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1.0 INTRODUCTION AND SUMMARY

In aerospace applications , the predominance of adhesive bonding is performed
with epoxy based adhesives because of their demonstrated capabilities . However ,
there are several unfavorable aspects of bonding with thermosets such as epoxies ,
that can be avoided by the use of thermoplastic adhesives . For example , thermo-
plastic adhesives, unlike epoxies , have infinite shelf life , are inexpensive ,
absorb less moisture than epoxies , and permi t post forming of bonded parts .
Recognizing these desirable attributes , previous NAVAIR programs (Ref. 1 and 2)
were conducted which showed that thermoplastic adhesives offer the integrity
and endurance required of a structural adhesive. Processing parameters were
established , surface preparations defined , and a limi ted amount of mechanical
properties data obtained . The purpose of the program reported on herein , was
to establish basic mechanical properties and determine the environmental resis-
tance of two thermoplastic polymer systems, RADEL 5000 and PKXA manufactured
by Union Carbide Company . Both polymers were evaluated as adhesives on stain-
less steel and titanium adherends while the PKXA system was also evaluated
using fiberglass reinforced polyimide composite adherends.

Task I of this program was devoted to selecting the adhesives , primers , surface
preparation processes, and to performing environmental exposure studies . Both
polymers selected , RADEL 5000 and PKXA are modified polysulfones . To minimize
the risk of adhesive primer degradation during the 600°F + processing, a polyim ide
adhesive primer (BR-34 by American Cyanamid) was applied to the adherends and then
overcoated with a thin coat of RADEL 5000 or PKXA primer depending on which
adhesive film was used in the joint. Surface preparation consisted of chromic
acid anodizing for titanium , sulfuric acid anodizing for stainless steel , and
vacuum blast plus solvent wipe for the polyimi de composite adherends . Selection
of adhesive primers and surface preparation treatments was based on room temp-
erature and 300°F lap shear tests as wel l as crack extension determinations
after condensing humidity (120°F) exposure of 200 hours .

1
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To ascertain the thermal stability and envl unmental resistance of the selected
adhesive systems, specimens were isothermally aged at elevated temperatures and
other specimens were exposed to fluids comonly used in aircraft operations .
After exposures ranging from 7 to 90 days duration , the following factors were
assessed:

o Effects of fluid exposure on lap—shear strength retention at -65,
+70, +180, +300°F. )

o Effects of prolonged thermal exposure on lap-shear strength retention
at -65, +70, +180, +300°F.

o Effects of prolonged fluid and thermal exposure on adhesive bondline
crack propagation at +70°F.

While some of the exposures caused a reducti on in properties , both the RADEL 5000
and PKXA are considered to have adequate environmental resistance except that RADEL
5000 is degraded when exposed to MIL-H-83306 hydraulic fluid.

The objective of Task II of this program was to determine basic mechanical prop-
erties of the adhesive systems selected in Task I, on stainless steel and titanium
adherends . The properties evaluated were metal-to-metal climbing drum peel strength ,
creep, and fatigue life . Peel strengths were in the range of 30-40 pounds per inch
width at 70 and 250°F which is adequate for structural bonding. The static creep
characteristics of the RADEL 5000 and PKXA were determined at 75 and 250°F un der
various loads up to 80% of ultimate . Some of these conditions were purposely made
more severe than those required in the applicable military specifications to better
match anticipated applications . Both RADEL 5000 and PKXA exhibited good creep
resistance at relatively high stress levels (50-70% of ultima te). Tension-
tention (R~.1) fatigue life determinations were conducted at 70°F and load
levels ranging from 30 to 80% of ultimate . It is considered that adequate fatigue
resistance was exhibited under these conditions by both the RADEL 5000 and
PKXA adhesives .

In Task III , the data from Tasks I and II was analyzed and an assessment made re-
garding the suitability of the adhesive systems for use in aerospace applications.
The data indicates that the PKXA adhesive is suitable for structural aerospace

2
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applications. The RADEL 5000 is also suitabl e for structural aerospace appli-

cations , but should not be used in applications where prolonged exposure

to phosphate ester type hydraulic fluids (MIL-H-83306 ) is a possibility .

Also , the large scatter in mechanical properties test data , indicates that

improvements in the adhesive primer system should be made.

The final task (IV) in this program consisted of preparing interim technical

reports and a final report.
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2.0 STUDY PROGRAM

The objectives of this program were:
(1) to determine the environmental resistance and thermal stability of two

thermoplastic adhesives on titanium , stainless steel and composite adherends ,
(2) to evaluate selected basic mechanical properties of the adhesives , and
(3) to assess the suitability of the thermoplastic adhesive systems for use in

structural aerospace applications.
The program was divided into three principal areas: Task I - Environmental
Resistance Evaluations ; Task II - Mechanical Properties Determi nation; and
Task III - Data Assessment.

2.1 Task I - Environmental Exposure
2.1.1 Prelimi nary Investigation

Under previous contracts (References 1 and 2) in which thermoplastic adhesives
were evaluated , the adherends were primed wi th an epoxy corrosion inhibitor primer
(BR-127) from American Cyanamide to increase the wettability of the faying sur-
faces. Due to concern about the stability of the epoxy primer when bonding the
thermoplastic adhesives at high temperatures (650 - 750°F), BR—34 polyimide primer
was selected for evaluating the PKXA and R-5000 thermoplastic adhesives on this
program. The BR-34 was selected because it has been commercially available for a
number of years and a large data base has been developed on it throughout the
aerospace industry .

2.1 .1.1 Adhesive Selection

The P-1700 and PKXA polysulfone resins were evaluated as adhesives under previous
Navy contracts (References 1 and 2). PKXA adhesively bonded joints were resistant
to most of the common laboratory solvents and shear strengths equivalent to epoxy
adhesives were obtained when lap shear specimens were tested after exposure to
different environments . Based upon this data , the PKXA resin was selected for
further evaluation.

RADEL 5000 polypheny lsuIfone was selected as the second resin because of its
potential high usage temperature and resistance to chlorinated solvents .

4
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2.1 .1.2 Pr imer Selection

Adhesive primer selection was conducted on specimens that had been surface treated

us i ng the metho ds outl i ned in Sect i on 2 . 1 .1.3. Three pr imers were evaluate d: a 5%
solu tion of the bonding resin R-5000 in dimethylformamide (DMF) or PKXA in methyl-

ene chlor ide (CH2C12), BR-34 polyimide , and BR-34 coated wi th a dilute solution of

the bondin g resin . Tes t results from these bon ded panels showed tha t al l  of the
primers were adequate but scatter in shear data was less when the panels were primed

with BR-34 and subsequently overcoated with a thin coat of the bonding resin. See

Tables I and II for a summa ry of the test data .

Af ter carefull y analyzin g the data da ta , faile d specimens , and data sca tter , the
BR-34 primer coated with a dilute solution of the bonding resin was selected as the

pr imer system for thi s program . Primer app l ica ti on was performe d in accor dance
w i th the fo l lowin g procedure :

The BR-34 primer was sprayed on the adherends , air dried 2 hours and then
forced air dried in an oven at 350°F for one hour. The rate of rise in oven

temperature from RI to 350°F was 3.-5°F/min . The d i l u t e  solut ion of the res i ns
(PKXA or R-5000) were brushed on the adherends or over the BR-34 as the priming

method diluted and dried in an oven at 2500F for one hour us ing the 3-5°F/per

minute rate of rise .

2.1.1.3 Surface Preparation

Ihe comparative test methods used to evaluate the candidate bonding surface prepar-

ations were the crack extension and standard lap shear tests (Fig. 1 and 2). The

crack extension method was chosen because of its sensitivity to surface conditions.

The standar d la p shear test was selected because the test da ta ob ta ined are eas i ly
compared to available shear data of other adhesive systems.

Surface preparation methods evaluated for steel , titanium , an d compos ites were :
Steel (l7-7PH)

Sulfur ic Acid Anodize

Titanium (6A1-4V )

Chromic Aci d Anodize

Pas a Gel
Phos phate Fluor ide

5



Composite (Polyiniide/Glass)

Scotchbrite + Solvent

Va cuum Blas t + Solven t

Peel Ply

After priming, bonding and evaluating the failed specimens and test data , chrom i c
acid anodize , sul fur ic  ac id ano di ze an d vacuum b las t p lus solven t w ipe were selec-
ted as the surface preparation methods for processing titanium , steel and composite

adherends respectively for the remainder of the program . The adherends were primed

using the priming methods outl i ned in section 2.1.1.2.

2.1.1.4 Adhesive Film Preparation

The PKXA and R-5000 adhesive films were fabricated by coating glass fabric (112

E- glass/A-l lOO ) stretched over an aluminum frame (Figure 3) with a 20-25% solution
of PKXA /CH2C1 2 or R-5000/DMF until the film was 8-12 mil s thick. After achieving

the desired thickness , the film was dried at 210-215°F for PKXA and 310-3150F for
R- 5000 until it reached constant weight. This drying cycle was to remove all traces

of the solvent.

2.1.1.5 Specimen Fabrication and Testing

Panel Fabrication

Titanium and steel crack extension panels were fabricated from .050’ to 6.0” x 6.0”

sheet material . Standard five finger lap shear panels were used for the lap shear
specimens.

Standard 4.0” x 6.0 x .1” composite lap shear panels were cut from a large polyi-

mi de laminate (Hexcel ’s F-174-l-7781).

The primed adherends were laid up on bonding fixtures with adhesive film cut to

allow approximately 1/8 inch excess material around the lap joint. The bonding

tool assembly was enveloped bagged and full vacuum was applied on the part. The

assemblies were bonded as follows :
R-5000 - Heat from RI - 600°F at 10°/mm under full vacuum , apply 50 psi ,

hold part temperature at 600°F for 15 minutes , cool to 100°F under
pressure and vacuum. 6



PKXA - Hea t from RI - 475°F at 3-5°/mm under full vacuum and 15 psi ,

then apply full vacuum and raise temperature to 575°F , hol d at
575°F for 30 m m .  and cool to RT under pressure and vacuum .

Tes t Results
Ti tan i um and Steel
Lap shear and crack extension specimens were fabricated and tested using each of

the primer systems and surface treatments (2.1.1.2 and 2.1.1.3). Structural bonds

were ach ieved with all three of the primer systems. lest results are presented in

Tables I through IV and observations pertaining to the adhesive primer and surface

preparation evaluations follows .

PKXA Adhes i ve Bon ds

Chrom ic acid anodized titanium lap shear specimens wi th BR-34, BR-34 + PKXA , and

PKXA primers failed with average lap shear strengths of 3160 and 2140; 4380 and

2680; 3230 and 2390 psi at RI and 300°F, respectively . The failure mode for the

RI specimens was 80-95% cohesive within the thermoplastic adhesive film. The

failure mode of the 300°F specimens was 95-100% cohesive wi thin the film adhesive.

The titanium crack extension specimens with BR-34, BR-34 + PKXA , and PKXA speci-

mens exh ib i ted crack growths of .05, 0, .4 inch af’~.er 200 hours in condensing

humidity . Specimens with PKXA primer failed adhesively.

Pasa gel/titanium lap shear specimens with BR-34, BR-34 + PKXA , and PKXA primers
failed in average lap shear strengths of 1920 and 1705; 3230 and 2390; 51 75 and

3808 psi at RT and 300°F, respectively. The failure modes of the specimens with

BR-34 primer were 75-80% adhesive at the primer-metal interface. The failure

modes of the specimens with BR-34/PKXA and PKXA primers were 80-90% cohesive at

the metal-primer interface. The pasa gel/titanium crack extension specimens with

the BR-34, BR-34/PKXA , and PKXA pr imers fa i led with  crack growths of .21 , .18,
and .32 i ich after 200 hours of exposure in condensing humidity . All specimens

failed adhesively at the primer-metal interface .

Titanium lap shear specir’~ens wi th phosphate fluoride surface treatment and BR-34,

BR-34/PKXA , and PKXA primers exhibited average lap shear strengths of 2780 and 2105;

~
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3960 and 2745; 2985 and 1900 psi when tested at RI and 300°F, respectively. The

failure modes of the RI shear specimens were 80-85% cohesive within the film ad-

hesive , wh ile the 300°F specimens were 90-95% cohesive wi thin the film adhesive .
Phosphate fluoride surfaces treated crack extension specimens with BR-34, BR-34/

PKX A , and PKXA primers exhibited crack growths of .17 , .23, and .28 inch after
200 hours in condensing humidity . The failures were adhesively at the metal-primer

interface . 3

Anodized steel lap shear specimens with BR-34, BR-34/PKXA , and PKXA primers failed

at 3310 an d 2820; 4345 and 2375; 2575 and 2035 psi at RI an d 300°F, respectively.
The failure modes were 85-90% cohesive for the BR-34 and BR-34/PKXA primed sped-

mens . The PKXA primed specimens exhibited 70-80% c’~hesive failure . The anodized

steel crack extension specimens exhibited very little crack growth when exposed to

hum idity environments .

R-5000 Adhesive Bonds

Chrom ic acid anodized titanium lap shear specimens with BR—34, BR-34 + R-5000

primers failed with average shear strengths of 3325 and 2460; 3685 and 2830; 4380

and 2680 psi at RI and 300°F, respectively. The failure modes for these specimens

were 90-95% cohesive wi thin the adhesive film. The anodized ti tanium crack exten-

sion specimens exhibited crack growths of .03, 0, .07 inch after 200 hours in con-

densing humidity for the BR-34, BR-34/R-5000, R-5000 primer systems, respectively.

I
Pasa gel surface-treated ti tanium lap shear specimens with BR-34, BR—34/R-5000,

and R-5000 primers failed with average lap shear strengths of 3860 and 2300; 4080

and 2900; 3190 and 2760 psi at RI and 300°F, respectively. The failure modes for

these specimens were 90-95% cohesive within the film adhesive . The pasa gel titanium

crack extension specimens with BR-34, BR-34/R-5000, and R-5000 exhibited crack 
S

growths of .04 , .01 , .05 inch after humidity exposure.

Titanium lap shear specimens wi th phosphate fluoride surface treatment and primed

wi th BR-34, BR-34/R-5000 primers failed with average shear strengths of 3780 and

2680; 4120 and 2785; 3365 and 2635 psi when tested at RI and 300°F, respectively.

The failure modes of the lap shear specimens were 90-95% cohesive within the ad-

hesive film. Crack extension specimens with phosphate fluoride surface treatment

and the three priming systems exhibited crack growths of 0 to .05 inch after 200

hours in humidity.

8



Anodized steel lap shear specimens wi th BR-34, BR-34/R-5000, and R-5000 primers

failed in shear strengths of 3460 and 2162; 4080 and 3205; 2965 and 2205 psi at

RI and 300°F, respectively. BR-34 and R-5000 primed specimens failed 80-85%

cohesivel y within the adhesive. BR-34/R-5000 primed specimens failed 90-95%

cohesively. Crack growths of .07, .02, and .07 inch were measured for the anodized

steel crack extension specimens. The failure modes were cohesive.

Composi tes

The composite panels for the fabrication of the lap shear specimens were fabri cated
p from Hexcel ’s F-l74-l-778l (BMS 8-144) polyimide prepreg . The prepreg is 181 style

fiberglass impregnated with a B-staged , fire-resistant , thermosetting polyiniide

resin which has good serviceability at 4500F. This polyimide was chosen because of

its in-house specification coverage and availability .

Dur i ng th i s investi gat ion for surface preparation , three methods were selected and

evalua ted for the polyimide composite panels. These methods were Scotchbri te fol-

lowed by solvent wi pe, vacuum blast followed by solvent wi pe , and the use of Style
71789 peel ply from Burlington Industries .

The surface-treated polyimide composite panels were primed with BR—34 primer and

cured for 2 hours at . 350°F. A thin coat of PKXA or R-5000 polymer solution (5%)

was brushed over the polyimide primer , air dried for a minimum of two hours , and

oven drie d for one hour at 250°F. Lap shear assemblies were fabricated from the

primed panels and the film adhesi ves using the established bonding cycles (2.1.1.5)

for the adhesives . Ihe bonded assemblies were cut into lap shear specimens and

tested . The test results show that the best surface preparation method for bonding

the polyimide composite with PKXA and R-5000 adhesives was vacuum blast followed

by solvent wipe. These data are reported in Tables I and II for the PKXA and R-5000

adhesives , respectively. The vacuum blast followed by solvent wipe was selected as

the surface treatment for the polyimide composites .

2.1.2 Environmental Stability

This portion of the program was designed to determine the long-term stability of

the thermoplastic adhesive systems under adverse environments . These environments

9
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included thermal aging at 180 and 300°F as well as room temperature immersion in

selected fluids likely to be encountered in aircraft flight/maintenance operations.

The env i ronmental aging solutions selected were:

(1) Deicing fluid (#146 ethylene glycol base)

(2) JP-4 fuel

(3) Hydraulic fluids

MIL-H-83306 (phosphate ester type) )
MIL-H-5606 (standard petroleum base)

(4) Synthetic lubricant (MIL-L-7808)

(5) Salt water (5% NaC1)

(6) Caustic (Ph9)

(7) Cleanin g solvent , organic (Stoddard)
(8) Na ptha
(9) AMLgard MIL-C-85054 corrosion inhibitor

The solutions for the environmental test program were selected in cooperation with

NAVAIR Project Monitor. AMLgard (MIL-C-85054 ) was inclu4ed because of its wide use

in aircraft systems for corrosion Inhibiting . Naphtha was selected because it is
an excellen t solvent which is used frequently for removal of M1L-C-85404-type materi-

als . The MIL-H-5606 hydraulic fluid was chosen to compare its effect on bonded

specimens with the phosphate ester-type hydraulic fluids (MIL-H-83306). The re-

maining solutions are commonly encountered during an aircrafts service life .

Both unstressed lap shear specimens (Fig. 2) and stressed crack extension specimens

(Fig. 1) were exposed in the selected environments for periods ranging from seven

to ninety days. Crack growth was measured after the exposure to assess effect of

the exposure on the stressed bond joint.

After the lap shear specimens had been exposed , they were tested at -65, RI , 180
and 300°F for residual strength . The residual strength was then compared to that of

unexposed control specimens for determining strength loss due to the exposure.

S

The adhesive , primer and surface preparations evaluated were those selected during

the preliminary investigation portion of this program . They included : PKXA adhesive

film on BR-34/PK.XA primed ti tanium , stainless steel and polyimide/fiberglass com-

posi te adherends ; and , RADEL 5000 adhesive film on BR-34/RADEL 5000 primed titanium

and stainless steel specimens.

10



The exposure test matrix is shown in Table V and effects of the environmental

exposures are discussed in 2.1.2.1 through 2.1.2.4. Test results are presented in

the Appendix (Tables A-l through A-5).

2.1.2.1 Therma l Sta b i l i t y

Uns tressed la p shear spec imens were thermall y aged at 180°F an d 3000F for per i ods
of 28 days and 90 days. All five adhesive/adherend combinations were exposed ;
PKXA /Composite , PKXA /steel , PKXA /tl tanium , R-5000/steel , and R-5000/titanium. The
percentage reduction in strength at -65, RI , 180 and 300°F after exposure is shown
in Table VI while the control and residual strengths obtained are plotted in Figures
4 through 8. The only bond joints consistently showing reduced properties after
thermal aging were the PKXA/composite bonds .

Excludin g the PKXA/composite specimens and considering the number of specimens

tested , the thermal aging did not appreciably affect the elevated temperature (180

and 300°F) properties of either PKXA or R-5000. The same findings hold for the

-65°F an d RI properties except for a 25% reduction in the PKX A/Ti bon d stren gth a t
-65°F af ter 90 days at 300°F and a 27% reduction in the R-5000/Ti bond strength at

RI after agin g 28 days at 300°F. A study of the data indicates that these strength

reductions do not fit any particular trend .

Crack extension specimens were also exposed at 180 and 300°F for 28 and 90 days

as shown in Table V. The only crack growth (0.03k) occured in a PKXA/steel speci-

men af ter 90 days at 300°F. From these results , it is apparent that the thermal

aging had no effect on the PKXA or R-5000 steel or titanium bonds as measured by

crack extension specimens . Crack extension data is presented in Tables A-i through

A-4 in the Appendix.

2.1.2.2 Hydraulic Fluids and Lubricant Exposure

Lap shear and crack extension specimens from all five adherend/adhesive combina-

tions were exposed to MIL-H-83306 (phosphate ester type hydraulic fluid), MIL-H-

5606 (petroleum base hydraulic fluid), and MIL-L-7808 (synthetic lubricant) for

different aging periods . These periods range from 7 and 28 days for the petroleum

base hydraulic fluid to 90 days for the phosphate ester type hydraulic fluid and

the synthetic lu bricant.

11
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MIL-H-83306

Unstressed lap shear specimens and stressed crack extension specimens were aged for

90 days in MIL-H-833O6. Test results show that the phosphate ester type hydraulic

fluid had a detrimental effect on the R-5000 bonded titanium and steel specimens .

The reduction in shear strength for the steel bonded specimens ranged from 78% at

RI to 96% at 300°F. The range for the titanium bonded specimens was In the same

order of magnitude. See Figures 9 and 10 for a graphical presentation of these

data .

Lap shear specimens bonded with PKXA showed a decrease in shear strength after en-

vironmental exposure . The strength reductions of the steel specimens were 7% at

300 to 16% at RI. Titanium bonded specimens displayed a change in shear strength
from +14% at RI to -22% at 300°F. Ihese data are provided in Figures 11 and 12.

Composite lap shear specimens which were bonded wi th PKXA and exposed in MIL-H-

83306 for 90 days exhibited a 19% reduction in RI shear strength and a 5% reduction

in shear strength at 3000F. These specimens fai led in the polyimi de/glass laminates
rather than in the adhesive and may not represent a true reduction in shear strength

due to the environment. The composite data are presented graphically in Figure 13.

The crack extension specimens which were bonded with R-5000 and PKXA adhesives were

exposed in MIL-H-83306 for 90 days. At the completion of the 90 day exposure,

the R-5000 bonded titanium and steel specimens had delaminated while the PKXA bonded

steel and titanium specimens exhibited crack growths of .03” and .24” , respectively.

MIL-H-5606

The unstressed R-5000/steel and titanium lap shear specimens showed a decrease in

la p shear strength after environmental exposure in MIL-H-5606 for 7 and 28 days.

The room temperature steel lap shear strengths were reduced by 14% and 21% after

7 and 28 days in solution while the titanium specimens showed strength reductions

of 18% and 28% under the same conditions . Steel lap shear specimens exposed in

the flu id environment and tested at 300°F showed strength losses of 31% and 20%

for 7 and 28 day ex posure , respectively. A 25% and 31% reduction in shear strength

was noted for titan ium specimens that were aged in the same environment and tested

after 7 and 28 days.
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The unstressed steel lap shear specimens that were bonded wi th PKXA and exposed

to MIL-H-5606 solution for 7 and 28 days showed an increase in shear strength

when tested at RI and a 6% to 8% loss in shear strength when tested at 300°F.
PKXA/titanium lap shear specimens that were aged under the same conditions and tested

at RI show an increase in shear strength after 7 and 28 days aging. Titanium speci-

mens tested at 3000F showed in increase in shear strength after 7 days aging and a

13% decrease after 28 day ag in g . Figures 11 and 12 are plots of these data .

The PKXA/composite lap shear specimens that were aged in the MIL-H-5606 fluid ex-

hi bited some loss in shear strength after exposure to the hydraulic fluid. The

failures were in the composite adherends and do not accurately reflect the strength

of the adhesive. The data is presented in Figure 13.

The steel/R-5000 crack extension specimens that were aged in MIL-H-5606 exhibited

crack growths of .26” after 7 and 28 days in environment. The titanium/R- 5000

crack growth ranged from 0” at RI after 7 days to .1 1” after 28 days. Crack growth

was not present on steel/PKXA and titanium/PKX A specimens after exposure in MIL-H-

5606 for 7 and 28 days .

MIL-L-7808

The R-5000 bonded titanium and steel lap shear specimens that were environmentally

exposed in MIL-L-7808 for 90 days exhibited decreases in shear strengths of 22% and

31% , respectIvely, when tested at RI and 30% and 37% when tested at 3000F.

Steel lap shear specimens that were bonded with PKXA adhesive and environmentally

exposed in MIL-L-7808 for 90 days showed that the environmental aging had very

l ittle affect on the adhesive bonds . Specimens that were exposed and tested at

RT and 300°F after 90 days showed 2% and 14% loss in shear strength. PKXA/tltanium

lap shear specimens that were exposed for 90 days and tested at RT and 300 showed

losses in shear strengths of 1% when tested at 3000 and a 17% increase when testing

at room temperature. A summary of these data are found In Tables A-l through A-5

in the Appendix. Figures 9 through 13 are plots of the data from the fluid expo-

sure.

p
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Composite lap shear specimens that were pl aced into the environmental aging fluid
for 90 days and tested at RI and 300°F showed decreased in shear strength after
aging. However , the failures were within the composite adherends and did not

necessarily reflect the adhesive bond strength . These data are summarized in
Figure 13.

Crack extension specimens that were bonded with R-5000 adhesives show crack grow ths
of .44” on steel an d .27 ” on titanium after exposures to MIL-L-7808. The steel
and titanium crack extension specimens that were bonded wi th PKXA adhesive showed
no crack growth after 90 days in environment.

2.1.2.3 Deicing Fluid , Fuel and Cleaning Solvent Exposure
Deic i ng Flui d

The deic ing fluid appeared to have no significant effect on the shear strength of

the R-5000 and PKXA bonded specimens. The test results did not fit any particular

trend . Most of the test results showed an increase in shear strength after aging
when compared to the control data . This trend Is probably due to data scatter and/
or variations ‘fri primer or adhesives. The percentage change in lap shear strength
ranged from +44% for steel,’R-5000 specimens to -14% for steei/PKXA bonded specimens.
These data are reported in Figures 14 through 18.

Crack extension specimens that were bonded and environmentally exposed in the deicing

fluid showed no signs of crack growth. From these test results , it is apparent
that the deicing fluid had no detrimental effect on the R-5000 and PKXA adhesive .

J P- 4

Specimens from each of the adherend-adhesive combinations were environmentally
exposed in JP-4 fuel for 28 and 90 days and subsequently tested at RI and 300°F
for residual shear strength . The R-5000 and PKXA bonded specimens in most cases,
failed at shear stresses which were lower than the control specimens .

The R-5000 adhesively bonded specimens exhibited lap shear strength wi th a range
from -8% to -24% of the control values . PKXA specimens showed an increase in shear
strength after 28 days and 90 days aging when tested at RT, but a decrease in
shear strength when tested at 300°F.

14
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Crack extension specimens from both adhesive systems displayed no crack growth

after the 28 or 90 days in

After carefully ana lyzing the failed specimens and test data , it was apparent

that the JP-4 had no real effect on the R-5000 or PKXA adhesives systems. The

JP-4 enviromiental aging data represented in Figures 14 through 18 and Tables

A1-A5 in the appendix.

Organic Cleanin g Solvent (Stoddard)

Specimens bonded with R-5000 adhes ive exhibited decreases in shear strength

when immersed in the cleaning solvent for 28 and 90 days and then tested for

residual shear strength at RI and 300°F. The steel and titanium lap shear

specimens decrease in shear strength wi th a range of 11% to 24%. See Figures
14-18 for complete summary of the shear strength loss after aging .

The titanium PKXA lap shear specimens that were tested at RI after immersion in

the cleaning solvent for 28 to 90 days exhibited a slight increase in shear
strength . However, the steel PKXA specimens showed a decrease in shear strength

after agi ng .

The composite lap shear specimens showed a loss of 8-25% from their control

va l ues . These data are reported in Figures 14-18 and in Tables 1-5 in the appendix.

Steel and titanium crack extension specimens that were imersed in the organic
cleaning solvent exhibited crack growth of 0 to .38 Inches. The 0 crack growth

was recorded for 90 day aged ti tanium R-5000 specimens and 28 day steel PKXA

specimens . The spread in the test data led us to believe that the aging time

in solu tion had very little to do with crack propagation . The crack extension

data are found in Table A1-A4 in the appendix.

• 2 .1.2 .4 Salt Water , Caustic Solution , Corrosion Inhibitor , and Naptha Exposure

Sal t Water

Unstressed lap shear specimens from all five adherend-adhesive combi nations were

exposed in 5% sodium chloride solution for 90 days and tested at -65°F, RT , 180°F
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and 300°F. The shear strength after exposure of all specimens was decreased at

all test temperatures. In some cases the decrease was substantial. The reductions

are apparently due to the fluids attacking the primer as indica ted by the steel

and titanium specimens failing in the polyimide primer or primer meta l interface.

The percentage reduction in shear strength after exposure is plotted in Figure
19 throu gh 23.

The crack extension specimens after 90 day exposure exhibited crack growth which
ranged from .44” for steel bonded wi th R-5000 adhesive to no crack growth f-or
steel bonded wi th PKXA adhesive . The data are summari zed in Tables A-i through

A-4 in the Appendix.

Caus tic Solution

Lap shear specimens that were exposed to caustic solution for 28 and 90 days

exhibited reductions in shear strength for all adhesive-adherend combinations

studied. This reduction ranged from 11% for titanium bonded wi th R-5000 adhesive

to 47% for steel bonde d wi th PKXA .

The failure modes of these specimens were in the primer-adhesive interface wi th

the larger portion of the failure in the polyimi de primer. Figure 19 through
23 are plots of the caustic data.

Crack extension specimens exhibited crack growths of ranging from .05” for PKXA P

ti tanium specimens to .45 for steel R-5000 specimens.

MIL-C-85054 Corrosion Inhibitor

The R-5000 bonded steel and titanium lap shear specimens exhibited reducti on in
shear strength after exposing the bonds to MIL-C-850C4 corrosion inhibitor . The

steel bonded specimens failed wi th a 18-19% loss in RT +300°F shear strength
after 7 days and a 21-22% loss after 28 days in the same environment. Ti tanium

R-5000 specimens failed with a 21% decrease In shear strength at RT and the loss
i n 300°F strength was reduced to 33-34% of ultimate values. Steel and Titanium
PKXA specimens RI shear strength results were higher than the control values when

exposed for 7 days and 28 days but showed a loss of shear strength when tested

at 300°F.
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Composite lap shear specimens bonded wi th PKXA adhesive showed a decrease in

shear strength after exposure to MIL-C-85054 corrosion inh ibitor but the decrease

L did not fol low any particular trend in days aging or test temperatures . The test

resul ts are presented in Figures 19 through 23.

MIL-C-85054

Titanium and steel crack extension specimens bonded wi th R-5000 adhesive exhibited

crack growth of .38” - .41” . Crack growth was not observed among the ti tanium

and steel PKXA bonded crack extension specimens . The crack extension data is

found in Tabl e A1-A4 in the appendix.

Na.phtha

Nei ther the R-5000 or PKXA were appreciably affected by naphtha exposure . The

greatest lap shear strength reduction (—24%) occured in the R-5000/Iitanium

bonds tested at room temperature after 28 days exposure. See Figures 19 through

23 and Ta bles Al through A5 for test results .

The crack extension specimens displayed very little crack growth during the

envirormiental aging in naphtha for seven and 28 days. The crack growth ranged

from 0 to .03” . The failures in the crack extension specimens were in the

adhesive scrim. The crack extension data ‘is presented in Table A-i through A-4.

2.2 Task II Mechanical Properties

Un der Task II , three basic mechanical properties of PKXA and R-5000 adhesive
systems were evaluated on steel and titanium adherends . The properties evaluated

included climb i ng drum peel strength, stati c creep, and fatigue life. The test

parameters are given in Table VII and test results are discussed in 2.2.1 through

2.2.3.

2.2 .1 Peel Strength

Peel strength of R-5000 and PKXA adhesives on steel and ti tanium adherends were

determined using the climb i ng drum method . The specimens were fabricated wi th an

.012” peel ing skin and .032” back skin. The cleaning and bonding was the same

as used in section 2.1. SpecImens were tested at RT and 250°F. There was no
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sig n ifi cant di f ference i n the peel stren g th between specimens tested at RT an d
2500F. For all conditions tested, peel strengths ranged from 31 to 39 in
$/in width The failure mode was mostly cohesive wi thin the adhesive scrim wi th
some fa i l ures wi th i n the pol yim ide pr imer . Fi gures 24 and 25 are typical fa i lures
of the peel specimens after testing.

the peel strength of the R-5000 and PKXA adhesives on titanium and steel are

summarized in Table V III.

2.2.2 Creep Resistance

The creep resistance of PKXA and R-5000 on steel and titanium adherends was deter-
mined at RI and 250°F. Both adhesive systems exhibited good creep resistance. A
comparison of the data with the applicable Military specification (MMM-A-l32) require-

ment i s presen ted i n Ta b le IX. Comp lete test results are presente d in the Appen d ix
(Tables A-6 through A-9).

2.2.3 Fatigue Life

Fatigue characteristics of PKXA and R5000 adhesive bonds on steel and titanium

adherends were determined at room temperature. The standard lap shear specimen was

used (Figure 27) to evaluate fatigue performance at 30, 50, and 80 percent of ulti-
mate tensile shear strength . The stress ratio was .1 and cycling rate was 1800 cpm.
Test results are presented in Figures 28 through 31.

At eighty percent of ultimate , specimens consistently endured 1 x 10 cycles re-

gardless of adherend or adhesive evaluated except for PKX~/steel bond joints where

two out of three specimens failed after 25 cycles . At the other end of the load

spectrum (30%) the PKXA/steel bonds performed better than the other combinations :
two specimens ha d not fa i le d after 1 x 106 cycles an d testin g was discon ti nued on
another spec imen after 1. 25 x lO~ cycles .

2.3 Data Assessment -

In this section , an assessment will be made of the PKXA and R-5000 performance in

areas evalua ted during this program. The areas are thermal stability , environmental

res istance , metal-to-metal peel strength , creep resistance and fatigue life .
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In the areas evalua ted , performance of systems on the steel and titanium adherends

was compara b le to commonl y use d structural  adhes i ves an d excee ded the app l i ca b le
military specification requirements (MMM—A- 132 , Class II). Additionally, cer ta i n
exposure and test parameters were intentio nally selected to exceed the MMM-~A-l 32
requirements in  or der to bet ter assess the performance of the thermo p las t ic  adhe-
sives .

In the PKXA/composi-te bond joint study , the la p shear stren gth consis ten tly excee ded
the strength of the polyimide/fiberglass adherends .

2.3.1 Thermal Stability

Thermal aging of PKXA and R-5000 adhesives at 180 and 300°F for 90 days did not

a pp rec i ab ly affect the stren gth of either  adhes i ve systems on metal adh eren ds .

The PKXA /composite bon ds were the onl y joi nts wh i ch cons isten tly ex perience d la p

shear strength loss after thermal aging. The most severe reduction (32%) occurred

in the room temperature strength after aging 90 days at 300°F.

2.3.2 Environmental Exposure

The env ironmental resistance of both PKXA and R-5000 exceeded MMM-A-l32 require-
ments for fluid exposure to deicing fluids , JP-4 fuel , MIL-H-5606 hydraulic fluid ,

p - MIL-L-7808 synthetic lubricant and salt water (5%). This is also true of exposure
to fluids (Stoddard cleaning solvent , MIL-C-85054 corrosion inhibitor and Naphtha)
not required by the MMM-A-l32.

The lap shear specimens that were immersed in caustic solution for 28 and 90 days

were affected significantly from the exposure . The attack on the bonded joints

seem to be more on the pr imer an d pol yimi de composi te than on the adhes i ves . The
a l um i num an d pol yimide materials were points of attack for the basic solution.
The compos i te la p shear spec imens fa i led in the composi te mater ials . The greates t
reduction (48%) occurred in steel/PKXA bonds tested at RI and 3000F after 90 days

exposure. There is no MMM-A-l32 requirement for exposure in this solution. Also

the 90 day ex posure durat ion is lon ger than l i kel y to be encoun tered i n aeros pace
applications .
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The MIL-H-83306 hydraulic fluid exposure of 90 days , completely deteriorated the

R-5000 bonds with strength loss exceeding 90% for the R-5000/Steel bonds tested

at 300°F. However , the PKXA adhesive was not affected by this exposure : the
worst strength loss (22%) occurred in the PKXA/titanium joints tested at 3000F.

2.3.3 Peel Strength

The peel strengths of the R-5000 and PKXA adhesives were adequate for structural

bonding when measured by the climbing drum peel test method. The values ranged

from 30-40 in ./lbs. on both adhesive systems when tested at RI and 250°F. The
failure modes of these adhesive systems were basically cohesive within the adhesive
with some primer failure .

2.3.4 Creep Resistance

The work performed under this contract indicates that the R-5000 and PKXA adhesive

systems have acceptable creep resistance when bonded to stainless steel and titanium

adherends. However , as the testing progressed , it became apparent that the adhesive

primer system was influencing test results appreciably. Specifically, some spec i-
mens were failing within the adhesive primer or primer/metal interface at shorter

time-to-failure periods than expected for the loads imposed . Because of the poor

reliability of the adhesive primer systems , there is some scatter in the data.
Even so , the adhesives exhibited acceptable creep, as specified by the MM-A-l32

spec i fication . It is apparent that the adhesive systems are suitable in creep

resistance for structural bonding applications.

2.3.5 Fatigue Life

The PKXA and R-5000 fatiaue data which was obtained on bonded steel and titanium

lap shea r specimens were considered adequate for most structural bonding applica-

tions. No direct comparison is possible with MM-A- 132 requirements since a higher

load was used in this evaluation than the 750 psi required in the military speci-

fication. For comparative purposes , the PKXA/steel joints tested at 1068 psi had

not failed after 106 cycles and in one case l0~ cycles when testing was discontinued .
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3.0 CONCLUSIONS AND RECOMMENDATIONS

3.1 Conclus ions

Of the two adhesives systems evaluate d in this  program , the genera l conclus ion
reached i s t ha t PKXA is su itab le for structural aeros pace applica tions wh i le
RADEL 5000 should not be used in applications where exposure to phosphate ester

type fluids is a possibility . This conclusion is applicable to titanium , stainless
steel , and polyimide/fiberg lass composite adherends over the service temperature
range of -65 to 300°F.

The best surface preparations of those evaluated were chromic acid anodize for

titanium , sulfuric acid anodize for stainless steel and gri t blast fol l owed by

solven t wi pe for pol yim ide/fiber glass composites .

The adhesive primer system used in this program was not optimum . It consisted of

a commercially available polyimide adhesive primer (BR34 by American Cyanamid)

being applied to the faying surfaces , dried , and then overcoated with a PKXA or

RADEL 5000 primer to match the adhesive film used .

3.2 Recommendations

This program has established the basic structural adequacy of thermoplastic adhe-

sives on titanium , stainless steel , and polyimi de/fiberg lass compos i te adheren ds.
However , additional efforts appears warranted to both optimize and further charac-

terize the adhesive systems. Candidate areas for these efforts include:
- adhesive primer optimization

- 
- post formi ng stud ies to establish ben d radius /res id ual stress rela tionshi p
- develop bonding techniques applicable to aluminum adherends.
- develop and /or evaluate methods for ra pid assemb ly bonding .
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I

- 
MMM-A-1 32

SYSTEM TEMP LOAD CREEP TIME
psi in hrs 015” max after

196 hrs. @ 1600 psi
- - -  . ~~~ -

PKXA/STEEL RI 2390 .0113 485

R-5000/STEEL 
- 

: 2645 .0054 490

PKXA /Ti 3040 .0127 335

L~~~
0/h1

. - 

~~~ 051 240

PKXA/STEEL 250°F 
- 

1510 .0277 197 .015 max a f te r
- 196 Iirs . @ 800 p~i

R-5000/SIEEL 
- 

1615 .0002 194 and 1800F or 300 F a

PKXA /T i 1860 .0191 245

R-5000/T’f \i/ 2240 .0243 - 196

- I - I -‘ 

- _
3

TABLE IX : CREEP RES ISTANCE
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Polysulfone PKXA Shear Strength
Polyimi de R-5000 Primer
Adhesives Crack Extension Adherends
Polypheny lsulfone Crack Growth
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Thermoplastic Polymers Lap Shear Stren~th 
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Two thermoplastic polymers (PKXA Po~,ysul~one and R-5000 polyphenylsulfone) havinghigh temperature capabilities (+300 F) were evaluated as adhesives for bonding stee
and titanium adherends . The PKXA polysulfone adhesive was also evaluated on polyi-
nu de/glass composites . Chromic acid anodize and sulfuric acid anodize were selecte-
as the surface treatments for titanium and stee l , res pec tfully. The primer sys tem
selected was BR-34 polyimide primer (American Cyanimid) subsequently coated with a
thin solution of the bonding resin, Prior to bonding, the thermoplastic resins wer
solut ion coated on 112E glass with A-l 100 finished for bond line control ,
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20. The environmental resistance of the PK~A and R-5000 adhesives were evaluatedafter exposure to thermal environments (180 , 300°F), deicing fluid , JP-4 fuel ,
hydraulic fluids (MIL-H-83306 , M1L-H-5606), synthetic lubricant (MIL-L-7808), sal t

a water , cleanin g solvent (Stoddard), Naphtha , corrosion inhibi tor MIL-C-85O54,
Naphtha , and caustic (NaOH) solutions . Lap shear and crack extension specimens
were used to evaluate the environmental resistance of the adhesive systems. Peel ,

V creep and fatigue properties were determined for the adhesives on steel and titani-
— urn adherends ,
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