NASA/CR-1999-208993

Modified Phenylethynyl Containing Imides
for Secondary Bonding: Non-Autoclave,
Low Temperature Processable Adhesives
Alice C. Chang
Lockheed Martin Engineering & Sciences Company, Hampton, Virginia

February 1999

The NASA STI Program Office ... in Profile

Since its founding, NASA has been dedicated to
the advancement of aeronautics and space
science. The NASA Scientific and Technical
Information (STI) Program Office plays a key
part in helping NASA maintain this important
role.
The NASA STI Program Office is operated by
Langley Research Center, the lead center for
NASAÕs scientific and technical information. The
NASA STI Program Office provides access to the
NASA STI Database, the largest collection of
aeronautical and space science STI in the world.
The Program Office is also NASAÕs institutional
mechanism for disseminating the results of its
research and development activities. These
results are published by NASA in the NASA STI
Report Series, which includes the following
report types:
·

·

·

TECHNICAL PUBLICATION. Reports of
completed research or a major significant
phase of research that present the results of
NASA programs and include extensive
data or theoretical analysis. Includes
compilations of significant scientific and
technical data and information deemed to
be of continuing reference value. NASA
counterpart of peer-reviewed formal
professional papers, but having less
stringent limitations on manuscript length
and extent of graphic presentations.
TECHNICAL MEMORANDUM. Scientific
and technical findings that are preliminary
or of specialized interest, e.g., quick release
reports, working papers, and
bibliographies that contain minimal
annotation. Does not contain extensive
analysis.
CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

·

CONFERENCE PUBLICATION. Collected
papers from scientific and technical
conferences, symposia, seminars, or other
meetings sponsored or co-sponsored by
NASA.

·

SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions,
often concerned with subjects having
substantial public interest.

·

TECHNICAL TRANSLATION. Englishlanguage translations of foreign scientific
and technical material pertinent to NASAÕs
mission.

Specialized services that complement the STI
Program OfficeÕs diverse offerings include
creating custom thesauri, building customized
databases, organizing and publishing research
results ... even providing videos.
For more information about the NASA STI
Program Office, see the following:
·

Access the NASA STI Program Home Page
at http://www.sti.nasa.gov

·

E-mail your question via the Internet to
help@sti.nasa.gov

·

Fax your question to the NASA STI Help
Desk at (301) 621-0134

·

Phone the NASA STI Help Desk at
(301) 621-0390

·

Write to:
NASA STI Help Desk
NASA Center for AeroSpace Information
7121 Standard Drive
Hanover, MD 21076-1320

NASA/CR-1999-208993

Modified Phenylethynyl Containing Imides
for Secondary Bonding: Non-Autoclave,
Low Temperature Processable Adhesives
Alice C. Chang
Lockheed Martin Engineering & Sciences Company, Hampton, Virginia

National Aeronautics and
Space Administration
Langley Research Center
Hampton, Virginia 23681-2199

February 1999

Prepared for Langley Research Center
under Contract NAS1-96014

The use of trademarks or names of manufacturers in the report is for accurate reporting and does not constitute an
official endorsement, either expressed or implied, of such products or manufacturers by the National Aeronautics
and Space Administration.

Available from:
NASA Center for AeroSpace Information (CASI)
7121 Standard Drive
Hanover, MD 21076-1320
(301) 621-0390

National Technical Information Service (NTIS)
5285 Port Royal Road
Springfield, VA 22161-2171
(703) 605-6000

Modified Phenylethynyl Containing Imides for Secondary
Bonding: Non-Autoclave, Low Temperature Processable
Adhesives
A. C. Chang
Lockheed Martin Engineering & Sciences Company
Hampton, Virginia 23666
1. ABSTRACT
As part of a program to develop structural adhesives for high performance aerospace
applications, research continued on the development of modified phenylethynyl
TM
1-5
6-7
containing imides, LaRC MPEIs . In previous reports , the polymer properties
were controlled by varying the molecular weight, the amount of branching, and the
phenylethynyl content and by blending with low molecular weight materials. This
research involves changing the flexibility in the copolyimide backbone of the
branched, phenylethynyl terminated adhesives. These adhesives exhibit excellent
processability at pressures as low as 15 psi and temperatures as low as 288°C. The
Ti/Ti lap shear specimens are processable in an autoclave or a temperature
programmable oven under a vacuum bag at 288-300°C without external pressure.
The cured polymers exhibit high mechanical properties and excellent solvent
resistance. The chemistry and properties of these adhesives are presented.
2. EXPERIMENTAL
2.1 Materials Synthesis
Starting Materials- 3,4'-Oxydianiline (3,4'-ODA, m.p. 82-84°C), 1,3-bis(3aminophenoxy)benzene (APB, m.p. 105.5-107°C), triamino pyrimidine (TAP, m.p. 241243°C) and biphenyltetracarboxylic dianhydride (BPDA, m.p. 295-297°C) were
obtained commercially and purified as needed. 4-Phenylethynyl phthalic anhydride
(PEPA, m.p.151-152) was obtained from Imitec, Inc., Schenectady, New York and
used as received. N-methylpyrrolidinone (NMP) and toluene were obtained
commercially and used as received.
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General Procedure for Oligomer Synthesis- The poly(amide acids) were
prepared as shown in Figure 1 at a concentration of 35% solids, calculated
stoichiometric offset of BPDA and PEPA slurried with NMP were slowly added to a
mechanically stirred mixture of the APB, TAP and NMP under a nitrogen atmosphere
at room temperature. The exothermic reaction raised the temperature to ~60 °C where
it was held to dissolve all the reactants. After stirring overnight at ~60°C, toluene was
added and the solution was heated to reflux. The toluene/water mixture was removed
by azeotropic distillation. The temperature of the reaction was held at ~185°C for 16 h,
then increased to ~200°C for ~3 h to remove the last traces of water and toluene. The
solution was cooled to 23°C and poured into water in a blender. The precipitate was
collected by filtration, washed with water in a blender and dried in vacuo at 225 °C for
12 h to yield yellow powders.
2.2 Characterization
Brookfield viscosity measurements were taken on 35 wt% solids solutions at
25°C using a Brookfield Digital Rheometer with spindle #6. Differential scanning
calorimetry (DSC) was performed on a Shimadzu DSC-50 calorimeter at a heating
rate of 20°C/min. The Tg was taken at the inflection point of the heat flow vs.
temperature curve.
2.3 Rheology
Melt viscosity measurements were performed on a Rheometric Scientific ARES
rheometer. Sample specimen disks, 1 inch in diameter and ~0.06 inch thick, were
prepared by press molding the solution imidized powder at RT and high pressure. The
compacted resin disk was then loaded in the rheometer fixture with 1 inch parallel
plates. The top plate was oscillated at a fixed strain rate of 5% and a fixed angular
frequency of 10 rad/sec, while the lower plate was attached to a transducer which
recorded the resultant torque. Storage (GÕ) and loss (GÕÕ) moduli as a function of time
(t) were measured from 100°C to 371°C.
2.4 Films
Poly(amide acid) solutions were poured onto clean glass plates and spread to
~15 mils thickness using a doctorÕs blade, then placed in a level, dust free, dry
chamber until tack free. Films were cured in a circulating air oven for 1 hour each at
100, 225 and 350°C, removed from the glass plates and tested for tensile properties
according to ASTM-D882.
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2.5 Adhesive Specimens
NMP/oligomer solutions (35% solids) were used to coat 112 E-glass (A1100
finish). Each coat was dried in a circulating air oven at 100 and 200°C for 1 h each.
Several coats were used to obtain MPEI adhesive tape 12-14 mil thick with final
volatile content of <2.0%. Titanium (Ti, 6Al-4V) coupons (Pasa-Jell 107ª surface
treatment, primed with the resin solution) were press bonded in lap shear
configuration under 15 psi by heating rapidly to 288°C and holding for 8 h. The Ti/Ti
lap shear specimens were bonded in an autoclave or a temperature programmable
oven in a vacuum bag without external pressure and were heated at 2.6°C/min and
held at 288-300°C for 8 hours. Four specimens of each bonding condition were tested
at RT and 177°C following the guidelines of ASTM D-1002 to obtain lap shear
strengths.
3. Results and Discussion
Figure 1 is a theoretical structure used to calculate stoichiometric ratios of the
reactants. The structure contains a mixture of linear, branched and star-shaped
molecules. The degree of branching was calculated by the concentration of
trifunctional amine (TAP) while the degree of crosslinking and/or chain extension was
determined by the concentration of reactive endcapper, PEPA. The MPEIs reported
herein were prepared using the same molar ratio of TAP and PEPA; therefore same
degree of branching and crosslinking. The backbone flexibility of the oligomers are
determined by the molar ratio of 3,4'-ODA to APB when the polymers are prepared,
with the higher amounts of APB producing more flexible oligomers. Each of these
materials displays significantly lower melt and solution viscosity than the baseline
MPEI-5 resin as shown in Table 1. MPEI-6, which has the largest amount of APB
among the oligomers prepared, has the most flexible backbone. The polymer
exhibited a dynamic melt viscosity of only 700 poise at 288°C and a Brookfield
viscosity of 950 centipoise at 25°C and 35% solid contents. The High Speed
Research (HSR) Program target processing temperature for secondary adhesive
bonding is 288°C.
Mechanical properties of the cured films at both RT and 177 °C are shown in
Table 2. Each of the MPEIs produced tough, creasible films when cured at 350°C.
The films displayed high tensile strength at yield and break at both RT and 177°C. No
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distinct difference in the thin film tensile modulus was observed among the four
oligomers.
Table 3 shows titanium to titanium tensile shear strengths and failure mode for
the MPEIs bonded under 15 psi at 288 °C for 8 hours. The mild processing condition
of low pressure (15 psi, vacuum bag pressure) and low temperature (288°C) is
desirable for secondary bonding applications whereby composites are bonded such
that no distortion takes place. The adhesive tapes were dried to <2.0% volatile content
at a final temperature of 225°C. These materials exhibit excellent processability and
adhesive properties at ambient and elevated temperatures.
Table 4 shows the Ti/Ti lap shear strengths processed under different bonding
conditions: press cure, autoclave, and conventional oven cure. The autoclave and
oven cure were processed in a vacuum bag without any external pressure at a heating
rate of 2.6°C/min and with a hold at 288 or 300°C for 8 hours. Good Ti/Ti bondlines
were observed and the tensile shear strengths data are comparable to the data
obtained from press cure.
The Ti/Ti lap shear specimens of MPEI-5 and MPEI-6 were exposed to aircraft
fluids for 14 days according to the HSR Phase I screening test for secondary bonding
adhesives. The results are summarized in Table 5. The material exhibited excellent
solvent resistance; no significant effect on strengths was observed after soaking in the
solvents for two weeks, with the possible exception of toluene soak on MPEI-6.
4. CONCLUSIONS
Modified phenylethynyl terminated imides, which theoretically should contain a
mixture of linear, branched, and star-shaped molecules and which have various
backbone flexibilities were prepared and evaluated for adhesive applications. The
polymer backbone flexibility was determined by the molar ratio of the diamines 3,4'ODA and APB. The polyimides exhibited excellent processability at 288°C and 15 psi
and retained the baseline mechanical properties on film tensile modulus and Ti/Ti
adhesive tensile shear strength. The flexibility of the polymer backbone can be
tailored for various applications. The unique combination of high mechanical
properties and low temperature/low pressure processing in these MPEI materials
demonstrate a high potential for future aerospace applications.
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FIGURE 1. SYNTHESIS OF
MODIFIED PHENYLETHYNYL IMIDES (MPEI)
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Table 1. Properties of MPEIs

1
2

Materials
1
(3,4'-ODA/APB)

Tg
°C
Cured
1h@371°C

Melt viscosity @288°C
(poise)

Brookfield
Viscosity
(centipoise)

MPEI-5
1
(85/15)

277

200,000

4600 @ 25°C

MPEI-8
1
(80/20)

276

10000

2000 @25°C

MPEI-7
1
(75/25)

272

7800

6000 @22°C2

MPEI-6
1
(70/30)

263

700

950 @ 25°C

Diamine ratio of 3,4'-ODA/APB.
No data was available @ 25°C.

Table 2. Thin Film Tensile Properties of MPEIs
Materials

Tensile
strength(ksi)
RT (177°C)

Tensile modulus(ksi)
RT (177°C)

% Elongation
RT (177 °C)

MPEI-5
(85/15)

20.0 (11.5)

520 (385)

7.7 (8.3)

MPEI-8
(80/20)

19.0 (10.0)

549 (361)

6.8 (11)

MPEI-7
(75/25)

18.5 (11.4)

520 (350)

7.6 (16)

MPEI-6
(70/30)

20 (10.7)

520 (380)

7.6 (15)
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Table 3. Ti/Ti Tensile Shear Strength (psi) and Failure Mode (%) of
MPEIs (Press bonded @ 15psi, 288°C for 8 hr)
Material

Lap Shear @ RT (psi)

Lap Shear @ 177 °C (psi)

MPEI-6 (70/30)

5260/100 % Coh

4220/80%Coh

MPEI-7 (75/25)

5230/90% Coh

4130/80% Coh

MPEI-8 (80/20)

5850/80% Coh

4600/50% Coh

MPEI-5 (85/15)

4693 /100% Coh

4228/100% Coh

Table 4. Ti/Ti Tensile Shear Strength (psi) and Cohesive Failure (%) of
MPEI-6 (Bonded under different conditions)
Bonding Condition
Press Cure

1

Autoclave Cure
Oven Cure
1

2

3

Lap Shear @ RT (psi)

Lap Shear @ 177 °C (psi)

5260/100% Coh

4220/80% Coh

4150/ 80% Coh

3850/80% Coh

5160/100% Coh

4400/60% Coh

8 hours @288°C,15 psi.

2

Bonded in a vacuum bag at a heating rate of 2.6°C/min until 288°C, then held for
8 hours at 288°C.

3

Bonded in a vacuum bag in a temperature programmable oven at a heating rate of
2.6 °C/min until 300°C, then held for 8 hours at 300°C.
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Table 5. Ti/Ti tensile shear strength 1 (psi) and cohesive failure (%) o f
MPEI-5 and MPEI-6 after exposure to solvents for 14 days.

1
2

Solvents

MPEI-5

MPEI-6

Control

5620/100% Coh

5260/100% Coh

Jet Fuel

5350/100% Coh

5100/100% Coh

Hydraulic Fluid

5550/100% Coh

5100/100%Coh

MEK

5510/100% Coh

5200/100%Coh

Toluene

5550/100% Coh

4580/90% Coh

Ethylene Glycol

5490/100% Coh

5310/100%Coh

Alkaline

5280/100% Coh

ND

Adhesive tape 2.1% volatiles; bonding condition 15psi/288°C/8h.
Not determined
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