
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 22 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

The Journal of Adhesion
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713453635

Effect of Molecular Weight on Processing and Adhesive Properties of the
Phenylethynyl-Terminated Polyimide LARC™-PETI-5
Roberto J. Canoa; Brian J. Jensena

a NASA Langley Research Center, Hampton, VA, USA

To cite this Article Cano, Roberto J. and Jensen, Brian J.(1997) 'Effect of Molecular Weight on Processing and Adhesive
Properties of the Phenylethynyl-Terminated Polyimide LARC™-PETI-5', The Journal of Adhesion, 60: 1, 113 — 123
To link to this Article: DOI: 10.1080/00218469708014413
URL: http://dx.doi.org/10.1080/00218469708014413

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713453635
http://dx.doi.org/10.1080/00218469708014413
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J .  Adhesion, 1997, Vol. 60, pp. 113-123 
Reprints available directly from the publisher 
Photocopying permitted by license only 

1997 OPA (Overseas Publishers Association) 
Amsterdam B.V. Published in The Netherlands under 

license by Gordon and Breach Science Publishers 
Printed in Malaysia 

Effect of Molecu ar Weight on Processing 
and Adhesive PI operties of the 
P h e n y I et h y n y I-Te rm i n a ted Po I yi m id e 
LA R CTM- P ETI - 5 

ROBERTO J. CAN0 and BRIAN J. JENSEN 

NASA Langley Research Center, Hampton, VA 23681-0001, USA 

(Received November 2, 1995; in ,final form March 6 ,  1996) 

Three different molecular weight versions of the phenylethynyl-terminated polyimide LARCTM-PETI-5 were 
synthesized. The materials synthesized had theoretical number average molecular weights of 2500, 5000, and 
10000 g/mol. Differential Scanning Calorimetry (DSC) was performed on the dry powder form of these 
materials to establish cure conditions which result in high glass transition temperatures. Lap shear speci- 
mens were prepared from adhesive tape made from each material and with the thermal cure conditions 
determined from the DSC data. The tensile shear data established which processing conditions provided the 
best adhesive strengths. Titanium tensile shear strengths as high as 52.6 MPa (7630 psi) at RT and 
35.2 MPa (5100 psi) at 177" C were determined. Processing temperatures as low as 316" C and pressures as 
low as 0.17 MPa (25 psi) resulted in good adhesive properties. The tensile shear properties of these materials 
were unaffected by hydraulic fluid. The molecular weight of LARCTM-PETI-5 has an important effect on 
the bonding pressures required to obtain good tensile shear strengths. The effect of molecular weight on the 
utility of PETI-5 to be used as a primer to maintain surface quality for bonding was also investigated. 

KEY WORDS: Adhesives; polyimides; phenylethynyl; processing; molecular weight. 

INTRODUCTION 

Future civilian aircraft will require the use of advanced adhesive systems that can 
withstand exposure to high temperatures for extended periods of time over the 
lifetime of the aircraft. One such material has been developed at the NASA Langely 
Research Center, a phenylethynyl-terminated polyimide given the designation 
LARCTM-PETI-5.'z2 Recent work has shown the advantages of similar 
phenylethynyl-terminated polyimides as films, moldings, adhesives, and composite 
matrix resins?-'' Phenylethynyl-terminated oligomers provide greater processing 
windows than materials which incorporate simple ethynyl endcaps. Since these 
low molecular weight, low melt viscosity oligomers themally cure without the evol- 
ution of volatile by-products, they provide an excellent means of producing poly- 
mers with high glass transition temperatures, excellent solvent resistance, and high 
mechanical properties. The cure mechanism and cured products are currently under 
investigation.' 
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114 R. J. CAN0 AND B. J. JENSEN 

In an effort to assess the capabilities of PETI-5 as an adhesive as well as to 
determine the effect of molecular weight, three different versions of LARCTM-PETI-5 
with theoretical number average molecular weights (&Ins) of 2500, 5000, and 10000 
g/mol were synthesized. Both poly(amide acid) solutions and imidized powders were 
produced. Differential Scanning Calorimetry (DSC) was performed on the dry pow- 
der form of these materials to establish cure conditions which resulted in high glass 
transition temperatures (T,s). Lap shear specimens were prepared from adhesive 
tapes made of each material from its poly(amide acid) solution and with the thermal 
cure conditions determined from the DSC data. The tensile shear data established 
processing conditions which provided the best adhesive strengths. Further testing 
was performed to establish the properties of LARCTM-PETI-5 as an adhesive ma- 
terial and to determine its solvent resistance. The ability of these materials to act as 
primers and maintain adherend surface quality after exposure to ambient conditions 
was also investigated. 

EXPERIMENTAL 

Polymer Synthesis 

The three different molecular weight oligomers were prepared as previously re- 
ported',' by offsetting the monomer ratio (TableI) in favor of the diamines and 
endcapping with the appropriate amount of 4-phenylethynyl phthalic anhydride 
(Equation (1)). Actual M,s determined by Gel Permeation Chromatography/Differ- 
ential Viscometry (GPC/DV) are also shown in Table I. In all three cases, the 
measured M ,  was higher than the theoretical value. 

Characterization 

Inherent viscosities were measured at 25°C on 0.5% solutions in N-methylpyr- 
rolidinone (NMP). DSC was performed on a Shimadzu DSC-50 calorimeter at a 
heating rate of 20"C/min with the T,  taken at the inflection point in the heat flow us. 
temperature curve. 

TABLE I 
Theoretical Molecular Weights, Experimentally Determined 
Molecular Weights, Inherent Viscosities, and Monomer Offset Ratios 
for Three Molecular Weight Versions of PETI-5 

____ 

Theoretical Molecular Weight Inherent Monomer 
Molecular Determined by Viscosity, Offset 
Weight GPC/DV dL/g Ratio 

2500 g/mole 5650 g/mole 0 22 0 8276 
5000 g/mole 8050 g/mole 0 38 0 9098 

I0000 g/mole 12550 g/mole 0 44 0 9539 
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POLYIMIDE LARCTM-PETI-5 115 

1,3-bis(3-APB) 
30% solids 

Amide Acid Oligomer 

1 NMP 

~ PEPA 

\ o  

LARCm-PETI-5 

EQUATION 1 Polymer Synthesis of PETI-5. 

Adhesive Specimens 

Oligomer solutions (15-20% solids in NMP) were used to coat 112 E-glass (A-1100 
finish). Each coat was dried in a circulating air oven for one hour each at  100 and 
225" C to provide adhesive tapes with volatile contents of - 1 to 2%. Adhesive tape 
0.30 to 0.38 mm (twelve to fifteen mil) thick was produced by applying several coats 
of the solution. Titanium (Ti-6A1-4v) treated with Pasa-Jell 107TM surface treatment 
was bonded under varying conditions of temperature and pressure. Four tensile 
shear specimens of each material type for each condition were tested at either room 
temperature (RT) or 177°C according to ASTM-D1002. Four flatwise tension speci- 
mens were tested according to ASTM Standard C297. 

RESULTS AND DISCUSSION 

Glass Transition Temperature 

Four initial cure conditions were chosen to evaluate the three versions of the 
LARCTM-PETI-5 materials. The original standard practice for these types of ma- 
terials at  NASA Langley was a one-hour cure at 350°C. Slight variations to this 
temperature were initially investigated. Powdered versions of the 2500, 5000, and 
10000 g/mol molecular weight materials cured for one hour at 300°C, 325"C, 350°C 
or 375°C were subjected to DSC analysis to determine T,. The cure conditions 
evaluated and the corresponding T,s are shown in Figure 1. All three materials 
showed the similar result of increasing T,s with increasing cure temperature. With a 
375°C cure, all three materials showed T,s of 270°C or above. T,s in the 255°C 
-265°C range were determined for cures of 325°C and 350°C. At a cure temperature 
of only 300"C, the T,s were much lower for the 2500 and 5000 g/mol material. These 
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116 R. J. C A N 0  AND B. J. JENSEN 

[3 1 hr @300°C 

1 hr @350°C 
a 1 hr @325"C 

5 1 hr Q375"C 300 1 

Glass 
Transition 
Temperature ,200 1 
"C 

100-1 
2500 5000 10000 

Molecular Weight, g/mol 

FIGURE 1 Glass transition temperatures of PETI-5. 

results indicate that very little reaction occurs at temperatures near 300°C for times 
of about an hour. 

Additional variations of the cure temperatures were performed using the 5000 
g/mol material and are shown in Figure 2. As shown in the figure, a 7, as high as 
274°C was determined for this material cured for 1/2 hr at 325°C and 1/2 hr at 
375°C. The results also indicate that a hold at 375°C is required for significant 
reaction since the ramp to 375°C with no hold produced a T ,  of only 234°C. A 
processing temperature as low as 316°C resulted in a T,  of 263°C when held for 2 
hours. Several cure conditions produced T,s in a similar range. Four cure conditions 
were then chosen to make Ti lap shear specimens in order to evaluate their adhesive 
properties. The four conditions chosen, the standard one hour at 350°C, one hour at 
375"C, the combination hold at 325°C and 375"C, and the lower temperature hold 
of 316°C hold for two hours, provided adequate T,s. 

Lap Shear Strength 

The results from the Ti tensile shear tests are presented in Figures 3 through 5. All 
bonding conditions except where noted utilize 0.517 MPa (75 psi) pressure. As 
shown in Figure 3, the highest tensile shear strengths at both RT and 177°C for the 
2500 g/mol material were obtained by the two-hour hold at 316°C or the two 
temperature 325"C, 375°C hold. The holds at 350°C and 375°C produced very 
similar results but the resulting strengths were lower. All the RT failure modes were 
predominantly cohesive except the 375°C hold while all the failure modes at 177°C 
were predominantly adhesive in nature. The low molecular weight of this material 
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275 - 

250 - 

225 - 

200 - 

Glass 
Transition 
Temperature 
"C 

50 

40 

30 
Strength, 
M Pa 

20 

10 

0 

a Ihr @ 3 0 0 0 ~  
1 hr Q 3 2 5 0 ~  

0 1 hr Q 3 5 0 0 ~  
1 hr @ 375°C 

m0.5 hr @ 375°C 
0.25 hr 6'375°C 
Ramp to 375"C, no hold 

a 0 . 5  hr Q 325OC, 
0.5 hr Q 375°C 

2hr 63316°C 

0.5 hr 6' 35OoC, 0.5 hr 63 375°C 

F 

263 

5000 dmol 

:IGURE 2 Glass transition temperatures for PETT-5,5000 g/mol. 

ORoom Temperature 

0 RT after Hvdraulic Fluid Soak 

EJ 177°C 

45 45 

38 37 

1 hrb350"C 

40 

Failure 

lhr6375"C 1!2hr@325"C;lI2hr@375"C 2hr6316'C 

FIGURE 3 Lap shear values for PETI-5,2500 g/mol. 
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60 

50 

40 

Strength, 
MPa 

30 

20 

10 

0 

0 Room Temperature 
177°C 

0 RT after Hydraulic Fluid Soak 53 

lhr0350"C lhrQ375-C l/Zhr0325"C,l/ZhrQ375"C 2hr63316"C 

0 Room Temperature 
177°C 

0 RT after Hydraulic Fluid Soak 53 

lhr0350"C lhrQ375-C l/Zhr0325"C,l/ZhrQ375"C 2hr63316"C 

Failure 

FIGURE 4 Lap shear values for PETI-5,5000 g/mol 

appears to require a lower processing temperature, at least in the first step, to 
produce better strengths. Overall, bondline thicknesses for this material were some- 
what low, ranging from 0.075 to 0.100 mm (3 to 4 mils), which would be indicative of 
excessive flow. 

As shown in Figure 4, the highest tensile lap shear strengths for the 5000 g/mol 
version, 52.6 MPa (7630 psi) at RT and 34.5 MPa (5000 psi) at 177"C, were obtained 
for the one-hour cure at 350°C and 0.517 MPa (75 psi). The combination hold at 
325°C and 375°C resulted in the next highest RT values. The holds at 375 and 
316°C produced similar results at RT but with different failure modes. The 375°C 
cure produced an 80% cohesive failure while the 316°C cure produced a 90% 
adhesive failure. The bondline thicknesses for the 5000 g/mol material were close to 
the target value of 0.125 to 0.175 mm (5 to 7 mils) with thicknesses of 0.125 to 0.250 
mm (5 to 10 mils). 

As shown in Figure 5, the lap shear strengths obtained for the 10000 g/mot 
version were all very low. The RT values are less than those obtained with the 2500 
g/mol version at elevated temperature, Such low values would indicate the necessity 
for an increased processing pressure. As shown in Figure 6, increasing the processing 
pressure greatly increased the lap shear strengths as well as the cohesive failure 
percentage. At a processing pressure of 0.689 MPa (100 psi), the strength increased 
to 43.8 MPa (6348 psi) with a 95% cohesive failure. Increasing the pressure beyond 
0.689 MPa (100 psi) did not seem to provide any added benefit. The pressure 
dependence was aiso evidenced by the bondline thicknesses which decreased from 
0.375 mm (15 mils) at 0.517 MPa (75 psi) to 0.325 mm (13 mils) at 0.689 MPa (100 
psi) and 0.275 mm (11 mils) at 1.38 MPa (200 psi). 

The effect of processing pressure was also investigated for the 2500 g/mol ma- 
terial. As shown in Figure 7, reducing the pressure from 0.517 MPa (75 psi) to 0.172 
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30 

20 

Strength, 
MPa 

10 

0 
lhre350"C 

3 Room Temperature 

J 177°C 

1 RT after Hydraulic Fluid Soak 

22 

lhrk375"C lnhrg325"C,lRhrd375"C 2hrk316"C 

FIGURE 5 Lap shear values for PETI-5, 10000 g/mol. 
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Strength, 
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44 
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FIGURE 6 
Conditions: 1 hr at 350T). 

Lap shear values for PETI-5, 10000 g/mol under various processing pressures (Bonding 
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Room Temperature 

Failure 

0.52 MPa 0.17 MPa 

FIGURE 7 
1 hr at 350' C). 

Lap shear values of PETI-5,2500 g/mol, under various process pressures (Bonding Conditions: 

MPa (25 psi) produced an increase in lap shear strengths to over 41.4 MPa (6000 
psi) with an 85% cohesive failure. Bondline thiknesses also increased from 0.075 to 
0.100 mm (3 to 4 mils) to 0.125 to 0.150 mm ( 5  to 6 mils). Overall, excellent adhesive 
properties were obtained with each of these materials under relatively mild process- 
ing conditions. 

Flatwise Tension 

Flatwise tension results are presented in Figure 8. The 10000 g/mol material pro- 
duced the highest values at both RT and 177°C. The preparation of these flatwise 
tension specimens involved surface treatment and priming of the Ti facesheets and 
honeycomb core and bonding with one layer of the adhesive tape. This method 
produced essentially no filleting around the honeycomb. A higher resin content 
adhesive tape and/or an adhesive paste applied directly to the honeycomb should 
produce much better strengths. 

Primed Adherend Exposure 

Figure 9 presents the lap shear strengths for the PETI-5, 2500 g/mol adhesive. The 
adherends were surface treated as previously described, primed, exposed to ambient 
conditions of 21°C (70°F) and 60% relative humidity for different lengths of time, 
then bonded. As indicated in Figure 9, the low molecular weight PETI-5 did not 
perform well as a primer after being exposed to ambient conditions. Lap shear 
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50 - 

40 - 

30 - 

20 - 

10 - 

0 -  

121 

4 -  

4.5 
r-1 RT 

177°C 

3.3 

2500 ghol 5000 gtmol 10000 ghol  

FIGURE 8 Flatwise tension values for PETI-5 (Bonding Conditions: 1 hr at 350°C). 
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4 Week Exposure 2 Week Exposure 
45 
n 41 42 

31 
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PETI-5, 2500 glmol Primer 8515 Primer 

F I G U R E 9  
conditions (Bonding Conditions: 1/2 hr at 325" C, 1/2 hr at 375"C, 0.52 MPa). 

Lap shear values for PETI-5, 2500 g/mol adhesive after adherend exposure to ambient 
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122 R. J. CAN0 AND B. J. JENSEN 

strengths were reduced by up to 40% and failure modes became primarily adhesive. 
A thermoplastic polyimide primer, LaRCTM-85 15, 1 1600 g/mol (same polyimide 
backbone as PETI-5 but endcapped with phthalic anhydride), maintained the qual- 
ity of the surface treatment as evidenced by maintaining the lap shear values close to 
the baseline value until an 18% decrease was observed after four weeks of exposure. 
Although the higher molecular weight PETI-5, 5000 g/mol adhesive produced mixed 
results with both the PETI-5, 5000 g/mol and 8515 primers at the exposure times 
studied, excellent strength retention was observed even after 8 weeks of exposure 
(Fig. 10). These results indicate the ability to use the 5000 g/mol version to prime 
adherend surfaces several weeks prior to actually bonding. From a manufacturing 
standpoint, this finding is important. In the real world, parts may sit around for 
relatively long periods awaiting bonding. The choice of the proper primer is critical. 
It appears that a molecular weight of 2500 g/mol does not provide adequate protec- 
tion as a primer, possibly due to the fact that i t  was too low in molecular weight to 
form a film. The 10000 g/mol material was not evaluated in this part of the study. 

Solvent Resistance 

These materials also showed excellent solvent resistance. As shown in Figures 3 ,4  
and 5,  all three materials were essentially unaffected (strength retentions between 92 
and 100%) by a 48-hour hydraulic fluid soak. 

0 Baseline 1 Week Exposure 

0 2 Week Exposure 4 Week Exposure 

6 Week Exposure 69 8 Week Exposure 
6o 1 

501 
40 - 

Lap Shear 
Strength, 
MPa 30 - 

20 - 

l o  0 1 

54 53 

% Cohesive Failure 

PETI-5, 5000 g/mol Primer 8515 Primer 

FIGURE 10 
conditions (Bonding Conditions: 1 hr at 350" C, 0.52 MPa). 

Lap shear values for PETI-5, 5000 g/mol adhesive after adherend exposure to ambient 
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POLYIMIDE LARCTM-PETI-5 123 

CONCLUSIONS 

LARCTM-PETI-5 displays excellent adhesive properties. Ti tensile shear strengths as 
high as 52.6 MPa (7630 psi) at  RT and 35.2 MPa (5100 psi) at 177°C were obtained. 
Processing temperatures as low as 316°C and pressures as low as 0.172 MPa (25 psi) 
resulted in good adhesive properties. The tensile shear properties of these materials 
are also unaffected by hydraulic fluid. The molecular weight of LARCTM-PETI-5 has 
an important effect on the bonding pressures required to obtain good tensile shear 
strengths. Priming the Ti adherend surfaces with a material that possesses a suf- 
ficiently high M ,  or toughness is critical to maintaining the surface properties for 
proper bonding, especially if bonding is delayed for a significant period of time. 

References 

1. P. M. Hergenrother, R. G. Bryant, B. J .  Jensen, J. G. Smith, Jr. and S. P. Wilkinson, Soc. Adr. 
Matl. proc. Eng. Series., 39(1), 961 (1994). 

2. R. G. Bryant, B. J. Jensen, J. G. Smith, Jr. and P. M. Hergenrother, ibid., (Closed Papers), 39, 
273 (1994). 

3. C. W. Paul, R. A. Schultz and S.P. Fenelli, US. Pat 5,138,028 (1992) (to National Starch and 
Chemical Co.). 

4. C. W. Paul, R. A. Schultz and S. P. Fenelli, in Advances in Polyimide Science and Technology, (C. 
Feger, M. M. Khojasteh and M. S. Htoo, (Ed5.) (Technomic Pub. Co., N.Y., 1993), p 220. 

5. R. G. Bryant, B. J. Jensen and P. M. Hergenrother, Polym. Prepr., 34(1), 566 (1993). 
6. B. J. Jensen, R. G. Bryant and S. P. Wilkinson, ihid., 35(1), 539 (1994). 
7. S. J. Havens, R. G. Bryant, B. J. Jensen and P. M. Hergenrother, ibid., 35(1), 553 (1994). 
8. J. G. Smith, Jr. and P. M. Hergenrother, ibid., 35(1), 353 (1994). 
9. J. G. Smith, Jr. and P. M. hergenrother, Polymer, 35(22), 4857 (1994). 

10. P. M. Hergenrother, R. G. Bryant, B. J. Jensen and S. J. Havens, J .  Polym. Sci. Polym. Chem. Ed., 32, 

11. K. A. Harrington, R. A. Orwoll, B. J. Jensen and P. R. Young, Soc., Adu. Mat/. Proc. Eng. Series., 
3061 (1994). 

41(1), 135 (1996). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
2
7
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1


