
(72°F) plus 15 minutes at 408°K (275°F) plus 5 minutes at
450°K (350°F).

Assemble panels in bonding jig using previously prepared
adhesive tape.

Prepare vacuum bag assembly in accordance with Appendix D,
NASA Report CR-112003 (Reference 1).

Install assembly in an autoclave.

Evacuate air out of the vacuum bag to provide a pressure
of ~100kN/n°.

Apply GIOkH/mz nitrogen gas pressure. .
Heat assembly to 589°K (600°F) at a heat-up rate of 2-4°K
per minute.

Cure for 6u minutes under pressure.

Release pressure and cool the assembly to room temperature
in the vacuum bag (m100kNlm2).

Remove 1ap shear specimens and postcure in an air circulating
oven for 16 hours at 561°K (550°F).

B.2.2 BR34/FM34 Adhesive System

Step 1.

Step 2.

Step 3.

Step 4.

prepare steel and titanium lap shear coupors for bonding
using applicable cleaning procedure (See Appendix A).

After applying a 0.8em primer coat to the prepared faying
surfaces, dry as foliows: 30 minutes at 295°K (72°F) plus
35 minutes at 394°K (250°F). o

Assembie panels in bonding jig using commercially prepared
adhesive film.

Prepare vacuum bag assembly using conventional vacuum
bagging techniques (.e., 2inc chromate sealant, nylon film,
etc.).
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Step 5.
Step 6.

Step 7.

Step 8.

B.2.3 NR1508B
Step 1.

Step 2.

Step 4.

Step 5.

B.2.4 PPQ 11
Step 1.

Step 2.

Step 3.

Install assembly in an autoclave.

Evacuate air ou. of vacuum bag assembly and heat at rate of
1-4°K/minute to 405°K (270°F) then reduce rate to 0.5-1°K/minute
up to 450°K (350°F). When the temperature of th2 assembly
is 427°Kk (310°F) apply 305kN/m2 nitrogen gas pressure.

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

Release pressure and cool the assembly to room temperature
in the vacuum bag (mlOOkN/mz).

Remove lap shear specimens and postcure as follows:

30 minutes at 450°K (350°F), then raise temperature to
561°K (550°F) at 7°K/minute for 2 hours at 561°K (550°F),

Adhesive System

Prepare steel and titanium lap shear coupons for bonding
using applicable cleaning procedure (See Appendix A).
After applying a 0.8mm coating to the prepared faying
surfaces dry as follows: 30 minutes at 295°K (72°F) plus
3 hours at .472°K (390°F) plus 2 hours at 672°K (750°F).
Assemble lap shear coupons and adhesive fi1m onto a pre-
heated assembly jig at 689°K (780°F) and load into
preheated press. Apply 17.5MN/m2 (2500 psig) pressure
and hold for 7 minutes.

Cool press to below 589°K {600°F) prior tn release

of pressure.

Remove lap shear specimens from assembly jig and cool

to room temperature.

(IMW) RESIN

Prepare titanium lap shear specimens for bonding using the
Pasa-Jel cleaning method. (See Appendix A.2.1.)

Using a 5% solution of PPQ II (1MW) and xylene-m cresol
(50/50 v/v) apply a thin coating and dry 4 hours at 355°K
(180°F). '

Using the PPQ 11 (IMW) adhesive paste (Table B-1) apply
another coating to the lap shear specimens and dry for 16
hours at 355°K (180°F).
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Step 4. Prepare adhesive film in accordance with Appendix B.1.3 »
and apply to the faying surfaces.

Step 5. Assemble lap shear coupons onto 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 lap shear specimens from assembly jig and cod!?
to room temperature.
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APPENDIX C. “
PREPARATION OF COEFFICIENT OF THERMAL EXPANSION SPECIMENS

C.1 PREPARATION OF ASFA ADHESIVE PLUGS

- i e g R TN YT T o TNl

Step 1. Lay-up a 10-ply laminate of adhesive film prepared
in accordance with Appendix B.1.1.
Step 2. Install lay-up in a cold press and apply 0.7 MN/m2
(100 psig) pressure. Raise platten temperature to
l 589°K ({600°F) and cure for one hour. Cool laminate
t under pressure.
- Step 3.

Postcure laminate in air for 16 hours at 589°K (600°F).
C.2 PREPARATiION OF FM34 ADHESIVE PLUGS

Step 1. Lay-up a 10-piy laminate of adhesive film.
| Step 2.

Install lay-up in a vacuum bag as described in
Avpendix B.2.2.

Step 3. Cure laminate in an autoclave as described in Appendix

B.2.2.
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