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1.0 INTRODUCTION AND APPROACH

The present generation of advanced composites is based primarily on

g Ciba-Geigy MY720 epoxy resin and an aromatic amine. This combination cures at

177'C (350*F) to yield coherent nonporous laminates.

This system, however, suffers from two shortcomings as a matrix

resin. The first is its brittle nature, making its composites susceptible to

damage by impact. A second drawback is absorption of water resulting in a re-

duced glass transition temperature. This, in turn, causes an unacceptable

drop in mechanical properties at 177'C (350*F).

Many new resin systems are being synthesized which are designed for

improved fracture toughness and/or moisture sensitivity. It is imperative

that such systems be evaluated thoroughly, yet cost effectively, as composite

matrices.

The objective of the current programu was to provide a link between

early neat resin data obtained with -50 g of material and expensive large-

scale synthesis efforts involving pilot plant quantities. At present, pre-

diction of the translation of neat resin behavior into composite performance

is not sufficiently accurate to base the acceptance of a matrix resin on neat

resin properties alone. It has therefore been necessary to design an evalua-

tion scheme which, given an intermediate of resin (1 lb), is capable of de-

termining to a high degree of confidence the potential of new matrix resins.

The program consisted of five tasks. A summary of each task is given
bel ow.

Task I. Materials Validation9

This task was designed to establish that the 1 lb sample was essen-

tially the same material as was characterized in prior 50 g evaluation studies

by the Air Force Materials Laboratory. This validation consisted primarily of

calorimetric and rheological cure characterization.



Task II. Neat Resin Cure Cycle Development

In Task 1I, the curing behavior of the neat resins were examined in

regard to optimization of properties, the practicality of the cure cycle, and

the ability to employ the cure cycle in the autoclave curing of composite made

from the resin. The first step in the optimization involved the evaluation of

anticipated for the material. Thermomechanical analysis (TA) for giass tran-

sition temperature, residual cure exotherm by differential scanning calorim-

etry (DSC), and thermal stability by thermogravimetric analysis (TGA) were

- .-" used to select at least three cure cycles for further evaluation. The final

selection of the cure cycle was based on the results of neat resin microten-

sile data as characterized by the "failure envelope" concept. Using the cure

cycle which resulted in the best set of resin mechanical properties, microten-

sile specimens were prepared and tested at ambieni and two elevated tempera-

tures. Tests were performed with both dry and moisture equilibrated (71*C,

160*F, 95% RH) specimens.

Task III. Composite Cure Cycle Development

Graphite-based prepreg and composite were prepared in Task III.

Initially, the resin was assessed with regard to prepregging by a hot-melt or

solvent technique. The hot-melt technique was optimized with respect to resin

viscosity, resin content, fiber areal weight, and fiber collimation. If hot-

melt impregnation could not be used, a solvent-based technique was developed

based on factors such as solubility, boiling point, complexing tendency and

toxicity.

* The second objective of Task III was to develop autoclave procedures

for fabricating small laminates. Parameters affecting layup and bagging pro-

cedures such as temperature, pressure or vacuum were evaluated as to their

effect on quality of the composite produced. Based on these results, the pro-

. ocedure and parameter controls which led to the highest quality composite were

2S:~~::
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employed to produce unidirectional laminates (~ 7 " x 7" x 0.080") to charac-

terize the capability of the resin as a matrix for graphite composite.

Task IV. Composite Testing and Evaluation

Task IV consisted of composite mechanical testing. Shear testing was

made using four-point geometry which ensures true interlaminar failure. Short-

beam shear tests were carried out for comparative purposes. Standard ASTM 00

flexural tests were made. Transverse 900 flexura! tests were made to deter-

mine strain-to-failure and modulus. Fracture toughness was evaluated by the

Mode I delamination technique. Scanning electron microscopy was used to char-

acterize the failure surfaces.

i,,
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2.0 SUMMARY

Hughes HR600P and three Air Force developed acetylene-terminated

resins, including ATB, BATQ-H (ATP) and m-ATS, were evaluated as matrix mate-

rials for advanced composite. From a one-pound sample, neat resin character-

ization and tensile testing, as well as basic composite properties, were

obtai nd.

Neat resin characterization included differential scanning calorim-

etry, thermogravimetric and Rheometrics cure rheological analysis. Neat resin

microtensile specimens were prepared and the "failure envelope" approach used

to determine the optimum cure cycles.

Prepreg was prepared from unsized Hercules AS4, 12K graphite fiber

using a laboratory single tow hot-melt prepregger. Areal fiber weight, resin

content and fiber collimation of the prepreg were-evaluated.

Small preliminary laminates about 3 in. x 3 in. were prepared in

developing a processing method. The "no bag" autoclave technique was found to

produce high quality void-free laminates for ATB and m-ATS resins. A press

molding technique was used to fabricate AS4/BATQ-H (ATP) composite. HR600P

composite was processed by standard vacuum bag autoclaving.

Laminates were tested for resin content, voids and Tg by Rheometrics

dynamic mechanical analysis. Mechanical tests included four-point interlam-

inar shear, three-point 00 and four-point 900 flexure and Glc delamination

fracture toughness. Short beam shear tests were made for comparative infor-

mation. Testing was carried out at room temperature and two elevated temper-

atures. Four-point shear and 00 three-point flexural tests were made on

specimens moisture conditioned to equilibrium at 71°C (160°F) and 95% RH.

A successful processing technique could not be found to fabricate

high quality Celion/HR600P laminates. Several autoclave procedures, as well

as press molding, failed to solve a persistent porosity problem. Later

studies by Hughes Aircraft and National Starch Corporation established that

4
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amic acid forms of the prepolymer, present in early lots of HR600P, were

responsible for the porosity problem. Newer lots of resin, now called IP600

by National Starch Corporation, are reported not to suffer from this problem.

A solvent impregnation technique and press molding procedure were

developed which permitted good quality void-free laminates of AS4/BATQ-H (ATP)

to be prepared. The outstanding tensile strength and strain-to-failure prop-

erties determined for BATQ-H (ATP) neat resin were not clearly translated to

composite mechanical performance. Interlaminar shear strength was poor, and

in elevated temperature flexure tests at 177 0C (3500F) and 232°C (450'F) the

material underwent severe creep. At room temperature, good transverse flexure

strength and strain-to-failure were observed. GIc tests of composite revealed

a multiple crack front failure resulting in inflated delamination fracture

toughness values.

High quality AS4/ATB laminates were prepared by the "no bag" auto-

clave processing technique. The unique moisture resistance of the material

was confirmed, but the interlaminar shear and 0° flexure properties were in-

ferior to state-of-the-art 177°C (3500F) service graphite/epoxy composites.

Transverse flexure strength and strain-to-failure were similr to graphite/

epoxy material. The Gic test, as in the case of AS4/BATQ-H (ATP), showed a

fi lure which appeared to occur in more than a single ply. Even so, the Glc

value for AS4/ATB was ahout the same as for Hercules AS1/3501-5A composite.

The "no bag" autoclave process was also used to prepare void-free

high qualty AS4/m-ATS laminates. The interlaminar shear and 0 flexure prop-

erties were equivalent to AS4/ATB. The matrix toughness, as determined by the

900 flexure and Glc tests, was significantly poorer than obtained for AS4/ATB.

Generally, the composite mechanical properties are similar to those reported

for the earlier ATS resin from Gulf Research and Development Corporation. The

poor mechanical properties for AS4/ATB and AS4/m-ATS also indicate that the

extended hold at 1400 C (285*F) during the cure cycle is not effective for

improving resin toughness.

'S 5
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3.0 TECHNICAL DISCUSSION

3.1 Hughes HR600P Resin

Hughes HR600P is an acetylene-terminated polyimide resin developed by

Hughes Aircraft Company. It is a modification of the earlier Thermid 600

resin system which was licensed by Hughes to Gulf Oil and Chemicals Company.

The chemical structure of HR600P resin is shown in Fig. 1. The isoimide

oligomer is much more soluble and exhibits better flow characteristics than

the imidized prepolymer used in Thermid 600. Isomerization of the isoimide

takes place during processing to yield the imide structure, while crosslinking

occurs through reaction of the acetylene end groups. HR600P and related res-

ins are currently licensed by Hughes Aircraft to National Starch Corporation

and are identified as the IP600 resin series. The HR600P resin studied in the

current program was part of a lot of material (Lot No. M1126-39D) delivered by

Hughes to the Air Force Materials Laboratory.

HC -C

0

Fig. 1 Molecular structure of Hughes HR600P resin.

3.1.1 Materials Validation

3.1.1.1 Differential Scanning Calorimetry

The cure behavior of HR600P resin is shown in the DSC thermograms in

Fig. 2. At scanning rates of 10 and 20OC/min, a single, nearly symmetric exo-

therm peak is found. At heating rates below 10*C/min, however, a second small

6
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?t.Sj.Fig. 
2 DSC thermograms of HR60P resin.

;;i"5 5 exothermic peak becomes apparent at 275C. The effect of heating rate 0 on

o".'-' the exotherm peak temperature, Tma x , is plotted in Fig. 
3 according to a odi-

• fied Arrhenius expression developed by DuswaltI where the slope defines an

" -Z",activation energy as

b 4,

E 
-R d In

7a 1.052 d(I/ 7 "7 1

The activation energy for polymerization of the uncured resin is 17.0 kcal/mole,

eoa typical value for thermoset matrix resins. A summary of the thermal characo

teristics of HR6e hP is given in Table 1.

551

• "..A similar DSC analysis was carried out on HR60P resin which had

flundergone a series of heating steps involved with its molding, which will be

hdescribed in Section 3.1.2.1 After the molding cycle, the reactions which

are involved in the major exotherm centered at 244°C (471*F) are almost over.

7
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BC1111-205112.

3 0

UNCURED RESIN

Ea - 17.0 keal/MOLE

MOLDED RESIN
1 Es = 60.4 kcaVIMOLE

0
1.80 1.88 1.96 2.04 2.12 2.20

1 (O -1lx

Fig. 3 Dependence of DSC exotherm peak temperature with heating rate for
HR600P resin.

Table 1

DSC Analysis of Hughes ,HR600P Neat Resin

Uncured melt temperature - 120*C (243*F)
Exotherm onset temperature (0 10C/min) 156°C (311'F)
Exotherm peak temperature ( 10 = lOC/min) 244-C (471-F)
Exotherm completion temperature = 10*C/min) 305-C (581-F)
Heat of polymerization 92 cal/g
Activation energy for polymerization 17.0 kcal/mole

The rest of the cure is mostly due to reactions which make up the second

small, high temperature peak, noted ahove. If the same kinetic analysis is

applied to this molded material, a much higher activation energy of

- 60 kcal/mole is found, as shown In Fig. 3. This process, which may be the

isoimide-imide conversion, will be discussed in Section 3.1.2.2.

8 *
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3.1.1.2 Cure Rheology

The rheological properties of HR600P resin were studied for various

linear heating rates and are plotted in Fig. 4. The resin begins to soften

near 120*C (248°F) and by - 160C (3200), its dynamic viscosity is within

range of the parallel-plate technique. Relative to state-of-the-art epoxy

matrix resins, HR600P shows very little flow. It is much better, however,

than its predecessor, Thermid 600. That resin's dynamic viscosity during a
2*C/min heat ramp is above the limit (- 107 Poise) of the parallel-plate tech-

nique. As will he shown later, however, this poor flow behavior does not

appear to be an impediment to molding or autoclave processing of the resin.
The isothermal cure rheology of HR600P resin is shown in Fig. 5.

C814-1241

S 20
C/MIN

4

4.4-

S

2S

0 GELATION

so 10I O 200 280

TIMPIRATURI SC

Fig. 4 Dynamic viscosity during cure of HR600P resin at different heating
7. rates.
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* - temperatures.

A sumary of the data derived from these experiments Is given tn

Table 2. The Initial or minimum dynamic viscosity (il* mai) data are helpful

In choosing a temperature for molding neat resin specimens. The time to reach

gelation, as defined by the point at which the dynamic shear storage modulus

20092

G' and the dynamic shear loss modulus Go' become equal during cure varies a 

relatively small amount from 14.6 m at 200 C to 22 mn at 169aC. These gel

times are plotted in Fig. 6 according to the standard Arrhenius relationship.
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Table 2

Dynamic Viscoelastic Analysis of Gelation in HR600P Resin

Cure Temp T t,G1 _ * min
(0C) (OF) tmln) (Poise)

159 318 17.7 6.0 x 105

164 327 16.4 4.8 x 10
169 3,6 22.0 1.1 x
175 347 19.5 6.5 x 104
180 356 18.5 3.0 x 104

181 358 18.6 2.8 x 104
190 374 16.3 6.0 x 103

200 392 14.6 2.0 x 103

SC82-20686

I °

2.50

2.00

1.50

2.10 2.20 2.30

119-11 x 103

Fig. 6 Dependence of dynamic moduli crossover time with cure temperature for
2R600P resin.
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The small variation in gel time with temperature results in an unusually low

activation energy to gelation of 5.6 kcal/mole. Values of 20-30 kcal/mole are

typical for thermoset resins. The poor correlation of the two lowest tempera-

ture experiments may be due to vitrification effects as the cure temperature

approaches Tgg, the glass transition of the resin at the gel point. Previous

studies have shown that the dynamic modulus crossover relationship for gela-

tion is valid only at cure temperature > 300C above Tgg.

3.1.2 Neat Resin Cure Cycle Development

3.1.2.1 Microtensile Specimen Preparation

The first step in the development of a neat resin cure cycle for

HR600P was to prepare void-free microtensile specimens by compression mold-

ing. The most critical factor to control was the viscosity of the resin.

Isothermal rheology tests indicated that an appropriate level of viscosity

(~ 104-105 Poise) occurs at temperature ranging from 170-180OC (338-356OF).

Production of void-free specimens of HR600P was also affected by

residual solvent present in the neat resin. It was found that a temperature

held above the softening point of the resin (- 120-130°C) was required to com-

pletely remove the solvent. A time of 1 h at 1500C was found adequate for

solvent removal without causing excessive staging of the resin. The resin was

degassed in a matched metal mold under vacuum for the I h at 150*C (302°F).

The mold was then transferred to a press set at 177°C (3500F) and a pressure

of 500 psi applied. The rheological changes which occur during this molding

cycle are shown in Fig. 7. The approximate viscosity at the point where pres-

sure is applied is _ 105_106 Poise, which is the desired range. Molding can

be done at temperatures greater than 177 0C; however, more extensive staging

would be required to maintain an initial viscosity of > 105 Poise. Good con-

solidation was achieved with this processing cycle, but the specimens were

very brittle and difficult to remove from the mold without breaking. This

problem was overcome by adding a 1 h 232°C (450°F) hold to the processing

12
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Fig. 7 Dynamic viscosity changes in HR600P resin during neat resin
compression molding process.

cycle. A summary of the molding procedure is given in Table 3. Specimens

were 40-50 mils thick and of the design used by the Air Force Materials Labor-

atory. They were void-free and had a tensile strength at room temperature of

11.2 ksi (77.2 MPa) with a strain-to-failure of 1.85%.

3.1.2.2 Thermomechanical Analysis

The second step in the development of a cure cycle for HR600P neat

resin was to determine the optimum postcure conditions. The primary composite

application for HR600P was expected to be as a high temperature (316*C
(600°F)) service material. It was therefore necessary that the cured Tg be

somewhat greater than 316°C (600'F). A 316'C (600°F) postcure of 15 h gave a

TMA T of 283°C (541°F) and reached only 293°C (559'F) after 30 h. Only by

9.

j going to a 371*C (700*F) postcure was it possible to achieve a greater than.'.

13
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Table 3

Compression Molding Procedure for Hughes HR600P Neat
Resin Microtensile Specimens

1. Charge mold at room temperature and wrap with shrink tape.
2. Degas 1 h at 150°C (302°F) under vacuum in oven.
3. Place in preheated 177°C (350°F) press and apply 500 psi and

hold 1 h.
4. Ramp temperature to 232°C (450°F) and hold 1 h.
5. Remove specimen from mold while hot.

316-C (600-F) Tg. This narrowed the search for the optimum neat resin cure

cycle to the postcure time required at 371 0C (7000F); times of 4, 8 and 15 h

were investigated. A summary of the T data is shown in Table 4. Little

difference was found in Tg for these three cure cycles with values ranging

from 320-340°C (608-6440F). The difficulty in raising Tg may involve the

isoimide-imide conversion or reaction which is responsible for the high DSC

activation energy described in Section 3.1.1.1.

Table 4

The Effect of Postcure Conditions on the Glass Transition

Temperature of Hughes HR600P Resin

. ..- "Postcure Tg (°C) Tg (OF)
9 91

:"None, molded only 226 438
4.0 h 3710C (700-F) 334 633
8.0 h 371 0C (7000F) 316 601

15 h 371OC (700-F) 329 625

.* 3.1.2.3 Thermogravimetrlc Analysis

-. The thermogravimetric analysis (TGA) of HR600P resin in nitrogen is

shown in Fig. 8 for the material at three stages of processing. All TGA data

were obtained at a heating rate of 50C/min (9°F/min). The onset temperature

U .

14

................................. . ........... ..-.- ,-.



am- I

Mei.

POSTCURED 4 HAlS. 7P0O°F INAI

TEMPEIATURE (C)

Fig. 8 Thermogravimetric behavior of MR600P resin in nitrogen.

for weight loss of postcured resin occurs at ~ 413'C (775F) with the "knee"

or temperature inflection point for major degradation at - 530C (986'F).

Prior to the 413'C (775'F) onset temperature, uncured resin loses - 3% weight

and molded resin - 2%. Weight loss during postcuring of neat resin microten-

sile specimens at 371*C (700'F) ranged from 3-4%. The Air Force Materials

Laboratory reported a total weight loss of 4% to 350% (662*F) for HR600P, and

identified the volatiles as isopropyl alcohol, tetrahydrofuran, water, propene

and hydrogen fluoride. A char yield of 70% to 800% was observed for the

resin in nitrogen.

A comparison of the thermogravimetric behavior of postcured HR600P

resin in air and nitrogen is shown in Fig. 9. Thermal stability in air and

nitrogen are similar up to a temperature just above the "knee" point at

530*C (986*F). Beyond this temperature, the resin urdergoes rapid

degradation in air.

15
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sO 130 210 290 370 450 530 610 o0 770 00
TEMPERATURE IC)

Fig. 9 The effect of environment on the thermogravimetric behavior of HR600P
resin postcured 4 h at 371°C (700*F) in air.

Early in the program, the question of an air vs inert environment for

postcuring arose. A comparison of the thermal stability in air for resin

cured 15 h in air and nitrogen is shown in Fig. 10. The specimen cured in

nitrogen shows a slightly slower degradation in air than resin postcured in

air.

The effect of postcure time in air on the thermal stability of HR600P

resin is shown in Fig. 11. The 4 h postcure at 371*C (700°F) appears to pro-

vide the best thermal stability. The same result was obtained when the effect

of postcure time in nitrogen was measured, as shown in Fig. 12. Finally, the

comparison of resin cured for the optimum time of 4 h in air vs nitrogen is

shown in Fig. 13. A result similar to that in Fig. 10 is indicated, with the

nitrogen postcured resin showing better thermal stability than air postcured

material when tested in air.

16
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100 - . .loG--

POSTCURED 15 HRS. 7000F IN
NITROGEN

z

w
so- POSTCUREO 15 HRS. 700OF INAI

0
30 110 190 270 350 430 510 590 670 750 830

TEMPERATURE IC)

Fig. 10 The effect of postcure environment on the thermogravimetric behavior

of HR600P resin in air.

I I " I I I I

POSTCURED 4 HO4. 700°F
100- IN AIR

% POsTCURED Is "Is. "0"%,\ INin

iI.II

o '10 210 37 0 0 070
TEMPERATUI (CI

Fig. 11 The effect of postcure time at 371*C (7000F) in air on the thermo-

gravimetric behavior of HR600P resin in air.
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Fig. 12 The effect of postcure time at 371 0C (700*F) in nitrogen on the
thermogravimetric behavior of HR600P resin in air.

I M PSTCTIDU4 IR8 700"I.

i , I * I * i *. i .
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28 in 3 so 82
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Fig. 13 The effect of postcure environment on the thermogravimetric behavior

of HR600P resin in air.
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The thermal scanning TGA data indicate that a nitrogen postcure environment

results in a more thermally stable resin. Experiments such as isothermal

weight loss of postcured material and neat resin microtensile properties, how-

ever, would be needed to show conclusively the superiority of nitrogen post-

curi ng.

3.1.2.4 Mechanical Properties

The mechanical behavior of molded neat resin microtensile specimens

was the most important factor in selecting the optimum postcure cycle for

HR600P resin. The room temperature, 260'C (500'F) and 316'C (600'F) neat

resin mechanical properties are given in Tables 5, 6 and 7, respectively.

These ultimate stress and strain data are plotted by the failure envelope

method in Fig. 14. The 15 h 371'C (700'F) postcure appears to result in a

degradation of tensile strength and elongation-tb-failure. The 4 and 8 h

3710C (7000F) differ at 316'C (6000F) in elongation, hut are similar other-

wise. Consi ,ering the mechanical property data, together with the thermograv-
imetric results and the T values, the 4 h 371 0C (700'F) postcure seemed to

g
provide the best overall properties for HR600P neat resin.

The mechanical properties of HR600P neat resin microtensile specimens

are given in Table 8. These specimens were postcured for the optimum cycle of

4 h at 371C (700'F) in air. At a temperature of 177°C (1300 F), the resin re-

tains about 75% of its room temperature tensile strength. This value drops to

40% at 260*C (5000 F) and further to 20% at 316 0C (600°F). Moisture condition-

ing was carried out by exposing microtensile specimens to 71% (160 0F) and

95% RH until equilibrium occurred. The elevated temperature "wet" data given

in Table 9 are similar to the dry values. With the microtensile experimental

setup used, the test could not he made quickly enough to prevent most of the

moisture from diffusing out of the specimen before testing.

19



Table 5

230C (730F) Mechanical Properties of Hughes HR600P Molded
Neat Resin Microtensile Specimens

Postcure Tensile Strength Tensile Modulus Elongation
(In Air) MPa (ksi) GPa (ksi) To Break (%)

None 77.4 (11.2) 4.26 (617) 1.85
(molded only) ± 8.5 ( 1.2) t 0.13 ( 19) ± 0.17

4 h at 371*C 75.8 (11.0) 3.77 (548) 2.21
(700 0F) t 5.9 ( 0.8) t 0.19 ( 28) t 0.35

8 h at 371'C 74.8 (10.9) 3.31 (479) 2.54
(700 0F) t 2.1 ( 0.3) t 0.28 ( 40) + 0.22

0 15 h at 371*C 53.9 ( 7.82) 3.47 (503) 1.54
(7000F) ± 3.5 ( 0.51) ± 0.23 (33) ± 0.11

Table 6

260*C (500*F) Mechanical Properties of Hughes HR600P Molded
Neat Resin Microtensile Specimens

Postcure Tensile Strength Tensile Modulus Elongation
(In Air) MPa (ksi) GPa (ksi) To Break (%)

4 h at 371*C 30.4 (4.41) 1.28 (186) 2.3
(700 0F)

8 h at 371 0C 30.7 (4.45) 1.89 (274) 2.1
(7000F)

15 h at 3710C 23.2 (3.36) 2.25 (327) 1.0
(700-F)
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Table 7

316*C (600'F) Mechanical Properties of Hughes HR600P Molded
Neat Resin Microtensile Specimens

Postcure Tensile Strength Tensile Modulus Elongation
(In Air) MPa (ksi) GPa (ksi) To Break (%)

4 h at 317*C 15.6 (2.26) 0.020 (29.0) 8.0
(700-F) ± 0.8 (0.11)

8 h at 371'C 12.9 (1.87) 0.031 (45.0) 3.6
(700 0F) + 1.2 (0.18)

15 h at 371*C 12.9 (1.87) 0.090 (130) 1.1
(700°F) + 2.0 (0.29)

BCU6-29909
100 ,

so

a.

40

l 4 HR$

\ " - ,710oC

20

15 HR8 S HR$
371 °C 3710 C

0 2 4 a a 10

{%)M

Fig. 14 The effect of postcure on the tensile failure envelopes of HR600P
resin.
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Table 8
Mechanical Properties of Hughes HR600P Molded Neat Resin
Microtensile Specimens Cured 4 h at 371°C (700*F) in Air

Test Tensile Strength Test Modulus Elongation
Condition MPa (ksi) GPa (ksi) to Break (%)

24*C (75*F) dry 75.8 (11.0) 3.77 (548) 2.21
± 5.9 (0.8) ± 0.19 ( 28) ± 0.36

177-C (350-F) 55.9 (8.11) 2.59 (376) 2.50
dry ± 4.3 (0.62) ± 0.06 ( 9) ± 0.30

260°C (500-F) 30.4 (4.41) 1.28 (186) 2.3
dry

316°C (600-F) 15.6 (2.26) 0.020 (29) 8.0
dry

Table 9

Mechanical Properties of Hughes HR600P Molded Neat Resin
Microtensile Specimens Moisture Conditioned 4 h at 371*C (700*F) in Air

Test Tensile Strength Tensile Modulus Elongation
Condition MPa (ksi) GPa (ksi) To Break (%)

24°C (75-F) 75.5 (10.9) 4.56 (661) 1.80
wet _9.3 (1.3) ±0.40 (57) ± 0.50

1770C (3500F) 53.9 (7.82) 2.58 (374) 2.30
wet ± 4.1 (0.60) ± 0.12 (18) ± 0.30

2600C (500 0F) 33.9 (4.92)
wet ± 4.1 (0.60)

3160C (6000F) 14.6 (2.12)
wet ± 1.3 (0.19)
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3.1.2.5 Tensile Fracture Surface Analysis

The fracture surfaces of HR600P microtensile specimens were examined

hy SEM. The fracture surface of a typical room temperature tested specimen is

shown in Figs. 15-17. Fracture characteristics of a brittle material are

found. Smooth cleavage planes are observed with the "thumbnail" origin zone

of fracture well defined.

3.1.3 Composite Cure Cycle Development

3.1.3.1 Prepreg Preparation

Two-thirds of the 1 lb sample of HR600P resin, Lot M1126-39D, was

prepregged on Celanese Celion 6000 graphite fiber with P103 polyimide finish

by U.S. Polymeric, Santa Ana, CA. The prepreg was made by the hot-melt

method, using a concentrated solution of resin solids in a 4:1 methylethylke-

tone/toluene solvent. Inadvertently, this 0.67 lb of resin was mixed with

2 lb of HR600P, Lot 01-2018P1, and the entire 2.67 lbs of resin prepregged.

Lot 01-2018P1 was part of a 110 lb batch of HR600P prepared more recently by

Hughes. According to Hughes, this material was very similar to that of Lot
No. M1126-39D, except for a narrower molecular weight distribution. Lot

M1126-3D of HR600P was part of an earlier lot of resin delivered to the

Materials Laboratory by Hughes. Several characterization tests were made to

determine the equivalence of the two materials.

A clear distinction between the two resins is shown by the size ex-

clusion liquid chromatographic separations of the two HR600P resin lots in

Fig. 18. Lot 01-2018P1 shows a distribution which is shifted to earlier

eluted, higher molecular weight oligomers compared to Lot M1126-390. This

result was expected, as a more efficient removal of lower molecular weight

oligomers was reported by Hughes in the larger scale synthesis.
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LI

LOT M1 126-390

LOT 01 -201 OPI

Fig. 18 Size exclusion liquid chromatographic analysis of HR600P resin
materials.

A comparison of the dynamic viscosity of the two resins durihg a

20C/min (3.60F/min) heating ramp is shown in Fig. 19. The flow behavior of
U,

the two resins is similar. Gelation also occurs at about the same temperature

for the two materials.

The physical characteristics of the two Celion 6K/HR600P prepreg lots

prepared by U.S. Polymeric are given in Table 10. These include the material

prepared from the mixing of the two resin lots and that prepared exclusively

from resin Lot 01-2018P1. The total volatiles measured for a 2040C (400'F)

exposure were close to 5% with an additional loss of about 1% on subsequent

exposure to 371°C (7000F). The prepreg was fragile and had no tack or drape

as received. The overall cosmetic quality was good; however, the surface of

the prepregs had a powdery layer of resin which was easily removed in

handling.
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TEMPERATURE (OC)

*Fi g. 19 Dynamic viscosity during cure of HR600P resins at 20C/min
(3.60F/min).

Table 10
Physical Properties of Hughes Celion 6K/HR600P Prepreg Tape

Prepreg Lot Prepreg Lot
*3W 2498 3W 2497

Property "Mi xed" "Pure"

Resin Content 34% 37%
Total volatiles to 400OF 4.96% 5.32%
Total volatiles to 700*F 6.08% 6.69%
Tack None None
Drape None None

3.1.3.2 Laminate Fabrication

Preliminary studies of HR600P processing were made as part of an IR&D

program at Rockwell's Shuttle Orbiter Division in Dlowney, CA. The prepreg

used in those experiments was prepared from HR600P resin from the 110 lb lot

28



(Lot 01-2018PI) with 7781 E-glass fabric. The prepreg was prepared by the

solvent impregnation technique using a 4:1 methylethylketone/toluene solvent

by U.S. Polymeric, Santa Ana, CA. The glass fabric was sized with a polyimide

based resin identified as CS721. The volatiles for the individually prepared

prepreg sheets averaged 3-4% to 204°C (400(F) and the resin solids 37-39%.

Early experiments indicated that a process consisting of a 30 min dwell at

157°C (315°F) with 2 in. Hg vacuum, followed by application of 150 psi with

full vacuum and heating to 204*C (400°F), and holding for 2 h gave a laminate

of proper per ply thickness and appearance. Ultrasonic C-scan measurements

were made on these 9 ply - 5 in. x 5 in. panels before and after a 4 h post-

cure at 371C (700°F). The results of the C-scan experiments are shown in

Figs. 20-24. Most of the laminates showed some porosity prior to postcure,

but all blistered with postcure to give blank C-scans. Photomicrographs with

an example of the porosity are shown in Fig. 25.

A series of graphite panels were prepared using the optimum 30 min

1570C (315*F) dwell condition. A summary of the cure conditions are given in

Table 11. C-scans for six of the seven panels before and after postcure are

shown in Figs. 26-31. In all cases, the C-scans indicate the presence of

porosity before postcure. Subsequent postcure again resulted in blistering

and further deterioration in C-scan data. An example of the voids present in

these graphite laminates is shown in the photomicrographs of Fig. 32.

Compression molding of HR600P prepreg was investigated as an alterna-

tive to autoclave processing. Four-point shear specimens of dimensions

3,5 in. x 0.5 in. x 0.14 in. (27 plies) were fabricated in steel molds. Pre-

preg from the mixed lot was used. The first specimens were molded as close as

possible to the preliminary autoclave cure cycle consisting of a 30 min hold

in vacuum at 157*C (315°F), after which 150 psi was applied and the tempera-

ture increased to 204C (400*F) and held 2 h. These specimens also showed

significant porosity as shown in photomicrographs of cross sections. The

four-point shear strength of these was 53 MPa (7.7 ksi).
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Fig 24Ultrasonic C-scan of 7781E/HR600P laminate.

SC833-23038

Fig. 25 Photomicrograph of 7781E111R600P cross sections.

32



Hughes HR600P/Celion 6K/P103 Graphite Composites -13 PlyUnidirectional, In Situ Staging, No Bleeder 2 h 400OF or
500*F Cure in Autoclave 4 h 700'F Postcure in Oven

150 psiI
Staging Pressure Autoclave

Conditions Applied Cure Thickness
2 in. Hg Full Vacuumi Temperature Mils/Ply

HII, 30 min, 315*F 315OF 400OF 5.4-5.8
HI2 30 min, 315OF 315OF 400OF 5.5-5.7
H13 30 min, 315OF 315OF 400OF 4.6-5.7
H14 30 min 315OF 315OF 400OF 5.0-5.8

*HI5 30 min 315OF 315OF 400OF 4.8-5.8
H16 30 min, 315OF 315OF 400OF 5.4-5.9
H17 30 min 315*F 315OF 400OF 5.0-5.4

BEFORE POSTCURE AFTER POSTCURE

Fig. 26 Ultrasonic C-scan of Cellon 6K/HR600P laminate.
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BEFORE POSTCURE AFTER POSTCURE

Fig. 27 Ultrasonic C-scan of Celion 6K/HR600P laminate.
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Fig. 29 Ultrasonic C-scan of Celion 6K/HR600P laminate.
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Other specimens were molded according to the neat resin cure process

described in Section 1.1.2. The interlaminar shear strength of these speci-

mens was -51 MPa (7.4 ksi ). Photomicrographs of cross sections again re-

vealed the presence of voids. The use of a higher molding pressure of 41 MPa

(6.0 ksi) did not improve the interlaminar shear strength or the porosity.

Two further four-point shear specimens were molded according to the neat resin

cure procedure. One was postcured 4 h at 260'C (500*F) and the other 4 h at

371C (700°F). The interlaminar shear strength of these was 54 MPa (7.8 ksi)

and 38 MPa (5.6 ksi), respectively. They also contained porosity.

SEM characterization was made of the interlaminar shear fracture sur-

faces, and are shown in the micrographs of Figs. 33-34. The failure surfaces

of the molded specimens were similar. The fpatures appear somewhat different

from those shown for the interlaminar shear surface of graphite/epoxy lami-

nates by Browning. 3 The resin deformation in the Celion 6K/HR600P specimens

does not show the platelet-like regularity seen in the epoxy composite failure

surfaces. This may result from a lower ductility of HR600P. A greater amount

of bare fiber surface is also evident in the HR600P composite. It is not

understood whether these features are related to the low interlaminar shear

strengths measured.

Work at this point was discontinued on HR600P composite fabrication.

Several problems with the materials were later identified by Hughes Aircraft

and National Starch Corporation. Evidence indicated that the early materials

contained some amic acid form of the polymer due to moisture contamination.

Conversion of the amic acid to isoimide or imide at high temperature may have

been responsible for the persistent porosity observed. Recent work by others,

with new IP600 resin materials has given good quality composite.

-S The graphite composite work may also have been influenced by the P103

polyimide size used with the Celion 6K fiber. IR&D studies at Rockwell's

Shuttle Orbiter Division in Downey, CA showed that Celion 6K/LARC-160 com-

posite, prepared with fiber having the P103 finish, had much lower interlami-

nar shear strength compared to composite in which the Celion 6K was sized with
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epoxy-compatible finish. Continued difficulties with this sizing led to its

eventual removal from the market by Celanese.

The dynamic viscoelastic behavior of Celion 6K/HR600P is shown in

Fig. 35. The modulus decreases continuously with temperature above about

100°C (212'F). A clear T was not indicated up to 350C (662°F). TMA studies
g

indicated T was well below 316C (600'F) in all cases, and did not correlate

well with neat resin data.

3.2 Air Force RATQ-H Resin

BATQ-H is one of a family of acetylene-terminated resins developed by

the Air Force Wright Aeronautical Laboratories. The molecular structure of

this material is shown in Fig. 36. The high molecular weight structure be-

tween the acetylene groups provides an increased fracture toughness, but the

uncured T of 185*C (3650F) hinders processing. To improve the processability9
of this resin, a reactive diluent, 3 phenoxy 3' ethynyl-diphenyl ether (ATP),

was added. The structure of this liquid compound is also shown in Fig. 36.

The Air Force Materials Laboratory determined that a 95/5 weight ratio of

'011 1 f I I I I I ',02

a.

1010 101

I I
log TANS 10.1

10
7  

10
"
2

.- 100 .-60 a I .0 100 100 0 a M go no 4O0
" -. T1IMPPATUI PoC)

Fig. 35 Dynamic viscoelastic analysis fo Celion 6K/HR600P.
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SMII-2992

.. '"HC-C =CH

:'? 'BATC1-H

,.,C=CH
!001000

m-ATP

Fig. 36 Molecular structures of BATO-H resin and ATP reactive diluent.

resin to diluent was sufficient to ensure adequate processahility. This com-

position was used throughout the program for neat resin and composite studies.

Gulf Research and Development Corporation synthesized the BATQ-H resin and it

was further purified by the Air Force Materials Laboratory before delivery to

Rockwell International. The composition of the BATQ-H was reported by the Air

Force Materials Laboratory to be 48.8% monomer, 57.7% dimer, 20.7% trlmer and

4.5% n = 0 product.

The formulated resin was prepared by dissolving the two ingredients

in benzene to ensure complete mixing. Excess benzene was removed by evapora-

tion to give a solution containing - 10% resin solids. This concentrated

resin solution was frozen in liquid nitrogen and subsequently freeze-dried

under vacuum at -150C for 72 h to remove the benzene. The resin was then

ground to a powder and dried at 1400C under vacuum for 2 h. Freeze-drying of

the resin mixture is necessary to prevent phase separation of the ATP. Micro-

tensile specimens, prepared from a BATQ-H/ATP mixture in which the benzene

solvent was removed by evaporation, showed regions of what appeared to be a

brittle phase, which was probably polymerized ATP.
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3.2.1 Materials Validation

3.2.1.1 Differential Scanning Calorimetry

The cure behavior of RATQ-H/ATP is shown in Fig. 37. A single sym-

metric exotherm was found for all heating rate experiments. The effect of

heating rate on the exotherm peak temperature, Tmax, is plotted in Fig. 38

according to a modified Arrhenius expression developed by Duswalt. 1 The acti-

vation energy for polymerization of the uncured resin is 23.9 kcal/mole. The

characteristic DSC parameters are given in Table 13. From these data, the

resin would appear to require a higher temperature and longer time to cure

compared to Hughes HR600P resin.

SC83-22841
" I I I

4..

2 5

157 187 217 247 277 307 337 367

TEMPERATURE (°C)

Fig. 37 DSC thermograms of BATQ-H (ATP) resin
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SC83-2294

3

2Es 23.9 kim/le

1.78 1. Tabl 1.92 .2 21

DSC Analysis of BATQ-H (ATP) Neat Resin

Uncured melt temperature - 180'C (356°F)
Exotherm onset temperature (€=10°C/min) 2070C (4050F)
Exotherm peak temperature (€=10*C/min) 269-C (516F)
Exotherm completion temperature (9=10*C/rain) 325°C (617°F)
Heat of polymerization 35 cal/g
Activation energy for polymerization 23.9 kcal/mole

3.2.1.2 Cure Rheology

The rheological properties of BATQ-H (ATP) during cure were studied

at several linear heating rates and are plotted in Fig. 39. The resin softens

sufficiently by - 180C (356F) to begin parallel-plate measurements. The

flow behavior is similar to that exhibited by HR600P resin in Fig. 4. Iso-

~~thermal viscosity data are plotted in Fig. 40. Under isothermal conditions,F"
.the resin shows somewhat less flow than HR60P resin in Fig. 5."
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Fig. 39 Dynamic viscosity during cure of BATQ-H (ATP) resin at different
heating rates.

IW

Fig. 40 Dynamic viscosity during cure of BATQ-H (ATP) resin at different
heating rates.
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3.2.2 Neat Resin Cure Cycle Development

3.2.2.1 Microtensile Specimen Preparation

RATQ-H(ATP) is a low flow resin requiring the use of compression

molding to prepare neat resin microtensile specimens. A three-step molding

process, similar to that used for molding HR600P, was required to prepare

void-free specimens. It consisted of a devolatilization, followed by consoli-

dation and a final curing step. The molding procedure is outlined in Table

13. Specimens were 40-50 mils in thickness having a tensile strength of about

110 MPa (16 ksi) with an ultimate elongation over 6%.

Table 13

Compression Molding Procedure for Air Force BATQ-H/ATP
Neat Resin Microtensile Specimens

1. Change mold at room temperature and wrap with

shrink tape.

2. Degas for 15 min at 150C (302*F).
3. Cure at 10-20 ksi for 1 h at each of the following

temperatures: 150, 170, 190, 210 and 225*C (302,
338, 374, 410 and 437°F).

4. Remove from mold while hot.

3.2.2.2 Thermomechanical Analysis

The second step in the development of a neat resin cure cycle for

BATQ-H(ATP) resin was to select an appropriate postcure cycle. Glass transi-

tion temperatures were measured by thermomechanical analysis for postcures of

250-C (482-F), 316C (600°F) and 371°C (7000F). The results are summarized in

Table 14.
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Table 14

The Effect of Postcure Conditions on the Glass Transition

Temperature of BATQ-H(ATP) Resin

Postcure Tg ( 0C) Tg (OF)

None, Molded Only 255 ± 11 491 ± 20
4.5 h 2500C 277 ± 2 531 ± 4
9 h 250°C 289± 2 551± 4
13.5 h 2500C 290 ± 4 554 ± 7

4.5 h 316 0C 305 ± 4 581 t 7
9 h 316 0C 299+ 2 571± 4
13.5 h 3160C 298± 5 570± 9

4.5 h 371 0C 296± 4 565 t 7
9 h 371 0C 297± 7 567 13
13.5 h 3710C 287± 2 549± 4

Each measurement was the average of three determinations. The data

are unusual in that higher temperatures or longer postcures do not increase

the cured glass transition temperature beyond - 3000C (572 0F). Based on these

results, it appears that BATQ-H (ATP) would at most be a 260C (500'F) service

resin. Other factors, such as thermal stability and high temperature mechani-

cal properties, however, were also considered in selecting a cure cycle.

3.2.2.3 Thermogravimetric Analysis

The thermogravimetric analysis of uncured and postcured (4.5 h 2500C

(482°F)) BATQ-H (ATP) in air is shown in Fig. 41. The uncured resin loses

about 1.3% of its weight between 180 0C (356°F) and the onset temperature of

degradation of - 460C (860°F). The "knee" or temperature inflection point

for major degradation is ~ 5300C (9861F).
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POSYCURED 4.5 HRS. 2600 C 1402F) IN AIR

100
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TEMPERATURE (C)

Fig. 41 Thermogravimetric behavior of BATQ-H (ATP) resin in air.

The effect of environment on the thermal stability of 4 h 250°C

(482°F) postcured resin is shown in Fig. 42. The resin has a high char yield

of 73% to 800C (1472 0F) in nitrogen. In air, the "knee" temperature for

major degradation is slightly higher prior to its rapid loss above - 6000C

(1112-F).

The thermal stability in nitrogen of resin cured 13.5 h at 316T

(6000F) is compared to that cured 4.5 h at 250°C (482°F) in Fig. 43. The

higher temperature postcured material shows a slightly higher char yield of

75%. The thermal stability of the two materials in air are shown in Fig. 44.

The results are almost identical.

48

I.'o

. ,,. ., ... . , • ---...-....-----------.-.......-.--..-.--.....-.--.----.---.---.--...... .



100 I I I I I I I Isa.s2

I-I

01

40 120 200 290 360 440 520 G00 680 760 640
TEMPERATURE (C)

-:Fig. 42 The effect of environment on the thermograviometric behavior of BATQ-
H (ATP) resin postcured 4.5 h at 2500C (482*F) in air.

POSTCURED 4.6 HRS. AT 2500C 1482011

40 120 200 230 360 440 520 60 M MO w4
TEMPERATURE (C)

Fig. 43 The effect of postcure conditions on the thermogravimetric behavior
of RATQ-H (ATP) resin in nitrogen.
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01
40 120 200 250 36O 440 520 600 0 7M0 340

TEMPERATURE (C)

Fig. 44 The effect of postcure conditions on the thermogravimetric behavior
of BATQ-H (ATP) resin in air.

3.2.2.4 Mechanical Properties

Three postcure conditions were selected for evaluation by microten-

sile neat resin testing. They were: 1) 4.5 h at 250°C (4820F), 2) 4.5 h at

316°C (600*F), and 3) 9.0 h at 316'C (600°F). The room temperature mechani-

cal property data for these three postcure conditions are given in Table 15.

The three postcure conditions show no clear trend. Elevated temperature ten-

sile testing was conducted at 1770C (350*F) and 260*C (500*F) for evaluation

by the failure envelope method. A summary of the tensile tests carried out at

these temperatures is given in Tables 16 and 17. The failure envelopes basedS
on these data are given in Fig. 45. The three postcures result in similar me-

chanical properties at room temperature and 1770C (350*F). At 2600C (500*F),
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Table 15
23*C (73*F) Mechanical Properties of Hughes BATQ-H (ATP) Molded

Neat Resin Microtensile Specimens

Postcure Tensile Strength Tensile Modulus Elongation
(In Air) MPa (ksi) GPa (ksi) To Failure W%

4 h at 250% 109.0 (15.8) 2.86 (414) 6.57
(4820F) ± 7.6 ( 1.1) ± 0.18 ( 25) ± 0.07

4.5 h at 316*C 96.5 (14.0) 2.75 (398) 6.17
(6000F) ± 8.3 ( 1.2) ± 0.08 ( 11) ± 0.24

9 h at 316*C 95.2 (13.8) 2.60 (378) 6.25
(600-F) ±11.7 (1.7) ±0.20 (29) ±0.95

Table 16
1770C (3500F) Mechanical Properties of Hughes BATQ-H (ATP) Molded

Neat Resin Microtensile Specimens

*Postcure Tensile Strength Tensile Modulus Elongation
(In Air) MPa (ksi) (iPa (ksi) To Failure()

4.5 h at 2500C 55.0 (7.98) 1.99 (289) 6.8
(4820F) j 0.6 (0.08) ft 0.13 ( 19) *0.8

4.5 h at 316%C 63.1 (9.15) 2.40 (349) 8.4
-(600

0F) j 4.1 (0.59) ±0.11 ( 16) ±2.1

9 h at 3160C 59.7 (8.66) 1.99 (312) 7.4
(6000F) ±1.5 (0.22) ±0.17 (24) ±0.1
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Table 17
260 0C (500 0F) Mechanical Properties of Hughes BATQ-H (ATP) Molded

Neat Resin Microtensile Specimens

Postcure Tensile Strength Tensile Modulus Elongation
(In Air) MWa (ksi) GPa (ksi) To Failure M%

4.5 h at 250'C 37.4 (5.43) 1.74 (252) 28
(482-F) t 1.8 (0.26) t 0.16 ( 22) t 4

4.5 h at 316*C 35.0 (5.08) 2.18 (316) 22
(6000F) t 5.6 (0.81) t 0.19 ( 27) t 1

9 h at 3160C 38.3 (5.56) 1.53 (221) 17
(6000F) j 0.8 (0.12) t0.18 ( 26) ±2

120
4.5 MRS 26O*C

4.6 MRS 316*C

100-

1.0 MRS 316'
go-

40-

20-

ofI0
0 10 20 30

Fig. 45 The effect of postcure conditions in air on the tensile failure

u envelopes of BATQ-H (ATP) resin.
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the resin is rubbery with very high elongations to failure measured for all

three postcures. The elongations to failure of the microtensile specimens

were measured by a water-cooled strain gauge extensiometer. Specimens showing

strains to failure greater than 10% were estimated by direct measurement of

the permanent elongation. Based on these results, it was decided to test

BATQ-H (ATP) at 232°C (450'F) rather than 260°C (500'F).

3.2.2.5 Tensile Fracture Surface Analysis

SEM photomicrographs of the fracture surfaces of neat resin micro-

tensile specimens tested at room temperature are shown in Figs. 46 and 47.

The rough distorted surface features present are indications of the greater

toughness of this resin compared to Hughes HR600P or Air Force ATB and m-ATS

resins, which will be described in Sections 3.3 and 3.4, respectively. In

those materials, the failure surfaces were predominantly smooth, which is

typical of brittle resins.

3.2.3 Composite Cure Cycle Development

3.2.3.1 Prepreg Preparation

Several problems were encountered in preparing prepreg of BATQ-H

(ATP) resin. Because of its low flow character, solvent impregnation must he

used. The resin, however, forms a reversible gel with many common solvents at

the high concentrations required for use with the single tow pultrusion tech-

nique described in Appendix A. It was found, however, that concentrated solu-
tions of the resin in dioxane could be prepared without gel formation. The

combination of a 20% solution of resin in dioxane with an enlarged die in the

pultrusion prepregger gave good quality prepreg. Most importantly, fiber tows

retained enough solvent so that they held together to give a continuous tape.

A disadvantage of this approach is that excess solvent must be removed prior

to layup and cure. Dioxane is also environmentally undesirable, as it is a

53.
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SC84-26652

400X 170X

*Fig. 47 SEM micrographs of BATQ-H (ATP) neat resin tensile fracture StJ'-face,.

cancer suspect material. Freshly prepared prepreg was storedI ovprnigi~t under
On nitrogen purge and then dried 24 h under vacuum, followed hy another 2 h at

80'C. Slow drying was necessary to prevent hlistpring of the surfacp of thic,

prepreg. Slow drying would also he expected to favor phase separatio-n" J

resin from the ATP plasticizer. No evidence of phase separation was r, u A

* summary of the prepreg's characteristics is given in Tahle 18.

*3.2.3.2 Lamginate Fahrication

AS4/RATO-H (ATP) laminates were press-molded in a simplo ir>-,ir Ont

I shown schematically in Fig. 48. The sequence of steps used in the prps ' ; 0

ingcyleisgiven in Tahle 19. The physical properties of lfi- ly jr)'Ijh.c

tional laminaites prepared hy this procedure are given in Tahle 20. Pn.t'

roraphs of composite cross sections are shown in Fig. 4 . -
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Table 18

AS4/BATQ-H (ATP) Prepreg Properties

Resin 20% 95/5 BATQ-H/ATP in Dioxane
Fiber AS4 12K, unsized
Pultrusion Die 0.0343 cm x 0.559 cm
Prepregging Temperature 70-C (158-F)
Pultrusion Viscosity - 10 Poise
Pultrusion Rate 120 cm/min
Tows Per Inch 5
Resin Content 29-35%
Areal Fiber Weight 174g/m 2

Fiber Collimation Fair
Resin Uniformity Fair
Tack None
Drape None

SAGGING
MATERIAL

NONPOROUS

TEFLON >

Fig. 48 Schematic of compression molding layput for AS4/BATQ-H (ATP)
laminates.
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Table 19

AS4/BATQ-H (ATP) Press Molding Cure and Postcure Cycles

1. Degas prepreg 16 h at RT and 2 h at 800C (176*F)

under vacuum.

2. Place in mold, apply vacuum and 50 psi pressure.

3. Ramp to 150*C (3020F) and hold 1 h.

4. Release vacuum.

5. Cure with 500 psi pressure for 1 h at 1500C
(302-F), 170 0C (338-F), 1900C (3740F), 210-C
(410*F) and 2250C (437°F).

6. Postcure 4.5 h at 250 0C (482*F) under pressure
in air.

Table 20

Physical Properties of 16-Ply Unidirectional
AS4/BATQ-H (ATP) Laminates

Ply Thickness 6.3 mil/ply
Density 1.55 g/cm 3

Resin Content 34.4%
Fiber Volume 58%
Tg (Rheometrics) 257-C (4950F)

3.2.4 Composite Testing and Evaluation

3.2.4.1 Dynamic Viscoelastic Analysis

The dynamic mechanical behavior of AS4/BATQ-H (ATP) composite is

shown in Fig. 50. A glass transition temperature of 257°C (4950 F) is indi-

cated by the peak maximum in the dynamic shear loss modulus, G". The occurr-

ence of a small decrease In shear modulus around room temperature reported by
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Fig. 50 Dynamic viscoelastic analysis of AS4/BATQ-H (ATP).

the Air Force Materials Laboratory is not clearly seen in this composite

dynamic mechanical test.

3.2.4.2 Four-Point Shear Strength

The interlaminar shear strength of AS4/BATQ-H (ATP) was evaluated by

the four-point shear test developed by Browning et al. 3 This method has been

shown to produce true interlaminar shear failures. The ASTM test for "Appar-

ent Interlaminar Shear Strength of Parallel Fiber Composites by Short-Beam

Method" (D2344) was also carried out for comparison purposes. Testing was

made on 16-ply unidirectional specimens cured by the cycle described in Table

19. The effect of moisture on shear strength was studied for specimens equil-

brated at 71°C (160°F) and 95% RH. The four-point shear data for temperatures

of 24*C (75°F), 177°C (350°F) and 232°C (450°F) are given in Table 21.
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Table 21
Four-Point Shear Strength of AS4/BATQ-H (ATP) Molded Composite

Test Shear Strength Shear Strength
Temperature Dry Wet

°C (OF) MPa (ksi) MPa (ksi) Failure Mode

24 (75) 69.6 (10.1) 67.6 (9.8) Interlaminar
_ 2.1 ( 0.3) _ 1.4 (0.2)

177 (350) 47.9 (6.94) 46.9 (6.8) Compression
t 1.4 (0.21) ± 2.1 (0.3)

232 (450) 41.2 (5.98) 31.7 (4.6) Compression
± 1.0 (0.15) * 2.1 (0.3)

3.2.4.3 Short-Beam Shear Strength
Short-beam shear strength data for the same conditions are given in

Table 22. Of both shear tests, only the room temperature four-point specimens
showed a true interlaminar shear failure mode. The elevated temperature four-

point shear specimens were observed to creep and finally hreak in a compres-

sive mode. The cause of this effect may relate to a small modulus drop near
100C (212*F) reported by the Air Force Materials Laboratory. The inter-

laminar shear strength of those specimens which failed in true shear was only

about 80% of that reported for AS 1/3502 graphite/epoxy composites.6 The

effect of moisture on the apparent shear strengths is small except at 232*C

(450*F) where a significant decrease is noted. The elevated temperature

tests, however, are invalid and therefore this is of little significance.
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Table 22

Short-Beam Shear Strength of AS4/BATQ-H (ATP) Molded
Composite Laminates

Test Shear Strength Shear Strength
Temperature Dry Wet
°C (°F) MPa (ksi) MPa (ksi) Failure Mode

24 ( 75) 95.8 (13.9) 92.4 (13.4) None apparent
± 1.4 ( 0.2) ± 0.7 (0.1)

177 (350) 72.4 (10.5) 64.1 (9.30) None apparent
± 2.1 ( 0.3) + 0.1 (0.01)

232 (450) 57.9 ( 8.40) 48.1 (6.98) None apparent
± 2.8 ( 0.40) ± 1.2 (0.17)

The fracture surfaces of the room temperature four-point specimens

were examined by SEM. The region of the specimens studied was that in which

failure initiated. This region was generally under one of the two loading

pins in the four-point test. It is distinguished by having a "whitish" cast

compared to failure regions which are induced later by the test or caused by

manually breaking the specimen apart. 3 Several SEM micrographs are shown in

Figs. 51-53 for various magnifications. The surfaces show the presence of

resin deformation or "hackles" formed during failure. The extent of this

effect, however, is much less than shown for state-of-the-art 177 C (350°F)

graphite/epoxy composite failure surfaces. 3 The SEM micrographs also reveal a

large amount of fiber in which striations are evident, indicative of unbonded

fiber due to poor fiber/matrix adhesion.
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ION I GOX -

30X

Fig. 51 SEM micrographs of AS4/BATQ-H (ATP) interlaminar shear
fracture surface.
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Fig. 52 SEM micrographs of AS4/BATQ-H (ATP) interlaminar shear
fracture surface.
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Fig. 53 SEM micrographs of AS4/BATQ-H (ATP) interlaminar shearfracture surface.
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3.2.4.4 Flexural Strength and Modulus

Three-point 0O flexural properties of AS4/BATQ-H (ATP) are given in

Tables 23 and 24. The values have been normalized to 60% fiber volume. Fail-

ure in the flexural specimens appeared to be in compression for both the dry

and wet tests. Little difference was found for specimens conditioned to

equilibrium at 71*C (160'F) and 95% RH. Equilibration occurred in approxi-

mately 14 days to give an average moisture uptake of 0.78%. The material

shows a 72% flexural strength retention at 177 0C (3500F) and 59% at 232 0C

(4500F).

3.2.4.5 Transverse Flexural Strength

The transverse four-point 900 flexural properties of AS4/BATQ-H (ATP)

are given in Table 25. Specimens were tested with a strain gauge bonded on

the tensile side. Stress-strain data for one experiment is plotted in Fig.

54. The strain-to-failure values are about twice that reported for state-of-

the-art 177°C (3500F) graphite/epoxy materials.

Table 23

Three-Point Flexural Properties of AS4/BATQ-H (ATP)Molded Composite

Test Flexural
Temperature Strength Flexural Modulus

°C (OF) GPa (msi) GPa (msi) Failure Mode

24 (75) 1.92 (279) 148 (21.4) Compression
±0.11 ( 14) ±30 ( 4.4)

177 (350) 1.39 (201) 164 (23.8) Compression
±0.05 ( 7) ± 4 (0.6)

232 (450) 1.13 (164) 171 (24.9) Compression

+ 0.04 (6) ± 1 (0.2)

65

17,

°.: o' . " " -" " , ' "-' .. t " .-"-""" '. '"= .' ... ' . .... .- ' .. ' . - . .. . . . • ..s ..



Table 24

Three-Point Flexural Properties of AS4/BATQ-H (ATP)Molded

Composite, Moisture Conditioned at 71*C (160°F) and 95% RH

Test Flexural
Temperature Strength Flexural Modulus
°C (OF) GPa (msi) GPa (msi) Failure Mode

24 (75) 1.86 (270) 151 (21.9) Compression
0.01 ( 1) ± 5 ( 0.8)

177 (350) 1.33 (193) 150 (21.7) Compression
±0.04 ( 6) ± 2(0.3)

232 (450) 1.08 (157) 152 (22.1) Compression
* ±0.05 (7) 5 (0.7)

30

20' 
Is
10

-0 1 2 3 4 6 7 1 S 10

* S IN WVIln3 a 103

Fig. 54 Stress-strain curve for 900 flexural test of AS4/BATQ-H (ATP).
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Table 25

Transverse Flexural Properties of AS4/BATQ-H (ATP)

Flexural Strain- Flexural
Strength (Dry) to-Failure Modulus (Dry)

Specimen MPa (ksi) in./in. GPa (msi)

1 102 (14.8) 9700 10.5 (1.53)
2 106 (15.4) 10300 10.3 (1.50)

3.2.4.6 Fracture Toughness

The Mode I delamination fracture toughness Gic of unidirectional AS4/

BATQ-H (ATP) composite was determined by the procedure developed by Devitt

et al. 5 Three reference composite materials were tested for comparative pur-

poses. Data for the duplicate tests are given in Table 26. The values given

are the average of 10-15 determinations taken along the crack length of indi-

vidual specimens.

Table 26

Glc Fracture Toughness of AS4/BATQ-H (ATP)

Composite Material GIc (N/m)

As4/BATQ-H (ATP) 552 + 40
534 88

AS1/3501-5A 219 _ 25
190 ± 10

XAS/PEEK (MG-i) 1846 ± 25
1640 t 11
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A

The Glc values obtained for Hercules, Inc. AS1/3501-5A graphite/epoxy

and Imperial Chemical Industries XAS/PEEK (MG-i) graphite/thermoplastic com-

posites are close to those reported by Hartness. 6 The values determined for

AS4/RATQ-H (ATP) are significantly higher than those of graphite/epoxy, but

still far below that of the thermoplastic PEEK composite. Examination of the

fracture surfaces of these materials, however, indicates that AS4/BATQ-H (ATP)

failed in multiple crack fronts, thus giving an artificially high fracture

toughness. A low magnification SEM micrograph illustrates this in Fig. 55.

The fracture surface of AS1/3501-5A and XAS/PEEK (MG-I) shown in

Figs. 56 and 57 are smooth as a result of delamination occurring within a

single ply. The AS4/BATQ-1 (ATP) surface is rough.as a result of failure

occurring in more than one ply. This produces a larger effective fracture

area than the geometrical size used to calculate Glc*

SC84-27959

Fig. 55 SEM micrographs of AS4/BATQ-H (ATP) Gic fracture surface, 40X.
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Fig. 56 SEM micrographs of AS1-3501-5A fracture surface, 40X.
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SC94-27961

Fig. 57 SEM micrographs of XAS/PEEK (MG-i) Gi fracture surface, 40X.
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Some further aspects of the Glc failure modes are shown in 400X mic-

rographs in Fig. 58-60. The AS4/BATQ-H (ATP) failure surface again appears

rougher than that for AS1/3501-5A or XAS/PEEK (MG-I). Another feature which

is shown in the 400X micrographs is the greater degree of unbonded fiber sur-

,- face in AS4/BATQ-H (ATP) compared to the other two materials.

3.3 Air Force ATB Resin

ATB resin is another acetylene-terminated matrix resin developed by

the Air Force Wright Aeronautical Laboratories. The molecular structure of

this material is shown in Fig. 61. The bisphenol-A backbone imparts excellent

moisture resistence and processability, with the potential of providing good

retention of properties at 177*C (350*F). A 1 lb sample of the resin (Lot FC-

MATB-123) was received from the Air Force Materials Laboratory. The resin was

* a viscous liquid with a composition estimated from liquid chromographic anal-

" ysis to be ~ 75% ATB monomer, the remainder being oligomeric products.

SC84-27963

Fig. 58 SEM micrographs of AS4/BATQ-H (ATP) Gic fracture surface, 400X.
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SC84-27964

Fig. 59 SEM micrographs of AS1/3501-5A Gcfracture surface, 400X.
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SC84-27965

Fig. 60 SEM micrographs of XAS/PEEK (MG-i) Glc fracture surface, 400X.
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HC C i-~- C 0 CH
CH 3

Fig. 61 Molecular structure of ATB resin

3.3.1 Materials Validation

3.3.1.1 Differential Scanning Calorimetry

The DSC thermograms for the cure of ATB resin at various heating

rates are shown in Fig. 62. The exotherms consist of a single symmetric peak.

The standard kinetic analysis 1 involving the dependence of the peak exotherm

temperature on heating rate is plotted in Fig. 63, where an activation energy

of 28.1 kcal/mole is defined. A summary of the DSC data is given in Table 27.

3.3.1.2 Cure Rheology

The rheological behavior of ATB resin during various linear heating

rate experiments is shown in Fig. 64. The dynamic viscosity of the resin is

very low through much of these cure cycles and below the sensitivity of the

Rheometrics 2000 g-cm torque load cell. Gelation occurred at - 2000C (392*F)

in these cure cycles. Due to the very high flow behavior of this resin, it is

not sensitive to variations in heating rate.

74

Slei



SC83-24460

20OC/min

.55

37 67 97 127 157 187 217 247 277 307
TEMPERATURE (oC)

Fig. 62 DSC thermograms of ATR resin.

3-

E 28.1 kcal/mole

1

""0 I a a
1.88 1.92 1.96 2.00 2.04

1-(K-1 x 103)
T

Fig. 63 Dependence of OSC exotherm peak temperature with heating rate for ATR
resin.
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Table 27
DSC Analysis of ATB Neat Resin

U~ncured melt temperature -110C (12-F)
Exotherm onset temperature 100C/min) l.71*C (340*F)
Exotherm peak temperature =10*C/min) 239*C (462*F)
Exotherm completion temperature l0*Cfmin) 273'C (523*F)
Heat of polymerization 128 cal/g
Activation energy for polymerization 28 kcal/mole

SC83-23M3
6

5

0

> 2-

GELATION

1 2*C/MIN

,- 5*CMIN

0 20 70 120 170 220
TEMPERATURE (0C)

Fig. 64 Dynamic viscosity during cure of ATB resin at different heating
rates.
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The isothermal cure behavior for ATB resin is plotted in Fig. 65.

The viscoelastically defined gelation times are given in Table 28.

i ~~106: q-Z

177

1013IS 147 1401C

102-

i10,
101

100 |

0 100 200 0 400 600 600 70
. 'fM eir*n)

Fig. 65 Dynamic viscosity during cure of ATR resin at different temperatures.

Table 28

Dynamic Viscoelastic Analysis of Gelation for ATB Resin

T (°C) T (OF) ( min l

140 284 420
147 300 252
159 318 110

" 177 350 36
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The 177*C (350°F) gel time of 36 min is comparable to state-of-the-

art 177°C (350*F) curing epoxy systems. The temperature dependence of the gel

times is plotted in Fig. 66, where an activation energy to gelation of

25.4 kcal/mole is defined. The viscoelastic properties of AT are very dif-

ferent from HR600P or BATQ-H/ATP. For example, the dynamic viscosity of ATB

at the point of gelation is 5-50 Poise, whereas HR600P and BATQ-H (ATP) is

near 106 Poise.

3.3.2 Neat Resin Cure Cycle Development

3.3.2.1 Microtensile Specimen Preparation

Neat resin microtensile specimens were prepared in silicone rubber

molds. The Air Force Materials Laboratory had previously developed an optimum

cure cycle for ATB which consisted of 15 h at 140°.C (2850F) and 5 h at 170°C

(338°F) in air. Given this cure cycle, only the optimum postcure cycle needed

to be determined. The silicone rubber mold technique for preparing tensile

6 I I I

4 - I

2.0 2.4 d .as 2.22 220 2.40 2.44.." i rn-i. j.)I

T
Fig. 66 Dependence of dynamic moduli crossover time with cure temperature for

ATR resin.
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specimens worked very well for ATB due to the high flow behavior of this

resin. Prior to postcure, the microtensile specimens were sanded flat to uni-

form thickness with 600 grit paper. Specimens prepared in this manner were

void-free with a tensile strength of near 69 MPa (10 ksi) and an ultimate

elongation of - 3%.

3.3.2.2 Thermomechanical Analysis

Thermomechanically determined T measurements were used to aid in
9

*selection of a postcure cycle for ATB resin. Postcure temperatures of 250°C

" (4820F), 275 0C (527 0F) and 300'C (572 0F) were studied. The results of these

experiments is given by the Tg data in Table 29. The data in this table show

that a substantial increase in the T of ATB resin can be obtained by higher
g

temperature postcures. Longer postcures at a given temperature generally re-

sulted in higher T9 values also, but was not as efficient as higher tempera-

tures for raising T Based on these T results, three postcure cycles were

selected for further experimentation: 4 h at 250°C (482*F), 4 h at 275°C

(527*F) and 4 h at 300C (572*F).

Table 29

The Effect of Postcure Conditions on the Glass Transition
Temperature of ATB Resin

Postcure Postcure Temperature
Time 250-C (482"F) 275°C (527 0F) 3000C (572 0F)

None 155 ± 60C (311 ± 110F) 155 60C (311 ± 110F) 155 ± 60C (311 ± 11OF

1 h 184 ± 2C (363 ± 4-F) 224 ± 20C (435 ± 40F)

2 h 207 ± 20C (405 ± 40F) 210 10C (410 ± 20F) 231 ± 20C (448 ± 40F)

4 h 207 ± 40C (405 ± 70F) 225 t 50C (437 t 90F) 255 ± 40C (491 ± 80F)

6 h 211 ± 20C (412 ± 40F) 253 ± 40C (487 ± 80F)

V. 8 h 221 ± 3°C (430 ± 50F) 249 +_ I0C (480 t 180F) 254 t 70C (489 ± 130F)

24 h 227 ± 20C (441 ± 40F) 310 ± 70C (590 ± 120F)
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3.3.2.3 Thermogravimetric Analysis

A comparison of the thermal stability of resin cured by the three

postcure cycles studied is shown in Fig. 67. The data indicate that the

standard 4 h 250C (4820F) air postcure results in a product with a somewhat

lower char yield (52%) relative to either the 4 h 275*C (527*F) or 300*C

(572*F) postcures with char yields of 63 and 61%, respectively. The thermal

stability in air and nitrogen of ATB resin cured for 4 h at 250*C (482*F) is

shown in Fig. 68. In a nitrogen atmosphere, the char yield to 800C (1472*F)

is 52% and the onset temperature - 4960C (9250F). The onset temperature in

air is somewhat higher at 531*C (988*F) due to apparent oxidative weight gain

at intermediate temperatures.

8c3-24"94
I I II I I I I

10O0 IN NITROGEN

4HR$ 2750C

4HRS 260"0

10

50 130 210 290 370 450 530 610 690 770

TEMPERATURE (OC)

Fig. 67 The Effect of postcure conditions in air on the thermogravimetric
behavior of ATB resin in nitrogen.
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Fig. 68 The effect of environment on the thermogravimetric behavior of ATB
resin cured 4 h at 250*C (4820F) in air.

3.3.2.4 Mechanical Properties

Based on previous glass transition temperature data, three postcure

conditions for ATB resin were chosen for further investigation. They are each

4 h at 250*C (482°F), 2750C (527°F) or 300°C (572°F). The baseline cure cycle

of 15 h at 1400C and 5 h at 1700C was used prior to postcure. The room tem-

perature tensile mechanical data for these three postcure conditions is sum-

marized in Table 30. The tensile properties at 1210C (250°F) and 177C

(350'F) are given in Tables 31 and 32, respectively. The tensile strengths

and elongations to failure from Tables 30, 31 and 32 are plotted in Fig. 69.

Although the neat resin tensile data showed a large scatter, the failure enve-

lopes in Fig. 77 indicate that the 4 h 250°C (482*F) postcure provides the

best tensile properties.
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Table 30

23*C (730 F) Mechanical Properties of ATB Molded
Neat Resin Microtensile Specimens

Postcure Tensile Strength Tensile Modulus Elongation
(In Air) MPa (ksi) GPa (ksi) To Failure (%)

4 h at 2500C 92.4 (13.4) 2.02 (438) 5.4
(482-F) ± 0.7 ( 0.1) ± 0.25 ( 36) ± 0.6

4 h at 275°C 73.1 (10.6) 2.92 (424) 3.7
(527 0F) ± 0.7 (0.1) ± 0.17 ( 25) ± 0.6

4 h at 300C 60.8 ( 8.82) 3.00 (435) 2.4
(572 0F) + 8.5 (1.24) t 0.28 (41) t 0.2

Table 31

- 121*C (2500F) Mechanical Properties of ATB Molded
Neat Resin Microtensile Specimens

Postcure Tensile Strength Tensile Modulus Elongation
(In Air) MPa (ksl) GPa (ksi) To Failure (%)

4 h at 250 0C 73.1 (10.6) 2.39 (347) 7.2
(482-F) ± 2.8 (±0.4) 0.13 (19) . 0.2

4 h at 275 0C 67.2 ( 9.74) 2.28 (330) 5.2
(5270F) ± 2.8 ( 0.410 t. 0.15 ( 22) ± 0.3

4 h at 300 0C 48.3 ( 7.00) 2.32 (337) 2.6
(572°F) : 4.6 (0.66) t 0.08 (11) t 0.4
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Table 32

177°C (350*F) Mechanical Properties of ATB Molded
Neat Resin Microtensile Specimens

Postcure Tensile Strength Tensile Modulus Elongation
(In Air) MPa (ksi) GPa (ksi) To Failure (%)

4 h at 2500C 51.4 (7.46) 2.07 (300) 9.4
(4820F) ± 2.3 (0.33) ± 0.08 ( 12) ± 1.0

4 h at 275 0C 50.8 (7.37) 2.07 (300) 5.8
(527-F) ± 1.8 (0.26) ± 0.19 ( 27) ± 2.0

4 h at 3000C 45.5 (6.60) 1.95 (283) 3.7

(572 0F) + 3.4 (0.50) ± 0.17 (24) + 0.1

100 acg3-241

4 HRS 250"C

80- 4 HRS 275I

60

.0 C0

40 4 HRS 300°

20-

0 2 4 6 8 10

Fig. 69 The effect of postcure on the tensile failure envelopes of ATR resin.
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3.3.2.5 Tensile Fracture Surface Analysis

SEM photomicrographs of the fracture surfaces of microtensile speci-

mens tested at room temperature are shown in Figs. 70 and 71. The upper

photomicrograph in Fig. 70 shows the cross section of an ATB neat resin ten-

sile specimen. Below it in Fig. 70, three areas are shown at higher magni-

fication. These photomicrographs and those in Fig. 71 show the smooth cleav-

age planes characteristic of a very brittle glassy material.

3.3.3 Composite Cure Cycle Development

3.3.3.1 Prepreg Preparation

Impregnation of unsized Hercules AS4 12K fiber was carried out using

a single tow hot-melt pultrusion technique described in Appendix A. A pre-

pregging temperature of 40°C, which produces a viscosity of - 300 Poise, was

found suitable. A summary of the prepreg preparation and its properties are

given in Table 33.

3.3.3.2 Laminate Fabrication

Autoclave processing of AS4/ATB was carried out using the Air Force

Materials Laboratory fabrication procedure. Prepreg was vacuum-dried at room

temperature for 12 h prior to layup. The laminates were precompacted in a

vacuum bag for 4 h prior to autoclave processing. A schematic of the precom-

paction layup is shown in the upper portion of Fig. 72. Laminates were cured

using the "'no bag" technique shown in the lower portion of Fig. 72. A lami-

nate is simply placed on a caul plate with a single ply of porous Teflon re-

lease ply on each side and cured under a constant air pressure of 100 psi.

This technique was found to be very effective for processing resins like ATB

which have excessive flow characteristics. A summary of the cure cycle is

given in Table 34.
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Table 33
AS4/ATB Prepreg Properties

Resin Neat ATB
Fiber AS4 12K, unsized
Pultrusion Die 0.147 cm x 0.559 cm
Prepregging Temperature 400C
Pultrusion Viscosity - 300 Poise
Pultrusion Rate 5 cm/min
Tows Per Inch 5
Resin Content 35-36%
Areal Fiber Weight 174 g/m2

Fiber Collimation Good
Resin Uniformity Good
Tack Good
Drape Good

43-24C,14

POROUS TEFLON NON-POROUS

MEALANT

VACUUM PRECOMPACTION

BAGGING
MATERIAL NOW-

POROUS

POROUS PEPS= TEFLON
TEFLON

I CAUL PLATEI

AUTOCLAVE "NO BAG" CURE

Fig. 72 Schematic of vacuum precompaction and "no bag" autoclave process for
AS4/ATB.
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Table 34

AS4/ATB Autoclave Cure Cycle

1. Place laminate on cool plate and apply 100 psi air.
2. Ramp to 140'C (284°F) at - 2°C/min (3.60F/min).
3. Hold 15 h at 140'C (284'F).
4. Ramp to 170C (338°F) at - 20C/min (3.6°F/min).
5. Hold 5 h at 170°C (338°F).
6. Cool to RT at - 20C/min (3.6°F/min).

The physical properties of 16-ply unidirectional laminates prepared

by this procedure are given in Tahle 35. Photomicrographs of laminate cross

sections are shown in Fig. 73. No evidence of delamination or porosity is

indicated.

Table 35

Physical Properties of 16-Ply Unidirectional AS4/ATB Laminate

Ply Thickness 6.9 mils/gly
Density 1.51 g/cm
Resin Content 34.1%
Fiber Volume 55.4%
T (Rheometrics) 265-C (509°F)
N81 C-Scan 100%

3.3.4 Composite Testing and Evaluation

3.3.4.1 Dynamic Viscoeldstic Analysis

The dynamic mechanical behavior of AS4/ATB composite is shown in Fig.

74. The T is not well defined by a maximum in the dynamic properties G" or

tan6. The dynamic shear modulus, G', however, begins to drop significantly by

250C (482-F).

88

,.• .. ... ........... . . . . . . .. . . . . . . . ... .. .•



fI

ra5t.

~ CL

Aw to

0 o

898

* 4-)

r--  ,a

89)

', -,



101! I I . 102

1010 101

l10 -100

04
- lo0, TAN 6 1.

O7  10-2

10a  IIO I I I I l 1 .

-150 -100 -50 0 SO 100 150 200 250 300 350 400
TEMPERATURE (OC)

Fig. 74 Dynamic viscoelastic analysis of AS4/ATB.

3.3.4.2 Four-Point Shear Strength

The interlaminar shear strength of AS4/ATB was evaluated by four-

point and short-beam shear tests. The four-point test data for material

tested dry and moisture equilibrated at 710C (1600F) and 95% RH is given in

Table 36. The equilibrium moisture uptake of the four-point shear specimens

was 0.13%. This is more than an order of magpitude lower than many state-of-

the-art 177% (3500 F) service epoxy-based composite materials. Only about a

5% decrease in shear strength was measured for the moisture-conditioned mate-

rial. Although the shear strength retention at 177*C (350*F) is over 80%, the

actual values of the shear strength are only about 70% that of state-of-the-

art 177% (350*F) epoxies. The failure mode of the four-point shear specimens

was interlaminar in all cases
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Table 36

Four-Point Shear Strength of AS4/ATB Composite

Shear Strength Shear Strength
Test Temp. (Dry) (Wet) Failure
°C (OF) MPa (ksi) MPa (ksi) Mode

24 (75) 56.0 (8.12) 54.1 (7.84) Interlaminar
_ 0.8 (0.12) ± 2.2 (0.32)

121 (250) 53.2 (7.71) 48.7 (7.07) Interlaminar
± 1.3 (0.19) ± 1.1 (0.16)

177 (350) 46.5 (6.74) 44.5 (6.45) Interlaminar
+ 0.3 (0.05) ± 1.1 (0.16)

232 (450) 35.1 (5.1) --- Interlaminar
± 0.6 (0.1)

3.3.4.3 Short-Beam Shear Strength

Short-beam shear data for AS4/ATB are given in Table 37. The shear

strength values are 20-25% higher than measured in the four-point test. The

shear strength retention at 177°C (350*F) is - 80%, the same value found in

the four-point test. The short-beam shear data for AS4/ATB are about 75% of

the values typically reported for state-of-the-art epoxies by this test.

Table 37

Short-Beam Shear Strength of AS4/ATB Composite

Test Temp. Shear Strength
0C (OF) MPa (ksi) Failure Mode

24 (75) 78.6 (11.4) Interlaminar(0.2)

121 (250) 71.0 (10.3) Interlaminar
1.4 (0.2)

177 (350) 62.1 (9.0) Interlaminar
0.7 j0.1)

232 (450) 46.2 (6.7) Interlaminar
± 0.7 (0.1)
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The failure surfaces of four-point shear specimens were examined by
SEM. The areas studied were those in which failure initiated, as described in
Secti on 3.2.4.3. Views at several magnification levels are given in Figs. 75-

77. They show a disorderly distribution of fractured resin debris which may

be indicative of a brittle resin. By contrast, the interlaminar shear failure

* surfdces of state-of-the-art graphite/epoxy composites show resin deformation
producing a somewhat orderly platelet-like arrangement.3 Another feature of

the shear failure surfaces is the large amount of unhonded fiber surface evi-

dent. This may in some part account for the low interlaminar shear strengths.

3.3.4.4 Flexural Strength and Modulus

The 0* three-point flexural properties of A4/ATB composite are given

ein Table 38. The values reported were normalized to 60% fiber volume. The

failure mode observed was primarily in compression. An 80% retention of

strength at 121C (250F) and a 72% retention at 177C (350F) is shown. The

Seabsolute values of the flexural strength, however, are only about 75% that

etypically obtained for 177 C (350'F) service graphite/epoxy composites.

The flexural properties of specimens moisture-equilibrated at 71g

(160*F) and 95% RH are given in Table 39. The effects of moisture appear to

be smaller than the scatter in the flexural properties from one laminate to

another.

3.3.4.5 Transverse Flexural Properties

The transverse 90° room temperature four-point flexural properties of

AS4/ATB are given in Table 40. The stress-strain data for one experiment are

plotted in Fig. 78. The transverse flexural strength, modulus and strain-to-

failure are comparahle to state-of-the-art 177°C (350°F) service

graphite/epoxy composites.
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Fig. 75 SEM mlcrographs of AS4/ATB interlaminar shear fracture surface.
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Fig. 76 SEM micrographs of AS4/ATB interlaminar shear fracture surface.
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Fig. 77 SEM micrographs of AS4/ATB interlaminar shear fracture surface.
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Table 38

Three-Point Flexural Properties of AS4/ATB Composite

Flexural Strength Flexural Modulus
Test Temp. Dry Dry Failure
,C (OF) GPa (ksi) GPa (msi) Mode

24 (75) 1.45 (210) 140 (20.2) Compression
± 0.01 ( 1) ± 3 ( 0.5)

121 (250) 1.17 (169) 137 (19.9) Compression
±0.03 ( 5) ± 2(0.3)

177 (350) 1.05 (153) 137 (19.9) Compression
0.03 5) 2 (0.3)

Table 39

Three-Point Flexural Properties of AS4/ATB Composite, Moisture
Conditioned at 71 C (1600F) and 95% RH

-. -Flexural Strength Flexural Modulus
Test Temp. Wet Wet Failure
"C (OF) GPa (ksi) GPa (msi) Mode

24 (75) 1.35 (196) 144 (20.9) Compression
" 0.08 ( 11) ± 9 ( 1.4)

121 (250) 1.24 (180) 145 (21.1) Compression
±0.01 ( 2) ± 3 (0.4)

177 (350) 1.19 (172) 135 (21.3) Compression
± 0.12 17) ± 17 (2.4)
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Table 40

Transverse Flexural Properties of AS4/ATB

Flexural 900 Strain- 900 Flexural
Strength To-Failure Modulus
MPa (ksi) Li n. /in. GPa (msi)

66.1 ( 9.60) 8167 8.76 (1.27)
68.9 (10.0) 8293 9.17 (1.33)
56.5 (8.2) 6833 9.38 (1.36)

12 , ! I I I I I I
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Fig. 78 Stress-strain curve for 90* flexural test of AS4/ATB.

3.3.4.6 Fracture Toughness

The Mode I delamination fracture toughness (Glc) of unidirectional

* AS4/ATB composite was measured by the method developed by Devitt et al. 5 Data

for the two tests are given in Table 41. The values given are the average of

10-15 determinations taken along the crack length of individual specimens.

Data for several other composite materials are given for comparative purposes,

as described in Section 3.2.4.6. The apparent fracture toughness of AS4/ATB

is similar to state-of-the-art 177*C (350°F) graphite epoxies. SEM photo-

micrographs of the Gjc failure surfaces of AS4/ATB are shown in Figs. 79-81.
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Table 41

Glc Fracture Toughness of AS4/ATB

Composite Material Glc (N/r)

AS4/ATB 197 ± 7
216 ± 6

AS4/BATQ-H (ATP) 552 ± 40
534 88

AS1/3501-5A 219 ± 25
190 ± 10

XAS/PEEK (MG-I) 1846 + 25
1640 ± 11

SC84-27958

*L

* Fig. 79 SEM micrographs of AS4/ATB G1c fracture surface, 40X.
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SC84-27962

Fig. 80 SEM micrographs of AS4/ATB Gic fracture surface, 400X.
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SC84-27966

Fig. 81 SEM micrographs of AS4/ATB G Cfracture surface, 2500X.
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A rough surface texture is observed, indicating failure occurred in more than

one ply. This effect. similar to that described for AS4/BATQ-H (ATP) in Sec-

tion 3.2.4.6, leads to artificially high Gic values. The photomicrographs for

AS4/ATB also revealed an extensive amount of unbonded fiber present, as well

as the presence of many fractured resin particles. These features are not ob-

served in state-of-the-art graphite/epoxy or graphite/PEEK composite materials

discussed in Section 3.2.4.6.

3.3.4.7 Short Cure Cycle Evaluation

A shortened cure cycle was evaluated for processing AS4/ATB com-

posite. In this cycle, the temperature was ramped directly to 170°C (338°F)

and held for 6 h, eliminating the 24 h hold at 140'C (2840F) of the long cure

cycle. The laminate precompaction and autoclave cure was the same as dis-

cussed in Section 3.3.3.2. The physical properties of a 15-ply unidirectional

laminate processed in this way are given in Table 42. Photomicrographs of

cross sections did not show evidence of voids or other defects.

Table 42

Physical Properties of 15-Ply Unidirectional
AS4/ATB Laminate (Short Cure Cycle)

Ply Thickness 7.1 mil/ply
Density 1.50 g/cm2

Resin Content 34.8%
Fiber Volume 54.5%

T 267-C (513°F)
N8I Scan 100%

The four-point and short-beam shear strengths obtained with the long and short

cure cycle are compared in Tables 43 and 44, respectively. No significant

differences are indicated.
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Table 43

Four-Point Shear Strength of AS4/ATB Composite, Long and
Short Air Force Cure and Postcure Cycles

Shear Strength
Cure Cycle MPa (ksi) Failure Mode

Short 62.7 (9.09) Interlaminar
± 0.7 (0.10)

Long 56.0 (8.12) Interlaminar
± 0.8 (0.12)

Table 44

Short-Beam Shear Strength of AS4/ATB Composite, Long and
Short Air Force Cure and Postcure Cycles

Shear Strength
MPa (ksi)

Test Temp. Short Cure Long Cure Failure
0C (OF) Cycle Cycle Mode

24 (75) 84.8 (12.3) 78.6 (11.4) Interlaminar
± 0.7 ( 0.1) ± 1.4 ( 0.2)

121 (250) 67.8 ( 9.84) 71.0 (10.3) Interlaminar
± 2.1 ( 0.30) ± 1.4 (0.2)

177 (350) 61.4 (8.90) 62.1 (9.0) Interlaminar
± 1.1 (0.16) ± 0.7 (0.1)

1
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Three-point flexural test data are given in Table 45. The flexural

strengths are equivalent. The transverse flexural properties are summarized

in Table 46. For this test, the long cure cycle material appears to have a

higher strength and strain-to-failure than the cured by the short cure cycle.

Based on these limited mechanical- property data, no significant dif-

ferences are indicated between AS4/ATB composite processed by the long or short

cure cycles. Both cure cycles result in rather poor mechanical properties.

Table 45

Three-Point Flexural Properties of AS4/ATB Composite Long
and Short Air Force Cure and Postcure Cycles

Flexural Flexural

Strength Modulus Failure
Cure Cycle GPa (ksi) GPa (msi) Mode

Short 1.28 (186) 101 (14.7) Compressive
± 0.03 ( 4) 1 1 ( 0.2)

Long 1.45 (210) 140 (20.2) Compressive
± 0.01 (1) ± 3 ( 0.5)

Table 46

Transverse Flexural Properties of AS4/ATB Composite Long and
Short Air Force Cure and Postcure Cycles

Flexural 90' Strain- 900 Flexural
Strength To-Failure Modulus

Cure Cycle MPa (ksi) 4in./in. GPa (msi)

Short 57.3 (8.31) 6540 8.76 (1.27)
52.4 (7.60) 5712 9.17 (1.33)

* 53.4 (7.74) 5961 9.38 (1.36)

Long 66.1 (9.60) 8167 8.14 (1.18)
68.9 (10.00) 8293 8.34 (1.21)
56.5 (8.20) 6833 8.27 (1.20)
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3.4 Air Force m-ATS Resin

ATS (acetylene-terminated sulfone) resin was one of the earliest

materials developed by the Air Force Materials Laboratory utilizing acetylene

technology. The molecular structure of this resin is shown in Fig. 82. The

ATS resin studied in the program was a purified (n = 1) m-ATS material pre-

pared by Fluorochem Inc., Irwindale, CA. Liquid chromatographic analysis

revealed this resin to contain less oligomer and impurities than previously

synthesized materials. It is also a liquid at room temperature which makes it

easier to process than earlier solid materials.

SCSS-29985

H-C _ S O- 0 -O} C C-H

Fig. 82 Molecular structure of m-ATS resin.

3.4.1 Materials Validation

3.4.1.1 Differential Scanning Calorimetry

The DSC thermograms for the cure of m-ATS resin at various heating

rates are given in Fig. 83. The dependence of the peak exotherm temperatures

on heating rate are plotted in Fig. 84 where an activation energy for cure of

26.2 kcal/mole is found. A summary of the DSC data is given in Table 47.
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Fig. 83 D.SC thermograms of m-ATS resin.
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Fig. 84 Dependence of DSC exotherm peak temperature with heating rate for m-
ATS resin.
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Table 47

DSC Analysis of ATS Neat Resin

Uncured melt temperature ---
Exotherm onset temperature f = 10C/min 155% (311*F)
Exotherm peak temperature $ = 10*C/min 233 C (451-F)
Exotherm completion temperature 0 = 100C/min 284*C (543'F)
Heat of polymerization 125 cal/g
Activation energy for polymerization 26.2 kcal/mole

3.4.1.2 Cure Rheology

The rheological behavior of m-ATS resin during various linear heating

rate experiments is shown in Fig. 85. The low dynamic viscosity of m-ATS is

very similar to the behavior of ATB described in Section 3.3.1.2. Gelation

occurred at a temperature of 200 0C (392'F) in these cure cycles. The iso-

thermal cure behavior is plotted in Fig. 86. The viscoelastically defined

gelation times are given in Tahle 48. These gel times are much shorter than

measured for ATB resin. The temperture dependence of the gel time data is

plotted in Fig. 87, where an activation energy to gelation of 22.1 kcal/mole

is defined.

3.4.2 Composite Cure Cycle Development

3.4.2.1 Prepreg Preparation

AS4/m-ATS prepreg was prepared by the same hot-melt pultrusion tech-

nique described in Section 3.3.3.1. A summary of the prepreg properties is

given in Table 49. The resin content of AS4/m-ATS prepreg was reduced to 33%

by a controlled bleed of individual plies. By doing this, the fiber volume of

cured AS4/m-ATS was increased to ~ 59%.
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Table 48
Dynamic Viscoelastic Analysis of Gelation

for m-ATS Resin

T T t
(00) (OF) Gjminf

140 284 250
150 302 125
162 324 70
177 350 29

5

4
ES 22.1 KCALIMOLE

(3

z
2

1,1

2.20 2.24 2.28 2.32 2.36 2.40 2.4

U ± KlxFig. 87 Dependence of dynamic moduli crossover time with cure temperature for
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Table 49

AS4/m-ATS Prepreg Properties

Resin Neat m-ATS
Fiber AS4 12K, unsized
Pultrusion Die 0.0147 cm x 0.559 cm
Prepregging Temperature 600C
Pultrusion Viscosity - 300 Poise
Pultrusion Rate 5 cm/min
Tows Per Inch 5
Resin Content 33%
Areal Fiber Weight 174 g/m2

Fiber Collimation Good
Resin Uniformity Good
Tack Good
Drape Good

3.4.2.2 Laminate Fabrication

AS4/-n-ATS laminates were precompacted and autoclave cured using the

Air Force Materials Laboratory's procedures described in Section 3.3.3.2 for

processing AS4/ATB. Neat resin tensile tests were not carried out for m-ATS

because an optimum cure and postcure cycle for this system had already been

developed by the Air Force Materials Laboratory. The autoclave portion of the

cure cycle is described in Table 50. The postcure consisted of 10 h at 300*C

(577°F) in air. The physical properties of 16-ply unidirectional laminates

prepared by this procedure are given in Table 51. Photomicrographs of compo-

site cross sections are shown in Fig. 88. The material showed no evidence of

voids.

Table 50

AS4/m-ATS Autoclave Cure Cycle

1 . Place laminate on caul plate and apply 100 psi air.
2. Ramp to 140'C (284°C) at - 2°C/min (- 3.6°F/min).
3. Hold 24 h at 140C (284*F).
4. Ramp to 177% (350°F).
5. Hold 5 h at 177 0 C (350'F).
6. Cool to RT at ~ 20C/min (- 3.60F/min).
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Table 51

Physical Properties of 16-Ply Unidirectional AS4/m-ATS

Ply Thickness 6.5 mils/ply
Density 1.60
Resin Content 33.9%
Fiber Volume 58.9%
T (Rheometrics) ?81-C (536°F)
N81 Scan 100%

3.4.3 Composite Testing and Evaluation

3.4.3.1 Dynamic Viscoelastic Analysis

The temperature dependence of the dynamic viscoelastic properties of

AS4/m-ATS is shown in Fig. 89. From the peak maximum of the dynamic shear

loss modulus, G", a T of 281*C (536*F) is defined. At about 250*C (482°F),

however, the dynamic shear storage modulus, G', begins to drop sharply.

3.4.3.2 Four-Point Shear Strength

The results of four-point shear testing of 16-ply unidirectional
AS4/m-ATS composite are given in Table 52. Three specimens were tested at

each condition. Wet testing was conducted on specimens conditioned to equil-

"- ibrium at 71°C (160*F) and 95% RH. The room temperature and 177°C (350*F)

strengths are very close to those determined for AS4/ATB and described in

Section 3.3.4.2. The shear strengths are only about 70% of those found for

state-of-the-art 177 0C (350°F) graphite/epoxy materials. A strength retention

at 177*C (350°F) of 75% and 60% at 232*C (4500F) is observed. The failure

mode of the specimens was interlaminar.

A significant decrease in shear strength was found for the hot-wet

tests. About a 15% decrease at 177*C (350°F) and 35% at 2320C (450*F) was

found. Only about a 5% lowering of four-point shear strength was measured for

AS4/ATB composite in hot-wet testing.
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Fig. 89 Dynamic viscoelastic analysis of AS4/m-ATS.

Table 52

Four-Point Shear Strength of AS4/m-ATS Composite

Test Shear Strength Shear Strength

Temperature Dry Wet
°C (OF) MPa (ksi) MPa (ksi) Failure Mode

24 (75) 62.7 (9.1) 61.4 (8.9) Interlamlnar
± 0.7 (0.1) t 5.5 (0.8)

177 (350) 44.1 (6.4) 38.6 (5.6) Interlamlnar
± 0.7 (0.1) t 2.1 (0.3)

232 (450) 35.2 (5.1) 22.8 (3.3) Interlamlnar
± 0.7 (0.1) t 0.7 (0.1)
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3.4.3.3 Short-BeQ Shear Strength

The short-beam shear strength of AS4/m-ATS composite is given in

Table 53. Again, the room temperature and 177°C (350'F) values are close to

those described for AS4/ATB in Section 3.3.3.3. A strength retention of 72%

at 177°C (350°F) and 51% at 232°C (450'F) are found. The failure mode of the

short-beam shear specimens was not evident. Only a deformation of the speci-

mens was observed. The moisture conditioning specimens showed about a 10%

lower strength at 177°C (350'F) and 20% at 232°C (450°F).

Table 53

Short-Beam Shear Strength of AS4/m-ATS Composite

Test Shear Strength Shear Strength

Temperature Dry Wet0C (OF) MPa (ksi) MPa (ksi) Failure Mode

24 ( 75) 92.3 (13.4) 88.3 (12.8) Not apparent
. 2.1 (0.3) ±4.8 (0.7)

177 (350) 66.9 (9.7) 61.4 (8.9) Not apparent
_ 0.7 (0.1) ± 0.6 (0.1)

232 (450) 47.6 (6.9) 38.6 (5.6) Not apparent
. 0.7 (0.1) ± 5.5 (0.8)

SEM micrographs of four-point shear failure surfaces are shown in

Figs. 90-92. A large amount of fragmented resin was observed as was for AS4/

ATB composite. Not as much exposed fiber surface was evident as compared to

AS4/ATB. Like ATB, the failure mode appears to produce a less orderly resin

* deformation than state-of-the-art 177°C (350°F) service graphite epoxies.
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3.4.3.4 Flexural Strength and Modulus

The three-point flexural properties of AS4/m-ATS are given in Table

54. The values reported were normalized to 60% fiber volume. The room tem-

perature and 177 0C (350'F) data are near the values found for AS4/ATB as

described in Section 3.3.4.4. All the specimens failed in compression. The

flexural properties of material equilibrated at 71°C (160'F) and 95% RH are

given in Table 55. The room temperature flexural strength of the moisture-

conditioned composite is significantly higher than the dry tested material.

At temperatures of 177 0C (350'F) and 2320C (450°F), the detrimental effects of

moisture are shown.

Table 54
Three-Point Flexural Properties of AS4/m-ATS Composite

Test Temp. Flexural Strength Flexural Modulus Failure
OC (OF) GPa (ksi) GPa (msi) Mode

24 (75) 1.37 (198) 132 (19.2) Compressive
+ 0.06 ( 9) _ 7 ( 1.0)

177 (350) 1.09 (158) 133 (19.3) Compressive
± 0.1 (1) ± 12 ( 0.2)

232 (450) 0.81 (118) 123 (17.9) Compressive
± 0.03 ( 5) ± 5 (0.7)
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Table 55

Three-Point Flexural Properties of AS4/m-ATS Composites, Moisture
Conditioned at 710C (160 0F) and 95% RH

Test Temp. Flexural Strength Flexural Modulus Failure°C (OF) GPa (ksi) GPa (msi) Mode

i .. 24 (75) 1.65 (239) 126 (18.4) Compressive
"-+0.03 ( 4) +3 ( 0.4)

177 (350) 1.10 (160) 111 (16.1) Compressive
±0.1 (2) + 4 (0.6)

232 (450) 0.54 (78) 79 (11.5) Compressive
± 0.02 (3) _ 7 (1.0)

3.4.3.5 Transverse Flexural Strength

The transverse 900 flexural properties of AS4/m-ATS are given in

Table 56. Three specimens were tested at room temperature and 177 0C (350°F).

- The room temperature strength and strain-to-failure are 25 and 32% lower,

.-. respectively, than determined for AS4/AT8 and discussed in Section 3.3.4.5.

Table 56

Transverse Flexural Properties of AS4/m-ATS

90* Flexural 900 Strain- 900 Flexural
Temperature Strength to-Failure Modulus

°C (OF) MPa (ksi) pin./in. GPa (msi)

23 (75) 49.6 (7.2) 5245 9.0 (1.3)
. 1.4 (0.2) ± 233 ± (0.1)

177 (350) 46.9 (6.8) 5574 9.0 (1.3)
± 5.5 (0.8) ± 550 ± (0.1)

. .118
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3.4.3.6 Fracture Toughness L

The Mode I delamination fracture toughness (Gic) of unidirectional

AS4/m-ATS composite was determined by the method developed by Devitt et al. 8

Data for the test conducted is given in Table 57. The value is the average of

10-15 determinations taken along the crack length of the specimen. Data for

other materials tested are also given in Table 57. The fracture toughness for

AS4/m-ATS is significantly lower than reported for AS4/ATB. SEM micrographs

of the delamination failure surface (Figs. 93-95) show a smoother delamination

surface than observed for AS4/ATB or AS4/BATQ-H (ATP). It appears that fail-

tire did not occur as extensively in multiple crack fronts as found for AS4/

BATQ-H (ATP) and AS4/ATB. For this reason, the Gic value may not be as high

as observed in AS4/BATQ-H (ATP) and AS4/ATB.

Table 57

Gic Fracture Toughness of AS4/m-ATS

Composite Material Gic (N/m)

AS4/m-ATS 137 ± 12

AS4/ATB 197 + 7
216 ± 6

AS4/BATQ-H (ATP) 552 _ 40
534 t 88

AS1/3501-5A 219 ± 25
190 + 10

XAS/PEEK (MG-i) 1846 _ 25
1640 11
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3.4.3.7 Edge Microscopic Examination

Tensile testing and edge microscopic examination of a 16-ply [±45] s

laminate of AS4/m-ATS was made. Both 00 and 900 directions were examined for

microcracks. Micrographs of these cross sections are shown in Figs. 96 and

97, respectively. The presence of microcracks was observed in the center two

plies, as shown in Fig. 96, for examination in the 00 direction. No cracks

were found in the 900 view seen in Fig. 97. Tensile testing was carried out

for 4 in. x 0.5 in. specimens cut from the laminate with the edges polished.

The average in-plane shear strength of three specimens was 126.7 MPa

(18372 psi).
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4.0 CONCLUSIONS

4.1 Hughes HR600P Resin

A unique advantage of the HR600P resin system was its potential to be

autoclave processed at 2040C (4000F) or less and subsequently oven postcured

to yield a 3160C (6000 F) service composite. However, a number of problems

were encountered during its evaluation. The neat resin tensile properties

indicated that the material would not meet the hoped for service temperature

of 316°C (6000F). Some evidence indicated that the sluggishness of the iso-

-. -imide to imide conversion might be responsible.

Solvent impregnation was made using a metahylethylhetone/toluene

mixture. The prepreg out-time was short, resulting in a fragile material with

poor tack and drop. A number of autoclave processing variations were used in

an attempt to produce high quality laminates. Extensive porosity, as indi-

cated by ultrasonic C-scan and photomicrographs of cross sections, was always

observed. Laminates which exhibited only moderate porosity after autoclaving

became blistered after postcure. Press molding of laminates also resulted in

significant porosity and poor mechanical properties.

The cause for much of the porosity problem was later identified by

S..Hughes Aircraft and National Starch Corporation as due to the the presence of

amic acid forms of the prepolymer. The amic acid was thought to result from

moisture contamination during resin synthesis.

4.2 ATB Resin

The evaluation of ATB resin demonstrated several of its advantages as

a composite matrix. The material exhibits favorable flow and processing char-

* acteristics similar to state-of-the-art 1770C (350*F) service epoxies. The

"no bag" processing technique produced flaw-free laminates in all cases. The

resin is ideal for hot-melt impregnation and the prepreg has excellent tack

and drape, as well as long shelf life and out-time. A unique property of the

resin is its low (~0.2%) moisture uptake. This results in an insensitivity
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of the prepreg to humid conditions and a negligible effect on composite me-

chanical properties in hot-wet tests. The cured resin has a T of over 250%
g

(4820F) and the strength retention at 177*C (350°F) is 70-80% for interlaminar

shear and flexural properties.

Several deficiencies in the system were also observed. Transverse

flexural and delamination fracture toughness tests indicated the system to be

poorer than state-of-the-art 1770C (3500 F) service epoxies. Examination of

neat resin tensile and composite interlaminar shear failure surfaces also re-

vealed characteristics typical of a very brittle material. The interlaminar

shear and flexural properties were only about 70% of those generally obtained

for 177C (350'F) service graphite/epoxy composite. These low strengths and

poor fracture toughness may, in part, be due to what appeared to be poor

fiber/matrix bonding, as indicated by the presence of extensive bare fiber in

SEM micrographs of interlaminar shear failure surfaces.

4.3 BATQ-H (ATP)

Neat resin tensile testing of BATQ-H (ATP) confirmed its high tensile

strength of almost 110 MPa (16 ksi) and strain-to-failure of over 6%. The

work showed that solvent-based prepreg could be prepared by a modification of

the hot-melt pultrusion method. Void-free laminates were fabricated by press

molding. The translation of the tough neat resin properties to composite was

somewhat ambiguous. Apparent Gic fracture toughness values of approximately

twice that of state-of-the-art epoxies were found; however, the failure mode

occurred in several crack fronts simultaneously, resulting in artificially

high values. The transverse flexural strength and strain-to-failure were

approximately twice that of state-of-the-art epoxies.

The interlaminar four-point shear strength of the composite was only

about 70 MPa (10 ksi) at room temperature. Tests at 232°C (450*F) resulted in

thermoplastic creep which eventually led to a compressive failure. This be-

havior points to a serious limitation of the system.
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The flexural strength and modulus of the composite were similar to

state-of-the-art epoxies. Strength retention at 177°C (350'F) was about 72%,

the same as for ATB-based composite. As with ATB, the fiber/matrix bond

appeared poor from SEM micrographs of interlaminar shear failure surfaces.

4.4 m-ATS Resin

The conclusions reached after evaluating this new purer version of

ATS resin are similar to those described in earlier studies of ATSG, a product

of Gulf Research and Development Corporation. The prepregging and processing

of m-ATS, which is a liquid at room temperture, is much easier than earlier

solid forms of the resin.

The composite properties of AS4/m-ATS were similar to those found for

AS4/ATB. The interlaminar shear strength was only about 70% that of state-of-

the-art 177'C (350'F) service graphite/epoxies. The shear strength retention

at 177°C (350*F) was 75% and at 232°C (450*F), about 56%.

The 0* three-point flexural properties were also lower than for

state-of-the-art epoxy-based composites and similar to AS4/ATB. The hot-wet

strength retention of AS4/m-ATS, however, was much poorer than for AS4/ATB.

The 90° four-point flexural properties of AS4/m-ATS were also lower than for

AS4/ATB.

The delamination fracture toughness of AS4/m-ATS was only 137 N/m,

which is about 35% lower than for AS4/ATB on state-of-the-art 177*C (350'F)

service graphite/epoxy composites. This poor fracture toughness was also

revealed by microcracking observed in edge microscopic examination of quasi-

isotropic laminates. It appears that the extended cure cycle utilized in

preparing AS4/m-ATS did not enhance the fracture toughness as hoped.
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APPENDIX. HOT-MELT PREPREGGER

A single-tow pultrusion hot-melt prepregger was used to prepare pre-

preg of BATQ-H (ATP), ATB and m-ATS resins with unsized Hercules AS4, 12K

graphite fiber. Three views of the prepregger are shown in Fig. A-i. The

system consists of a resin reservoir and metering device mounted on the moving

arm of a standard lathe. The resin reservoir is 4 in. long and 2.5 in. wide,

and has a conical hole 2.5 in. in diameter at the top and 0.75 in. in diameter

at the bottom. Two smooth metal rollers are staggered along the length of the

reservoir. A two-part die 0.75 in. in diameter is fitted at the bottom of the

reservoir. This die has an elliptically shaped hole which is 0.44 in. long by

0.10 wide at the top and tapers to approximately 0.220 in. by 0.0065 in. at

the bottom.

The single graphite tow enters the resin reservoir at the top, where

it is immersed in resin. The tow passes over and between the two staggered

metal rollers, which tend to spread the tow and assure complete wetting by the

resin. The fiber tow moves through the die which controls the amount of resin

retained. The impregnated tow then passes over a smooth moving roller and

onto the drum of the lathe. The lathe is set at five threads per inch which

results in five tows per inch giving an areal fiber weight of 174 g/m2 . The

temperature of the resin reservoir was controlled by heating elements embedded

at the four corners. The temperature was adjusted to give a resin viscosity

of - 300 Poise.

The resin content of the prepreg was controlled mainly by the dimen-

sions of the pultrusion die in the resin reservoir. The effect of changes in

the width of this die on prepreg resin content is shown in Fig. A-2. The nar-

rowest width tested was approximately 0.058 in. which gave a resin content of

about 35.5%. At this width, the fiber tow was under considerable tension mov-

ing through the die, and any further reduction in width would result in fiber

breakage. This was a serious disadvantage of the technique, as about a 32%

resin content was desired for the net resin processing used. For solvent-

based prepregging, such as BATQ-H (ATP), this was not a problem, because the

resin content could be controlled by resin solution concentration.
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Fig. A-I Single tow hot-melt pultrusion prepregger.
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