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ABSTRACT 

Polycyanate (or cyanate ester) resins offer advantages as composite matrices because of their 

high thermal stability, low outgassing, low water absorption and radiation resistance. This report 

describes the results of a processing study to develop high-strength hoop-wound composite by the 

wet-filament winding method using Toray TlOOOG carbon fiber and YLA RS-14 polycyanate resin 

as the constituent materials. T1 OOOG/RS-14 composite cylinders were wet-wound and cured using 

different process schedules and then evaluated for hoop tensile strength and modulus, transverse 

flexural strength and short beam shear strength. The results of material characterization tests 

performed on the TlOOOG carbon fiber and RS-14 resin constituents used in this study are also 

presented. 

vii 



1. INTRODUCTION 

, The Oak Ridge National Laboratory (ORNL) and the Oak Ridge Center for Manufacturing 

Technology (ORCMT)* are involved in the development of affordable composite structures for 

military, aerospace and transportation applications. As part of this continuing activity, ORNL and 

ORCMT evaluate new materials and combinations of materials for use in such applications as 

pressure vessels, flywheel energy storage systems, and aircraft structures. The determination of the 

thermomechanical properties of the composite is a key factor in the design of successful high 

performance applications. 

This report documents the development of processing and fabrication methods for wet- 

filament wound high strength T1000GRS-14 polycyanate resin composite. It is a continuation of 

the work previously performed and reported by 0RNL.I The objective of the study was to perform 

process optimization trials for T1000GRS-14 composite and to investigate the effect of alternate 

cure schedules on composite properties. Material characterization tests and analyses were conducted 

as well to provide insight into the properties of the TlOOOG fiber and RS-14 resin constituents. 

This report is subdivided into three sections: (1) TlOOOG Lot Characterization, (2) RS-14 

Resin Characterization, and (3) Composite Process Trials. The results of all process trials, analyses 

and tests are reported and summarized. Recommendations for further study are also included. 

2. TlOOOG LOT CHARACTERIZATION 

. The purpose of this activity was to evaluate the lot of Toray T1 OOOG carbon fiber procured 

for the composite process trial fabrications with the objectives of verifying properties provided by 

Toray (the carbon fiber manufacturer) and estimating the lot variability. The data were also 

necessary to calculate the strength translations obtained fiom the composite process trials (Sect. 4). 

*The Oak Ridge Centers for Manufacturing Technology (ORCMT) is jointly managed by the Oak Ridge 
National Laboratory and Lockheed Martin Energy Systems. 

1 
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The fiber procurement for this study was made with the stipulation that (1) all of the T1 OOOG 

be fiom one lot, and (2) that the lot chosen have a minimum tensile strength of 900 ksi as established 

by Toray's own internal sampling procedures. The carbon fiber received came from Toray Lot No. 

615022. The following is a summevy of data provided by Toray on this lot. 

Description 
Tensile Strength 
Tensile Modulus 
Elongation 
Density 
Weighaength 
Sizing 
Size Amount 

T O ~ Y  TlOOOGB-12k-40D 
930 ksi 
43.5 Msi 
2.1% 
1.79 g/cm3 
487 g/103 m 
Type "4" 
0.7% 

Lot evaluation was accomplished by measuring strand tensile strength, modulus and fiber 

weight per unit length front selected spools. Sixty-four 2-kg spools were sampled at the initial 

("start") portion of the spool; the remaining fiber near the cardboard core (the "ends") of thirty-two 

spools used in the fabricatioln of coimposite cylinders was retained and similarly sampled. 

The strand tensile specimen is a resin-impregnated carbon fiber tow with a 10 in. gage length. 

The specimens are fabricated by drawing the carbon tow through a heated resin wet-out pot. The 

strand resin content is controlled by running the fiber through a die or orifice, the size of which 

determines the strand resin content. The impregnated tow is then wrapped around a dumbbell- 

shaped wooden mandrel at a constant winding advance. After cure, the strands are cut apart off the 

mandrel and tested. 

Strand tensile specimens in this study were impregnated with RS- 14 resin at a nominal resin 

content of 40-45 wt %. The strands were precured four hours at 385 OF and then allowed to cool to 

room temperature. The specimensr were then removed from the wooden mandrel and postcured 

four hours at 5 10 O F .  

The specimens were tested to failure at ambient temperature and the break load recorded. 

Each data set consisted of a ininimum of ten specimens. Three specimens fiom each set were tested 

using an extensometer to determine the fiber modulus and percent elongation at failure. The secant 

method was used to calculate the imodulus between the range of 3000 to 6000 microstrain. The 
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reported impregnated strand strengths were calculated from the break loads and were based on the 

fiber cross-sectional area only. The cross-sectional area was calculated for each data set from the 

measured weight per unit length of each section of the spool and vendor-provided density and weight 

percent sizing information. 

Tables 2-1 and 2-2 are a summary, respectively, of T1 OOOG strand tensile data from sampling 

the start and end portions of the spools. The data show that the average strength fiom the start or end 

of the spool ranged between 764 h i  (from the start of spool number 62) to 1,007 ksi (fiom the start 
of spool number 64). The global average of the sixty-four data set averages taken from the starts of 

the spools is 954.3 ksi; this is statistically the same as the 953.6 ksi global average of the thirty-two 

data set averages taken from the spool ends. Comparison of the start data in Table 2-1 with the end 

data in Table 2-2 for spool numbers 9-40 indicates that the through-spool variability is about the 

same magnitude as the spool-to-spool variability encountered at both the starts and ends of the 

carbon fiber packages. 

The global tensile strength average for lot number 61 5022 as measured by ORNL/ORCMT 

is 954 ksi. This is significantly higher than Toray’s lot certification number of 930 h i .  The 

disparity is possibly due to differences in the test methods and/or the resin systems used. However, 

ORNL/ORCMT has measured lower strengths than the Toray lot certification data claimed for 

previous procurements of T1 OOOG fiber. This suggests that “better-than-average” material was 

received in this procurement. It also reflects the need to carefully specify the fiber requirements 

when making T1 OOOG fiber purchases for strength-critical applications. 

The average modulus taken from the start and end of the spools ranges between 37.7 to 42.9 

Msi. The average lot modulus is 40.5 Msi and is comparable to other TlOOOG lots evaluated 

previously by ORNL/ORCMT. It differs from Toray’s 43.5 Msi value, no doubt reflecting 

differences in the methods that Toray uses to calculate the modulus fiom the nonlinear carbon fiber 

stress-strain curve. The measured average elongation of 2.1% and 0.488 g/m weight per unit length 

are, however, comparable to Toray’s data. 
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Table 2-1. Toray T10100G lot number 615022 strand tensile properties (start-of-spool). 

SPOOL Fiber WT. I length 
NO. (gm 1 m) 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 
37 

38 

39 

40 

41 

42 

43 

0.488 

0.492 

0.485 

0.490 

0.494 

0.487 

0.490 

0.490 

0.490 

0.490 

0.491 

0.490 

0.489 

0.487 

0.481 

0.493 

0.485 

0.482 

0.483 

0.486 

0.490 

0.483 

0.487 

0.483 

0.491 

0.484 

0.492 

0.490 
0.492 

0.486 

0.487 

0.485 

0.484 

0.493 

0.491 

0.491 

0.490 

0.490 

0.490 

0.487 

0.491 

0.488 

0.484 

-- -- 
NO OF UTS ST. DEV. % c. 

SPECIMENS (ksi) (ksi) VARIATION -- -- 
l o  
13 

14 

13 

16 

14 

1 1  

13 

1 3  

1 :5 
1:2 

16 

16 

l!j 

18  

16 

1 Z! 
1 :I 

1 5  

14. 

1 el 

12 

15 
16 

15 

16 

15 

16 

17 

15 

14 

16 

15 

14 

16 

16 

16 

16 

11 

14 

17 

15 

16 

982.6 

,955.2 

933.8 

967.4 

932.1 

947.8 

965.7 

954.9 

959.3 

890.6 

947.6 

970.0 

938.8 

926.8 

927.9 

950.6 

978.3 

994.2 

985.5 

938.2 

910.9 

976.4 

929.0 

985.6 

910.7 

993.2 

934.1 

967.1 

981.5 

1,000.8 

992.8 

983.1 

968.9 

976.8 

957.7 

984.5 

976.2 

942.4 

957.2 

960.0 
953.2 

959.9 

984.1 

22.4 

24.8 

49.1 

27.7 

41.8 

59.0 

46.0 

40.2 

43.9 

73.3 

75.9 

32.2 

52.2 

59.9 

57.6 

46.3 

33.5 

18.6 

21.6 

53.4 

53.8 

53.2 

45.4 

37.1 

108.9 

72.2 

100.2 

58.4 
41 .O 

28.9 

53.1 

31 .O 

42.7 

49.0 

62.1 

45.9 

31.5 

29.5 

37.2 

39.4 

39.7 

59.8 

27.9 

2.3 

2.6 

5.3 

2.9 

4.5 

6.2 

4.8 

4.2 

4.6 

8.2 

8.0 

3.8 

5.6 

6.5 

6.2 

4.9 

3.4 

1.9 

2.2 

5.7 

5.9 

5.5 

4.9 

3.8 

12.0 

7.3 

10.7 

6.0 

4.2 

2.9 

5.3 

3.2 

4.4 

5.0 

6.5 

4.7 

3.2 

3.1 

3.9 

4.1 

4.2 

6.2 

2.8 

MODULUS ELONG 
(Msi) ( % I  
40.5 

40.2 

40.5 

40.4 

40.9 

41 .O 

40.7 

41 .O 

42.9 

40.7 

40.4 

40.5 

40.2 

41 .O 
404 

40.5 

40.1 

40.9 

40.2 

41.1 

40.2 

40.6 

40.2 

40.3 

41.6 

40.9 

40.8 

40.4 

40.7 

40.5 

41.6 

40.4 

39.8 
41 .O 

41.2 

41.0 

40.9 

40.3 

40.5 

41.1 

39.6 

40.2 

39.6 

2.2 

2.2 

2.1 

2.2 

2.1 

2.2 

2.1 

2.2 

2.0 

1.9 

2.2 

2.1 

2.0 

2.0 

2.1 

2.1 

2.2 

2.2 

2.2 

2.2 

2.0 

2.1 

2.1 

2.1 

1.9 

2.2 

1.8 

2.1 

2.2 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.2 

2.1 

2.1 

2.1 
2.1 
2.2 

22 
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, 
SPOOL Fiber WT. 1 length 
NO. 

44 

45 
46 
47 

40 
49 
50 
51 
52 

53 
54 

55 
56 
57 
58 
59 
60 
61 
62 

63 
64 

0.488 
0.487 
0.492 
0.481 

0.486 
0.491 
0.494 

0.493 
0.490 
0.488 
0.490 
0.490 
0.491 
0.493 
0.491 
0.485 
0.487 
0.490 
0.486 
0.486 

0.489 

TOTAL 0.488 

Table 2- 1. (Continued.) 

NO. OF UTS ST. DEV. I e. 
SPECIMENS (kti) (ksi) VARIATION 

18 

19 
18 
15 

15 

13 

16 
16 
14 

16 
16 
11 
14 

16 
17 
16 
15 
18 
11 

15 
14 

954.2 

931.4 
965.2 
919.4 

980.1 
946.6 

957.0 
968.8 
943.5 
995.6 
969.1 
928.3 
962.1 
877.7 
954.3 
945.4 
932.6 
953.6 

763.9 
985.2 

1,007.3 

40.3 

51.5 
39.7 
34.2 

39.2 
73.3 

50.4 
37.2 
35.2 
33.3 
40.3 
56.5 
46.0 

91.6 
38.6 
45.8 
75.8 
110.9 
103.6 
49.1 

34.6 

4.2 

5.5 
4.1 

3.7 
4.0 
7.8 

5.3 
3.8 
3.7 
3.4 
4.2 
6.1 
4.8 
10.4 

4.1 
4.8 
8.1 
11.6 
13.6 
5.0 
3.4 

951 954.3 35.6 3.7 

MODULUS ELONG 
(Msi) 06)  

39.7 2.2 
39.7 2.1 
40.0 2.2 

39.3 2.1 

39.8 2.2 

40.4 2.1 
42.1 2.0 
42.7 2.1 
41 .O 2.1 
41.2 2.1 
41.4 2.2 
41.3 2.1 
41.0 2.1 
40.9 2.0 
41 .O 2.1 
41.5 2.1 
41 .l 2.1 
40.0 2.2 
37.7 2.1 
41.6 2.1 
39.7 2.3 

40.6 2.1 
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Table 2-2. Toray T1000G lot number 615022 strand tensile properties (end-of-spool). 

SPOOL Fiber W.llength 
NO. (gm I m) 

9 
10 
11 

12 
13 
14 

15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

29 
30 
31 

32 
33 
34 

35 
36 
37 
38 
39 
40 

0.492 
0.488 
0.490 

0.490 
0.490 
0.489 

0.483 
0.492 
0.486 
0.483 
0.479 
0.484 
0.491 
0.484 
0.490 
0.484 

0.492 
0.484 
0.493 
0.491 

0.494 
0.486 
0.486 

0.484 

0.483 
0.493 
0.490 
0.492 
0.490 
0.490 
0.491 
0.488 

TOTAL 0.488 

-- -- 
NO. OF UTS ST. DEV. % c. 

SPECIMENS (ksi) (ksi) VARIATION -- -- 
17 

15 
14 

15 
11 

13 

16 
14 

13 
12 
15 

16 
14 
14 
13 
16 
13 
17 
15 
15 

16 
14 
15 

15 
15 
13 
14 
15 
13 
15 
12 
16 

971.1 

927.3 

965.0 
972.2 
984.3 

935.5 

961.8 
955.3 
944.7 
964.5 
970.4 
967.6 
943.9 
991.5 
984.5 
937.8 
941.4 
955.2 
950.9 
943.6 
934.7 
943.9 
951.1 
949.4 

919.9 
971.1 

899.9 
954.8 
955.9 
956.3 
972.9 
937.1 

25.9 

40.9 

38.2 
27.7 
24.3 

54.7 
37.7 
32.0 

40.8 
55.3 
26.4 

67.3 
51.9 
46.0 
73.6 
85.2 

38.3 
39.3 
29.5 
36.3 
34.4 
39.7 
42.2 
45.6 

48.9 
37.2 

57.2 
35.1 
60.6 
29.0 
35.2 
65.8 

2.7 
4.4 

4.0 

2.9 
2.5 

5.9 
3.9 
3.4 
4.3 
5.7 
2.7 

7.0 
5.5 
4.6 
7.5 

9.1 
4.1 
4.1 
3.1 
3.9 
3.7 
4.2 
4.4 

4.8 
5.3 
3.8 
6.4 
3.7 
6.3 
3.0 
3.6 
7.0 

461 953.6 19.6 2.1 == 

MODULUS ELONG 
(Msi) ( % I  
40.8 

40.6 
40.7 

40.6 
41.3 

41.3 

40.6 
40.7 
40.3 
39.8 
40.9 

41 .O 

40.1 
40.6 
41.3 

39.6 
41.1 
40.6 
41.5 
40.7 
40.4 
40.3 
42.1 

40.0 
38.7 
39.5 
39.4 
42.2 
40.2 
39.7 
39.9 
40.0 

2.1 

2.1 
2.1 
2.2 
2.2 

2.0 
2.2 
2.2 

2.1 
2.2 
2.2 
2.2 
2.1 
2.2 
2.1 
2.2 
2.1 
2.2 
2.0 
2.1 
2.1 
2.0 
2.2 
2.0 
2.2 
2.2 

2.1 
2.2 
2.2 
2.2 
2.2 
2.0 

40.5 2.1 



Of the sixty-four spools sampled, spool number 62 had both the lowest average tensile 

strength (763.9 ksi) and modulus (37.7 Msi). It is not known whether these data were representative 

of the whole spool or just the small portion sampled in this study. The spooI was separated from the 

remainder of the lot and not used in any of the process trials. 

It was not possible to perform a formal and complete statistical analysis on the strand 

strength data on a spool-to-spool and through-spool basis because the scope of the T1 OOOG fiber 

characterization study was limited. However, a thorough statistical analysis of the data is 

recommended because the strength and variability of the TlOOOG fiber controls the strength and 

uniformity of the properties of the composite hardware. These analyses can also give the design 

community a baseline for establishing a quality assurance program for making future T1 OOOG fiber 

procurements. 

3. RS-14 RESIN CHARACTERIZATION 

The RS-14 resin is a polycyanate resin blend from YLA Incorporated. At the time of this 

study, the vendor indicated that little material testing had been performed on this resin system. The 

purpose of this activity was therefore to characterize the neat RS-14 resin and to obtain specific 

process and material property data pertinent to the fabrication and testing of composite hardware. 

These tests and analyses also complement work performed as part of the composite process trials 

(Sect. 4). 

3.1 VISCOSITY 

From a mandacturing standpoint, it is important to characterize the viscosity of a neat resin as 

a function of both time and temperature. This information establishes the upper resin bath 

temperature for wet-filament winding that will effectively impregnate the carbon fiber bundle while 

maintaining a sufficient pot life to wind large parts. At higher temperatures, viscosity data with time 

and temperature yields information on the gel time of the resin. Gel time data set the upper 

temperature limits for the mandrel during winding to ensure that the resin does not set up too soon, 

preventing effective compaction and resin bleedout. This information also establishes a minimum 

time the mandrel must be rotated at a given temperature to prevent the composite from sagging 
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during cure. 

The resin viscosity measurements were accomplished using a Rheometrics Dynamic 

Spectrometer and 25-mm parallel :plates set at a 0.5-mm gap. RS-14 resin procured for this study 

(YLA Reference No. FB3K702, manufactured September 26, 1995) was tested at six temperatures 

at 10 rads frequency and 500% strain. Testing was under isothermal conditions for as long as eight 

hours or until the resin gelled. Resin gelation was defined as the point when tan delta was greater 

than 1.0. 

The six test temperatures were 170"F, 200"F, 230"F, 260"F, 290"F, and 310°F. The 170°F 

temperature is the lower boundary fix the resin bath temperature based on viscosity with temperature 

data provided by YLA Incorporated. (Below 170"F, the RS-14 resin system is too viscous for 

successful wet-winding with carbon fiber). The 310°F temperature is an upper bound based on 

reasonable expectations of the heating capability of the internally heated steel mandrel and on the 

gel time information provided by YLA Incorporated. 

Appendix A contains the DMA results of the six isothermal viscosity tests. A summary of the 

data is as follows: 

170°F 

200 "F 

230°F 

260 "F 

290°F 

310°F 

The viscosity rose slightly from 0.53 poise to 0.73 poise in 8 hr. 

The viscosity rose steadily from 0.28 poise to 0.88 poise in 8 hr. 

The viscosity rose steadily from 0.15 poise to 7.14 poise in 8 hr. 

The resin gelled in 264 min (4.4 hr). The initial viscosity was 0.23 poise and the 
final viscosity was 64336 poise. 

The resin gelled in 80 min. The initial viscosity was 0.14 poise and the final 
viscosity was 2045 poise. 

The resin gelled in 40 min. The initial viscosity was 0.29 poise and the final 
viscosity was 3091 poise. 

The data indicate that the RS-14 resin should be an excellent wet-winding resin in the vicinity 

of 170 "F because of its low viscosity and stability. The minimum temperature needed to gel the 

resin in a four hour period is approximately 260°F. The resin gels quickly (less than an hour) when 

the temperature is in the vicinity of 3 10 OF. 
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3.2 CURED RESIN PROPERTIES 

Determination of cured resin properties was performed because the neat resin is a vital 

component of the composite, yet very little physical, mechanical, and thermal property data were 

available from YLA Incorporated. The impact of alternate cure schedules on RS-14 resin properties 

was evaluated by casting nominal 1/8 in. thick neat resin panels using cure schedules that correspond 

to those conducted during the composite process trials (Sect. 4). The resin panels were cut into 

specimens and tested for density, Tg, shear modulus using Dynamic Mechanical Analysis (DMA), 

and tensile properties (strength, modulus, and elongation). Tensile properties were measured at both 

ambient and elevated (275 OF) temperatures. 

3.2.1 Panel CureRrocess Schedules 

Five cure or process cycles were evaluated in this study. These panels were cast by YLA 

Incorporated and cured in 80 psi air pressure in an autoclave per the following schedules: 

Panel 342: 

3 "F/min ramp to 270 "F and hold for 4 hr. 
2"F/min ramp to 510°F and hold for 4 hr. 
Return to ambient temperature (5 "F/min maximum cool down rate) 

Panels 344,345,346, and 347: 

3 "F/min ramp to 380 "F and hold for 3 hr. 
2 "F/min ramp to 5 10 "F and hold for 4 hr. 
Return to ambient temperature (5 "F/min maximum cool down rate) 

Post-processing of Panels 346 and 347 (conducted by ORNL/ORCMT in convection air oven): 

Panels laid on flat metal surface. 
2 "F/min ramp to 5 10 OF and hold for 4 hr. 
Return to ambient temperature (5 "F/min maximum cool down rate) 
2"F/min ramp to 5 10°F and hold for 4 hr. 
Return to ambient temperature (5 "F/min maximum cool down rate) 

The post-processing of Panels 346 and 347 was to determine the effects of multiple postcure 

cycles on cured resin properties. Multiple postcure cycles may be encountered in the fabrication of 
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thick composites that are wound and cured in increments. Composite hardware that is coated or 

bonded with polycyanate (01: other high temperature cure) adhesives and coatings may also receive 

additional postcure cycles. 

Panel 348: 

3 "F/min ramp to 380°F and hold for 3 hr. 
Return to ambient temperature (5 "F/min maximum cool down rate) 
Panel removed from mold; placed between metal plates and wrapped with fiberglass. 
Panel postcured in sime autoclave cycle as Panel 350) 

Panel 350 (and postcure of Panel 348) 

3 "F/min ramp to 380°F followed by 2"F/min ramp to 510°F and hold for 4 hr. 
Return to ambient temperature (5  "F/min maximum cool down rate) 

In addition to the above, the following resin panels, (all of which were cured in a convection 

air oven), were included in ithe test matrix. 

Panel 125: 

4 hr at 350°F 
Panel removed from mold; placed between metal plates and wrapped with fiberglass. 
4 hr at 475°F 

(Panel 125 was fabricated lby YLA Incorporated for evaluation. Its uppermost postcure 

temperature is 35 "F lower tlnan that of the previous seven panels.) 

Panel GL-10/20/95 

S°F/min ramp to 380°F and hold for 4 hr. 
Return to ambient te.mperature (5  "F/min maximum cool down rate) 
Panel removed from mold and laid on flat metal surface. 
2 "F/min ramp to 5 10 OF and hold for 4 hr. 
Return to ambient temperature (5 "F/min maximum cool down rate) 

(Panel GL-10/20/95 i ~ a s  cast and cured during the fabrication of the T1 OOOG strand tensile 

specimens in Sect. 2.) 



The results of the density, DMA and room temperature tensile testing are summarized in 

Table 3.2.1-1. Panels 345 and 347 were tested for tensile properties only at 275 O F ,  and the data are 

summarized in Table 3.2.1-2. The test methods and results are discussed in the following sections. 

3.2.2 Density 

Density measurements were made via ASTM D792 (Tests for Spec@ Gravity and Density 

of PZastics by Displacement) with a 2 in. x 3 in. section of resin panel. The resin density for all of 

the panels is on the order of 1.20 g/cm3. This agrees with information provided by YLA 
Incorporated. Although Panels 125 and GL-10/20/95 were cured in an oven, their measured 

densities are comparable to those of the panels cured in an autoclave, indicating that porosity in these 

panels is not significant. 

3.2.3 DMA 

DMA was accomplished using a Rheometrics Dynamic Spectrometer with the rectangular 

torsion test geometry. The samples were tested with a fixed frequency of 6.28 rad/s and a 

commanded strain of 0.03%. The testing was accomplished by performing a temperature sweep of 

5°C steps from room temperature to 150°C (302°F) and soaking for 3 minutes at each temperature 

prior to taking the measurement. From 150" to 350°C the specimen was tested using a temperature 

sweep of 3 "C steps with a 2 minute soak time at each temperature. The data recorded at each 

temperature includes G ,  G and tan delta. Appendix B contains the DMA results of the resin panels. 

The shear modulus data reported in Table 3.2.1-1 are of the G' storage (elastic component) modulus 

taken at room temperature, The Tg was calculated from the G' versus temperature curve using the 

line-fit intersection method. In this method, the straight line portions before and after the "knee" in 

the curve are extrapolated and the Tg is interpreted as the point on the temperature axis at which the 

two lines intersect. 

The Tg data show surprising variability considering that Panels 342,344,346,348,350 and 

GL- 1 0/20/95 were all taken to the same 5 10 "F postcure temperature. Based on the data from Panels 

342 and 348, the Tg of the RS-14 resin can be as high at 51Oo-512"F. 



Table 3.2.1 -1 e RS-14 neat resin properties. 

Tg 
(gm/cm3) Strength (psi) Modulus (ksi) Elongation (%) (ksi) (OF) 

Panel Density Tensile Properties * G' @ 77OF 

342 1.1986 11,333 41 9.3 4.1 153.3 507 
(1 1.8) (2.8) (20.3) 

4 4  4 Q Q  ~ 4 n  E ~n I C 7  E A n c  344 !.!998 I I ,  133 -t 1u.u L). U I J I  .u 953 

(1 7.5) (1 -8) (27.3) 

346 1.2077 9,295 441.8 2.5 1 73.3 458 
(9-3) (2.4) (12.5) 

348 1.2028 10,214 41 5.6 3.3 155.6 51 2 
(9.6) (1 -6) (14.8) 

350 1.2059 9,708 430.5 2.9 155.2 487 
(7.6) (2.3) (I 1.3) 

125 1.2039 9,383 440.2 2.8 168.4 451 
(1 7.4) (3.4) (23.5) 

GL-I 0/20/95 1.2054 8,910 41 8.9 2.6 172.7 455 
(12.9) (2.8) (16.6) 

( ) Number in parentheses is percent coefficient of variation. 
* Number of specimens: 9-10 



Table 3.2.1 -2. RS-14 neat resin tensile properties with temperature. 

Elongation (%) Panel Strength (psi) Modulus (ksi) 
76OF 275OF 76OF 275OF 76OF 275OF 

3441345 (a) 11,133 9,247 41 0.6 301.3 
(17.5) (3.3) (1 -8) (2.4) 

4.0 
(27.3) 

6.1 
(22.7) 

346/347 (b) 9,295 5,923 441.8 347.8 2.5 1.9 
, (6.2) (9.3) (5.6) (2.4) (0.8) (12.5) 

( ) Number in parenthese is percent coefficient of variation. 

(a) 38OOF precure followed by ramp to 510°F postcure. 
(b) Same as (a) except received two additional postcure cycles at 51OOF. 
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The T, of Panel 125, which was cured to 475"F, is only 451 O F .  This suggests that the RS-14 

resin requires the higher 5 1 0 "F postcure temperature to achieve its maximum T,. 

Panels 344 and 346 were cured side by side in the same autoclave cycle, but panel 346 has 

a T, of only 458°F. Thi!i is particularly surprising considering that Panel 346 received two 

additional postcure cycles a.t 510°F which did not serve to increase its T,. 

A plausible mechariism to explain reduction of T, after multiple exposures to elevated 

temperature has not been identified. It is theorized, instead, that the autoclave used to cure the 

panels had a temperature gradient and that Panel 346 was placed in a cooler zone than the other 

panels, thereby producing si less-thlan-optimum cured panel with a lower T,, tensile strength, and 

resin elongation than Panel 344. It may be that once the RS-14 resin was postcured to this specific 

crosslinked structure, future imprcwements in T, became impossible because of either impeded 

molecular mobility or an altered chemistry that prevented additional cyclotrimerization. This differs 

somewhat from epoxies whose Tf! can usually be raised (up to a point) by taking the resin to 

increasingly higher postcure temperatures. Further investigation is required to verify whether 

polycyanate resins and their composites, which for one reason or another do not reach the full 

postcure temperature, can be: "salvaged" or recovered by exposing them to an additional cure cycle. 

With the exception of Panel 346, the shear modulus of neat RS-14 resin is in the range of 150 

to 160 h i .  There is a correlation between shear modulus and T, in this data set; the lower the T, of 

the panel, the higher its shear modulus. 

3.2.4 Tensile Properties 

Tensile testing was i3ccornplished per ASTM D-638 (Tensile Properties of Rigid Plastics) 

using dogbone specimens cut from lhe panels. The gagelength sections of all of the specimens was 

polished lightly with sandpaper to reduce surface flaws and marks from the cutting operation. The 

modulus and elongation were measured using an extensometer clipped to the gagelength. 

Excluding Panel 346, the teinsile modulus of neat RS-14 resin is in the range of 410 to 430 

ksi. The modulus was calculated from the initial slope of the tensile load-versus-deflection curve. 

As with shear modulus, there is a lcorrelation between shear modulus and T, in this data set; the 

lower the T, of the panel, the higher its tensile modulus. 
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The highest tensile strengths are from Panels 342 and 344 and are 1 1,333 psi and 1 1,133 psi, 

respectively. The cure cycle of both panels is similar in that the resin was precured at an 

intermediate temperature for several hours and then ramped directly to the postcure temperature. 

The average percent elongations of both panels is 4% although the percent coefficient of variation 

is high (greater than 20%), probably reflecting the consequences of surface and internal flaws on the 

specimen. The highest individual percent elongation values for both panels are slightly over 5%. 

Panel 346, which was cured in the same process cycle as Panel 344 but received two 

additional postcure cycles, has an average tensile strength and percent elongation that is significantly 

lower (9295 psi and 2.5%, respectively) than Panel 344. One theory is that the additional postcure 

cycles in air may be causing surface oxidation of the resin. The oxidized material then acts as a flaw, 

reducing the strength of the specimen. In theory (although not tested in practice), removing the 

surface-oxidized resin and testing the interior bulk resin would reveal no degradation of tensile 

properties caused by performing additional postcure cycles at elevated temperatures. An alternative 

approach would be to perform the additional postcure cycles in an inert atmosphere, such as 

nitrogen. 

An indication of this oxidation is the color of the RS-14 resin tensile specimens and panels. 

Examination of Panels 342 and 344 show that the cured RS-14 resin is a milky, chocolate-brown 

color; Panel 346 is a darker brownish-black color. The dark color is easily removed by light sanding 

of the resin surface. 

The data in Table 3.2.1-1 show a correlation between Tg and tensile properties. In general, 

the higher the Tg, the higher the average tensile strength and percent elongation of the panel. This 

suggests that the low(er) Tg panels are not fully cured and have not developed their maximum 

mechanical properties. This also supports the proposition that Panel 346 may have been cured in 

a slightly cooler region of the autoclave than the other panels and therefore did not fully crosslink. 

If so, its tensile properties would be expected to be lower. 

The Statistical Analysis Program for MIL-HDBK-17 (STAT1 7), Revision 3.1,4 November 

1992 was used to analyze batch-to-batch variability between the sets of RS-14 resin tensile data. 

(STAT1 7 determines the statistically based mechanical properties according to procedures outlined 
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in MIL-HDBK- 1 7 on Polymer Matrix Composites.) The analysis showed significant batch-to-batch 

variability between the data of Panel 348 and Panel 344. 

The cure cycle of Panel 348 differs from that of Panel 344 in that after the 380°F precure 

step, panel 348 was brought back to ambient temperature and removed from the mold before 

ramping to the postcure temperature. Its average tensile strength is 10,214 psi with an average 

elongation of 3.3%. Tensile specimens from Panel 348 are the same milky chocolate-brown as 

Panels 344 and 342, indicating nc, apparent surface oxidation. The Tg of Panel 348 is 512°F 

indicating that it should be fully crosslinked. These limited data suggest that interrupting the cure 

process by returning to ambient conditions after the precure step may be detrimental to the tensile 

properties of the resin. 

Similarly, Panel 350 also has a significantly lower average tensile strength (9708 psi) and 

elongation (2.9%). Panel 350 by-passed the precure step altogether and was ramped directly from 

room temperature to the postcure temperature. The overall color of Panel 350 is a slightly darker 

brown than Panels 342,344 and 3481, and some areas near the panel edges are distinctly darker than 

in the center. However, although some oxidation may have occurred during postcure, the tensile 

specimen gage lengths were in the lighter brown regions away fiom the panel edges, and the highest 

tensile strength recorded for this set was 10,465 psi and a 3.3% elongation. 

The 487°F Tg of Pariel 350 is somewhat lower than the optimum 510°F value, suggesting 

that this panel also did not cure properly. It is interesting to note, however, that Panel 348 was 

postcured in the same autoclave cycle as Panel 350 and had a measured T, of 5 12°F. Provided 

Panel 350 reached the full postcure temperature, the data imply that the precure portion of the cure 

cycle may be beneficial to achieving full cyclotrimerization of the RS-14 resin. 

Panel GL-l0/20/95 was fabricated by OFUWORCMT using a process cycle similar to what 

was used to make Panel 3481. However, its lower Tg and tensile properties indicate that it did not 

cure adequately, even though it was; given a full 5 10 "F postcure. 

These data illustrates, two points about RS-14 resin: 

(1) The RS-14 resin requires the right set of process conditions (temperature, 
environment, and rate of reaction) to achieve optimum cure. 
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Less than optimum cure can result in a material with a low Tg and one that has a low 
tensile strength and percent elongation. 

The second point is significant because a reduced percent elongation at failure may 

compromise the strength of the wet-wound T1000GRS- 14 composite. If the RS- 14 resin has only 

a 2-3% elongation after cure, its strain-to-failure capability may not fully accommodate the 2% 

elongation capability of the TlOOOG fiber. In general, brittle or low-elongation resins yield lower 

fiber strength translations in composite. It is also to be expected that the reduced Tg and less-than- 

optimum crosslink structure would yield a system that is more creep-prone at elevated temperatures. 

There are presently three theories to advance that may explain the RS-14 resin property 

variability encountered in this study. These theories revolve around meeting the proper "conditions" 

to fully crosslink the RS-14 resin and are as follows: 

(1) Some of the panels are being cured in slightly cooler region of the autoclave and 
are not reaching the full 510°F postcure temperature. 

(2) The precure step is in some way beneficial to the cure kinetics of triazine ring 
formation. An in-depth study of the cure chemistry and reaction kinetics of the RS- 
14 resin would be extremely valuable in the understanding of what is significant 
when optimizing the resin process cycle. 

(3) The environment during cure can affect the degree of cure of polycyanate resins. 
This third theory comes from conversations with YLA Incorporated on the formation 
of chemical species called carbamates that can form in polycyanate resin composites 
if moisture is present during the cyclotrimerization ('lcrosslinking't) of the resin 
during cure. Carbamate formation is somewhat catalyzed by the presence of certain 
metal ions, but moisture is the chief culprit. Carbamates decompose to COz at 
elevated temperatures (400°F) creating voids and blister-like defects in composites. 
Their formation may also hinder the cyclotrimerization reaction to the point that a 
less-then-optimum crosslinked structure is achieved when the resin is taken to the 
postcure temperature, ultimately lowering the Tg and tensile properties of the resin. 

With respect to the question of moisture and carbamate formation, because all of the resin 

panels provided by YLA were fabricated in the same time period and at the same facility, it is a 

reasonable supposition that moisture contamination was probably no different fiom one panel to 

another. Therefore the material property differences should, in theory, not be totally the result of 
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moisture contamination. 

3.2.5 Elevated Temperature Properties 

Table 3.2.1-2 summarizes the tensile properties of the RS-14 resin at 275°F. All four panels 

were cast and cured in the same autoclave cycle using a 380°F precure and followed by a prompt 

ramp to 5 10 "F for postcure. Panels 346 and 347 received two additional postcure cycles to 5 10 "F 
in air. 

The best data are frlom Panels 344 and 345. They show that at 275"F, the RS-14 tensile 

modulus is reduced to 301 ksi which is roughly 75% of its 41 0 ksi value at room temperature. Its 

tensile strength is reduced to 9247' psi from 1 1,133 psi (a 17% reduction), and its elongation at 

failure increases from 4 to 6%. 

As discussed in the preceding section, the data from Panels 346 and 347 may be biased due 

to surface oxidation from the additional postcure cycles in air. The tensile moduli of these panels 

at both room and elevated temperature are higher than their Panel 344/345 counterparts suggesting 

that the bulk resin may also have been embrittled. The tensile strength of Panel 347 at 275°F is 

significantly lower than both the room temperature data from Panel 346 and the elevated temperature 

data of Panel 345. The fact that its tensile elongation decreased at elevated temperature suggests that 

the material is more brittle and susceptible to surface flaws. 

3.2.6 Summary 

The combination of the data from Panels 342,344,348 and 350 suggests that the optimum 

cure cycle for RS- 14 resin includes an intermediate precure step of 270"-3 80 "F followed by a prompt 

ramp to the postcure temperature. To develop the full set of properties, the RS-14 resin requires a 

510°F postcure temperature. Less tlhan optimum cure results in a resin system that has a lower Tg, 

lower tensile strength, and lsower strain-to-failure. 

The data from Panels 346 and 347 indicate that once postcured, multiple ramps to the 

postcure temperature (at least in air) can degrade resin tensile properties. If feasible, RS-14 resin 

should be postcured in an inert atmosphere to prevent oxidation of the surface. 
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Further study and research are recommended on the significance of reaction kinetics and the 

presence of environment (moisture) on the cure behavior and (ultimately) thermal and mechanical 

properties of RS- 14 resin. 

4. COMPOSITE PROCESS TRIALS 

The objective of this activity was to conduct process optimization trials for T1000GRS-14 

composite as we11 as investigate the effect of ahernate cure schedules on composite properties. This 

study included verifying the repeatability of a specific process and generating a set of T1 OOOGRS- 

14 composite mechanical properties at elevated (275 O F )  temperature. 

4.1 MANDREL 

The T1000G/RS-14 composite cylinders in this study were wet-wound on an internally heated 

steel mandrel. This mandrel was designed and constructed to provide capability to wet-wind thick 

hoop reinforced carbon fiber/polycyanate resin composites. A summary of the mandrel design and 

features is provided in this section. 

The mandrel body consists of a 1.25 in. thick cylindrical shell made from 4340 steel that has 

been heat treated to obtain a 300-330 Brinell hardness. The cylindrical shell is supported between 

steel end plates. The shafts for chucking the mandrel into the winding machine are 4 in. OD x 518 

in. wall thickness steel tubing that are welded to the end plates. 

The mandrel was fabricated with a 24 in. OD so that it could be used to wet-wind composite 

specimens compatible with existing ORNL/ORCMT ring tensile test fixtures and its overall length 

is 19 in. The mandrel surface was flash chromed to prevent rusting and protect the surface. The 

shell concentricity after machining met or exceeded the 0.0005 in. tolerance specified by the design. 

The mandrel is internally heated with an array of eight radiant heaters that are focused on the 

shell ID and that are mounted at equal distances around the center assembly. The heaters are wired 

through a slip ring so the mandrel surface temperature can be heated and controlled while the 

mandrel is rotated in the winding machine. Heater output is adjusted by a variac potentiometer to 

provide a specific mandrel temperature. Temperature control can be maintained nominally within 

+/- 5 OF of a set point during winding. 
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A set of nominal 1/8 in. diameter x 1 in. deep holes were drilled into both side faces of the 

mandrel for the insertion of thermocouple probes so that accurate temperature measurements of the 

mandrel shell can be made. ,4 set offour holes was drilled into each side face of the mandrel shell 

just below the OD surface and spaced 90" apart from one another; another set of holes was drilled 

into each side face near the mandrel! shell ID. 

As part of this study, temperature measurements were made periodically during the winding 

process by stopping the mandrel and inserting a thermocouple probe into the hole(s) to check the ID 

and OD surface temperatures at various locations on the mandrel. It is technically feasible, however, 

to make continuous shell teinperature measurements during winding by wiring the thermocouple 

wire through the slip ring and to a temperature readout. 

4.2 COMPOSITE CYLINDER FABRICATIONS 

The composite process trials were conducted by wet-winding nominal 1/8 in. wall thickness 

hoop-wound cylinders on the internally heated steel mandrel. The fiber reinforcement was T1 OOOG 
fiber fiom lot number 615022!. Only the spools which had been sampled for tensile properties as part 

of the TlOOOG lot characterization activity (Sect. 2) were selected for winding. The resin used in 

all of the cylinder fabrications was RS-14 resin fiom the YLA reference (or batch) number FB3K702 

(manufactured September 26,1995)l. 

Many of the wet-winding paratrieters used to fabricate the cylinders were developed as part of 

previous polycyanate resin ]process development at ORNL/ORCMT. The pot temperature was 

maintained between 175"- 180 "F to provide a nominal resin impregnation viscosity of 0.53 poise 

(based on test results in Sect. 3.1). AJl intermediate contact points between the wet-out pot and the 

mandrel were heated with S a r e d  heat lamps to maintain a reduced viscosity and to keep the pulleys 

and contact points free of resin and :Fuzz buildup. 

The internal heaters of the mandrel were set to maintain the mandrel surface temperature and 

the composite surface temperature between 170'- 1 80 "F during winding of all composite process trial 

cylinders. The TlOOOG fiber was wound with 12 lbs tension throughout the fabrications. Weighted 

stainless steel rollers were run over the hoop-wound composite during winding to provide further 

compaction of the fiber layer by squeezing out additional resin and air. Every layer (except the first 
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ID layer) was compacted during winding, and an additional two compaction passes were applied 

after every 5-layer winding increment. During compaction, the excess resin was skimmed lightly 

from the surface with the lip of a hand-held polyethylene cup. 

Experience with the internally heated steel mandrel showed that the continuous heating action 

can drive resin fiom the composite ID layer, resulting in "dry spots" or resin starved regions at the 

ID. This problem was prevented in this study by not wiping the first two layers of composite in 

order to leave a little extra resin at the cylinder ID. This procedure was effective, and none of the 

composite process trial cylinders had dry spots or resin starved IDS. 

The composite OD surface resin content was controlled by not thoroughly wiping the last layer 

after compaction so that it would be slightly resin rich. After winding, the mandrel was rotated 

approximately one hour in the winding machine with the internal heaters supplying mandrel and 

composite surface temperatures between 180'4 90 "F. This step allowed some additional resin to 

bleed to the surface layer. 

The mandrel was moved fiom the winding machine to the oven to cure the composite. In most 

of the process trials it was necessary to rotate the mandrel in the oven during cure until the resin had 

sufficiently gelled or "set up" in order to prevent sag and deformation. After cure, the mandrel shell 

was gradually cooled to 10420 "F with liquid nitrogen vapor to reduce the shell OD. When there 

was sufficient clearance between the composite ID and the mandrel, the composite cylinder was 

slipped off the mandrel at one end. 

4.3 CURE/PROCESS SCHEDULES 

In theory, resin and composite mechanical and thermal properties should be insensitive to the 

cure schedule provided that they are. held the minimum time necessary at the postcure temperature 

to complete the cyclotrimerization reaction. However, the limited wet-winding experience with 

polycyanate resins suggests that this premise should be verified. The objective of this study, 

therefore, was to investigate the effects of alternate cure schedules on T1 OOOGRS-14 composite 

mechanical and thermal properties. A secondary objective was to determine the optimum cure cycle 

for maximizing T1 OOOGRS-14 composite properties. 
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The cure schedules selected for investigation in this study are based on experience curing RS-14 

resin, experience derived fiom curing thick composite cylinders; and potential scenarios for 

fabricating thick composite hardware in production. The effect of these cure schedules on the neat 

RS-I 4 resin's properties was similarly investigated and presented in Sect. 3.2. 

Below is a summary of the cylinder process trials and their cure schedules. With the exception 

of SR-0022 and SR-0023, all of the: above were turned in the oven on the rotating cure stand until 

the oven temperature reached 380°F. The purpose for this was to gel or "set up" the resin 

sufficiently to prevent sag and deformation in the composite as it cured. 

Cylinder SR-00 17 

2-3 "F/min ramp to 380°F and hold for 4 hr. 
Return to ambient temperature (5 "F/min maximum cooldown rate) 
1 - 1.5 "F/min ramp to 5 11 0 "F and hold for 4 hr. 
Return to ambient temperature (5 "F/min maximum cooldown rate) 

This concept of precuririg and returning to room temperature prior to final cure has been used 

successfully to cure the inner stages of thick composites. The term stage refers to the fraction of 

total wall thickness that is wound and cured in one day. In these fabrications, the inner layer (or 

"stage") is precured at an intermediate temperature (380°F) prior to winding the next increment of 

wall thickness. The inner stages of a. thick composite are not taken to the final post cure temperature 

until after all of the composite has heen wound. 

A long, slow oven temperature ramp was used in the SR-0017 cylinder fabrication to bring the 

composite and mandrel from ambierit conditions to the 510°F postcure temperaturk This approach 

was unsatisfactory because the thick steel mandrel shell proved to be too much thermal mass to keep 

up with the oven temperature:. To compensate, the oven was held manually at 5 10 "F to ensure that 

the composite saw at least a 49Oo-50O0F postcure temperature for a minimum four hour period. 

Based on this experience, the ramp to the postcure temperature was modified in all subsequent 

fabrications to include a step in which the oven temperature overshoots the postcure temperature and 

goes to 540°F for one hour. The oven temperature is then dropped in 20 minutes to 510°F and held 

for the full postcure time period. Thermocouples mounted to the steel tooling and mandrel show that 
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this helps force the mandrel surface to reach the 5 10 "F postcure temperature within the specified 

ramp time. 

Cylinder SR-00 1 8 

l-lS"F/min ramp to 510°F and hold for 4 hr. 
Return to ambient temperature (5 "F/min maximum cool down rate) 

This cure cycle eliminates the 380°F precure step and instead ramps the composite directly to 

the postcure temperature. This process shortens the time the part is in the oven and might be 

preferred in production. 

Cylinder SR-0019 and Cylinder SR-0020 

2-3"F/min ramp to 380°F and hold for 4 hr. 
l-l.S"F/min ramp to 510°F and hold for 4 hr. 
Return to ambient temperature (5 "F/min maximum cool down rate) 

This cure cycle corresponds to the schedule used to cure -the outer (last) stage of thick 

composites, which is first precured and then taken directly to the postcure step. 

Cylinder SR-002 1 

(Same cure schedule as SR-0019) 

After postcure, SR-0021 was stripped from the mandrel and cut in half into two bands. One 

band (referred to as SR-0021MAN) was placed back on the mandrel; the other half (SR-00210FF) 

was set flat on its cut edge on the oven floor. Both SR-0021MAN and SR-00210FF received two 
additional postcure cycles per the following schedule: 

l-lS"F/minramp to 510°F and hold for 4 hr. 
Return to ambient temperature (5 "F/min maximum cool down rate) 
l-l.S"F/min ramp to 510°F and hold for 4 hr. 
Return to ambient temperature (5 "F/min maximum cool down rate) 
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The purpose of this cure schedule was to investigate the effects of additional postcure cycles 

to 510°F on cured T1000G/RS-14 composite properties. There are two reasons why this information 

is useful. One is that if a polycyanate-based adhesive or edge coating is selected for assembling 

composite hardware, it is probable that the composite would then have to be taken back to elevated 

temperatures to fully cure the cotating or adhesive. The other reason concerns whether thick 

composite fabrications should be postcured after winding every stage, as opposed to just precuring 

at an intermediate temperature. In order for this to be a viable option, however, it must be 

demonstrated that multiple postcure cycles do no harm to the underlying composite. 

Cylinder SR-0022 

This fabrication experienced multiple equipment problems during the precure and postcure steps 

and was ultimately redone as Cylinder SR-0023. 

Composite gelled while rotating in winding machine using internal heaters of mandrel as 
heat source. 

(A blown fuse delayed ramping the mandrel's internal heaters and the shell temperature directly 

to 270°F. The mandrel spent about two hours at 220"-250"F by rotating it over the external strip 

heater until the fuse was replaced. The mandrel was then ramped to 270°F and held at that 

temperature for two hours.) 

Mandrel moved to oven to complete postcure. 

(The oven was ramped ;at 1-1.5 "F/min ramp but a local power failure caused it to turn off when 

the mandrel was only at 390°F. The oven cooled back to -185°F overnight. The cure was re- 

initiated the next moming.) 

l-lS"F/min ramp to 5 10°F and hold for 4 hr. 
Return to ambient temperature: (5 "F/min maximum cool down rate) 

Rather than scrapping SR-0022, this cylinder was included for sampling to determine the effect of 

the cure cycle interruptions on the composite properties. 
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Cylinder SR-0023 

Composite gelled while rotating in winding machine using internal heaters of mandrel as 
heat source. 
1.5-2"F/min ramp to 270°F and hold for 1 hr. 
Mandrel moved to oven to complete postcure 
l-lS"F/min ramp to 510°F and hold for 4 hr. 
Return to ambient temperature (5 "F/min maximum cooldown rate) 

This cure cycle has a lower precure temperature which makes it feasible to gel the composite 

while the mandrel is still rotating in the winding machine. It would be convenient for thick, stage- 

cured fabrications because each stage could be gelled without having to move the mandrel back and 

forth between the winding machine and oven. 

This cure cycle processed very well with the only exception being that the RS-14 resin emits 

a large amount of volatiles when taken above 250°F. Volatiles are emitted continuously up until the 

point that the resin hardens. At present, the facilities do not have adequate ventilation to continue 

gelling the T1000GRS-14 composite in the winding machine and out in the open laboratory area 

on a regular basis. 

4.4 COMPOSITE EVALUATION AND TESTING 

The composite cylinders were cut into specimens and tested for composition, hoop tensile 

strength and modulus, interlaminar shear strength and transverse flexural strength. The data are 

summarized in Table 4.4-1. The test methods and results are discussed in the following sections. 

4.4.1 Composition 

Composition is calculated fiom the measured density of the composite (obtained via a water 

displacement test method) and weight-percent fiber and resin contents (determined fiom digestion 

of the composite in nitric acid). The volume percent fiber, resin, and void contents are then 

calculated using this data, the measured neat RS- 14 resin density, and the vendor-supplied T1 OOOG 

fiber density. 



Table 4.4-1. Composite process trial results. 

SR-0023 Cylinder Number SR-0017 SR-0018 SR-0019 SR-0020 SR-0021 MAN SR-00210FF SROO22 
Ring Tensile 
Strength (ksi) 

Modulus (Msi) 

606.7 608.3 

(5.1 1 (3.8) 

631.3 NA 567.3 365.2 588.2 650.6 

(3.91 (5.4) (18.8) (2.8) (2.2) 

8BS Sireiigiii (psi) 9,273 9,260 9,453 NA 9,744 8,402 10,857 8,856 
(3.7) (6.5) (6.6) (5.5) (4.9) (5.0) (4.4) 

Transverse Flex. Strength 
Concave Up (psi) 10,939 12,084 14,077 14,250 12,600 11,016 12,868 1 1,079 

(1 5.8) (4.2) (8.4) (4.8) (7.5) (17.4) (2.9) (1 0.8) 

Concave Down (psi) 6,864 7,922 7,281 NA 3,703 6,765 7,668 7,161 
(5.2) (4.0) (11.1) (7.1) (8.8) (7.9) (1 0.2) 

Composition 
Density (gmlcm3) 1.6631 1.6664 1.6607 1.6647 1.6667 1.6667 1.6669 1.6667 

llolume % Fiber 
llolume % Resin 

78.6 78.9 78.4 78.7 79.6 79.6 79.2 79.3 
21.3 21.2 21.5 21.3 20.1 20.1 20.8 20.6 

lolume % Voids 0.1 (-0.1) 0.1 0.0 0.3 0.3 0 0.1 

( ) Number in parentheses is percent coefficient of variation. 

NA - Not available 

Number of specimens: ring tensile (8-11); SBS strength (17-18); transverse flex. strength (10-11 each concave up and concave down). 
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The data in Table 4.4-1 show that all composite process trial cylinders have approximately 

the same compositions. This is to be expected because they were all wet-wound using the same 

process parameters. It also shows that the compositions can be reproduced successfully provided 

these parameters are controlled. 

The composite densities are on the order of 1.66 g/cm3, and the fiber contents range between 

78.4 to 79.6 volume percent. The difference between the highest and lowest fiber fraction is only 

1.2 volume percent for seven cylinder fabrications. These fiber contents are also comparable to the 

levels obtained in T1000G/RS-14 composite in previous process trials'. The volume percent void 

levels are low and less than 0.5 volume percent. These, too, are comparable to previous results. 

4.4.2 Ring Tensile 

The ring tensile test uses a nominal 1/4 in. wide x 1/8 in. thick ring specimen that is loaded 

in hoop tension by a split-D fixture mounted in an oil-driven Tinius Olsen test machine. The 

specimen geometry and test method are similar to what is specified in the ASTM standard test 

method D2290, but the 24 in. ring diameter is larger in this application. 

The composite ring is placed on the outer diameters of the split-Ds, and a tensile load is 

applied by pulling the Ds apart with a clevidpin type loading mechanism. The spiit-D fixtures are 

solid steel plates that are nominally 1 in. thick. Friction between the composite ring and the Ds 
during loading is reduced by lining the inner diameter of the composite ring with Teflon tape prior 

to installation. The specimens are loaded to failure and the break load is recorded. The break loads, 

in conjunction with the cross-sectional area, are used to calculate the apparent hoop tensile strength 

for the composite material. 

An extensometer is used to measure deflection at the opening of the Ds. The load-deflection 

curve is plotted to approximately 6000 microstrain, and then the extensometer is removed to prevent 

it from getting damaged when the ring fails. The measured load and deflection are then used to 

calculate the composite hoop (fiber direction) modulus in the initial 1000-6000 microstrain range. 
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The ring or hoop tensile modulus for all of the process trial cylinders ranges between 32.3 

to 32.7 Msi. There is very good agreement in the hoop modulus values of the cylinders. This is to 

be expected based on the fitct that the hoop tensile modulus is dominated by the modulus of the 

carbon fiber and that the cylinders were fabricated with virtually the same fiber compositions. 

The ring tensile strength data showed higher variability than expected which appears to be 

partly due to the differences in the: process cycles, The best data were obtained from Cylinder 

SR-0023 which was gelled (precured) at 270°F in the winding machine and then ramped promptly 

to the 510°F postcure temperature in the oven. The average tensile strength is 650.6 ksi with a 

relatively small 2.2% coefficient of variation. The highest individual ring tensile strength in this set 

was 681 ksi which is one of the higher individual ring specimen strengths measured in this study. 

Table 4.4.2-1 show!j the calculated TlOOOG fiber strength translations for each of the 

cylinders. The fiber strength translabtion is obtained by dividing the measured ring tensile strength 

by the product of the fiber strength and the fiber fraction in the composite, i.e., 

ring: tensile strength x 100 
TlOOOG strength x V, fiber strength translation = 

where Vf is the volume percent fiber fraction of the composite 

It is therefore a measure of the efficiency of the carbon fiber in transferring its tensile strength 

to the composite. The fiber strength translations in Table 4.4.2-1 were calculated using two 

methods. In one method, thie TlOOOG fiber strength was obtained by averaging the start and end 

tensile strengths of the all of the spools used to fabricate the cylinders (see Tables 2-1 and 2-2); in 

the other method the strength translations were calculated using the 954 ksi lot tensile strength 

average obtained fkom the T1 OOOG lot characterization study. 

Based on these methods, the fiber strength translations for Cylinder SR-0023 is 8586% and 

is also higher than the strength translations obtained for the other cylinders. 

The average ring tensile strength of SR-0022 is significantly lower than the data of SR-0023. 

SR-0022 in theory went through a similar precure and postcure schedule but, as described in the 

preceding section, was plagued by equipment problems that caused delays in the process. The 

precure step on the mandrel was delayed two hours, and an interruption in the oven power supply 



Table 4.4.2-1. T I  OOOG fiber strength translation. 

Cylinder Number SR-0017 SR-0018 SR-0019 SR-0020 SR-0021MAN SR-00210FF SR-0022 SR-0023 

Ring Tensile Strength (ksi) 606.7 608.3 631.3 NA 567.3 365.2 588.2 650.6 
(5.1) (3.8) (3.9) (5.4) (18.8) (2.8) (2.2) 

Volume % Fiber 78.6 78.9 78.4 78.7 79.6 79.6 79.2 79.3 

Spool Numbers 9,lO 10,11 11,12,13 13,143 5 15,16,17 15,16,17 17,18 19,20 

Start of Spool 
End of Spool 
Spool Average 

TlOOOG Fiber Strength (ksi) 
959,890 890,948 948,970,939 939,927,928 928,951,978 928,951,978 978,994 985,938 
971,927 927,965 965,972,984 984,935,962 962,955,945 962,955,945 945,964 970,967 

937 932 963 945 953 953 970 965 

Fiber Strength Translation 
Spool Average 82.4 82.7 83.6 NA 74.8 48.1 76.6 85.0 

( ) Number in parentheses is percent coefficient of variation 
NA - Not available 
* 954ksi 
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when the part was only at 390°F meant that the ramp to postcure had to be re-initiated the following 

day. The fiber strength translation for SR-0022 is roughly only 77%. These data indicate that the 

cured properties of the T1800GRS-14 composite may be sensitive to the cure schedule. 

SR-0019 was cured using a similar process cycle to SR-0023 except that the precure 

temperature was 380°F instead of :270"F. The average ring tensile strength of SR-0019 is 631 ksi 

and the fiber strength transli~tion is roughly 84%. The Statistical Analysis Program for MIL-HDBK- 

17 (STAT1 7), Revision 3.1,4 November 1992, was used to analyze batch-to-batch variability and 

found no statistical difference in the data of SR-00 19 and SR-0023. 

SR-0017 was processed differently from SR-0023 and SR-0019 in that after the precure step, 

the mandrel was returned to ambient conditions before ramping back up to the 510°F postcure 

temperature. The average ring tensile strength is lower and is 607 ksi; the fiber strength translation 

is also lower and is approximately 81-82%. STAT17 found no batch-to-batch variability between 

the tensile data of SR-00 17 and SR.-0019. However, when the SR-00 17 data is compared with the 

data of SR-0023 or combined witlh the data sets from SR-0023 and SR-0019, there is significant 

batch-to-batch variability. 

SR-0018 by-passed the precure step altogether and was ramped directly to the postcure 

temperature after being placed in thke oven. Its average ring tensile strength is 608 ksi and the fiber 

strength translations are 81 -83%. These data are comparable to the data of SR-0017. As before, 

STAT17 found no batch-to-batch variability between the tensile data of SR-0018 and SR-0019. 

However, when the SR-00 1 8 data are compared with the data of SR-0023 or combined with the data 

sets from SR-0023 and SR-0019, there is significant batch-to-batch variability. 

The data of Cylinders SR-002 1 MAN and SR-002 1 OFF show that additional postcure cycles 

are detrimental to the ring tensile strength of T1000G/RS-14 composite. The SR-0021 cylinder was 

cured with the same schedule as the SR-0019 cylinder and theoretically would have the same 63 1 

ksi ring tensile strength had it not been postcured two additional times. The tensile strength 

reduction is either caused by oxidation of the composite OD surface layer andor bulk changes to the 

composite material properties. SR-002 1 OFF, which was postcured free-standing and unsupported, 

underwent the greatest degradation, probably as a result of the creation of microscopic flaws in the 

composite from the thermal cycling. SR-0021MAN was postcured supported at the ID by the 
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mandrel but still suffered a 10% reduction in tensile strength based on the 63 1 ksi ring tensile data 

of SR-00 19. 

4.4.3 Ring Width and Tensile Strength 

A set of 1/8 in. wide ring specimens was cut from the SR-0022 cylinder and submitted with 

the 1/4 in. wide rings for testing. The data are presented in Table 4.4.3-1 and show that the 114 in. 

wide set of rings yielded an average tensile strength that is approximately 35 ksi higher than tensile 

strength of the 1/8 in. wide rings. The Statistical Analysis Program for MIL-HDBK-17 (STAT17) 

was used to analyze the two sets of ring strength data and found that the batch-to-batch variability 

was significant. 

The data suggest that strength measurements are influenced by the number of surface flaws, 

such as those produced from machining the specimens. Materials that are brittle are more 

susceptible to surface flaws than tougher, high-elongation materials and the surface flaw-to-volume 

ratio is higher for the thinner rings. They would therefore be expected to have a lower strength. 

4.4.4 Interlaminar Shear 

The interlaminar shear test uses a curved short beam shear specimen geometry based on the 

ASTM D2344 standard test method with the fiber direction being parallel to the beam axis. The 

specimens are machined from a partial circumferential length of 114 in. wide x 1/8 in. thick ring 

specimen, similar to what is used for the ring tensile test. The circumferential length of the short 

beam shear specimen is 3/4 in. Testing is accomplished with a nominal 4: 1 span-to-depth ratio. The 

specimens are loaded to failure, and the break load is recorded. The apparent interlaminar shear 

strength is calculated from the break load and specimen geometry. 

The data in Table 4.4- 1 show that the T1 OOOG/Rs- 14 composite interlaminar shear strength 

is not affected by the cure schedule used to cure the composite. The Statistical Analysis Program 

for MIL-HDBK-17 (STAT1 7) was used to analyze batch-to-batch variability and found no statistical 

difference in the data of SR-0019 (precured, then ramped promptly to postcure), SR-0017 (returned 



Table 4.4.3-1. Ring width versus tensile properties. 

Composite Cylinder SR-0022 S R-0022 

Ring Width Il4-inch 1/8-inch 

No. of Specimens 

Strength (ksi) 

8 

588.2 
(2.7) 

5 

552.9 
(2.5) 

Modulus (Msi) 32.7 32.9 
(1 -6) (1 -5) 

[ ) Number in parentheses is 
percent coefficient of variation 
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to 3om temperature fter precure and then ramped to postcure), and SR-0018 (ramped directly to 

postcure without a precure step). These data are also comparable to previously reported T1 OOOG/RS- 

14 interlaminar shear strengths. ' 
The interlaminar shear strength of SR-002 1 MAN (cured the same as SR-00 1 9 and then given 

two additional postcure cycles while supported on mandrel) was not degraded (9,744 psi) even 

though its ring tensile strength had deteriorated. This may be explained by the fact that interlaminar 

shear failure occurs in the midplane of the cylinder wall thickness which presumably was not 

exposed to the atmosphere during the additional postcure cycles. SR-002 1 OFF received the same 

two additional postcure cycles but was unsupported (freestanding) during heat treatment. Its 

interlaminar shear strength is significantly lower (8,402 psi) which is believed to be a result of 

microscopic cracks and flaws produced fiom deformations in the composite during the thermal 

cycles. 

The interlaminar shear strength of the SR-0023 cylinder, which had the highest average ring 

tensile strength of the group (650 hi), is statistically lower (8,856 psi) than SR-0019, SR-0018 and 

SR-0017. Conversely, the interlaminar shear strength 0fSR-0022, which had one of the lower ring 

tensile strengths (588 ksi), is statistically higher (10,857 psi) than the other cylinders. A possible 

explanation may be found fiom the neat resin panel data which showed that less-then-optimally 

cured RS-14 resin had a lower T, and elongation at failure but also tended to have a higher tensile 

and shear modulus. The higher resin moduli during the shear test may offset the low strain-to-failure 

of the resin and produce an interlaminar shear strength that is as good or higher than a lower modulus 

resin with a higher strain-to-failure. 

The lack of correlation between process cycle and interlaminar shear strength may also be 

due to the strength of the carbon fiber-resin intedace. If failure is occurring between the carbon fiber 

and the fiber sizing, then the condition of the resin between fibers will not have much impact on the 

measured strength. 

4.4.5 Transverse Flexure 

The transverse flexure test uses a 114 in. wide x 4 in. long beam specimen that is loaded in 

4-point bending in the rz-plane. The specimens are machined fiom a partial circumferential length 
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of a 4 in. wide x 1/8 in. thick composite band. The axis of the beam (z-axis) is parallel to the axis 

of the ring geometry and transverse to the direction of the hoop fibers in the composite cylinder. 

The tests are conducted both with the concave surface (or ID) of the ring radius of curvature 

being on the compression :side of the beam ("concave up") and on the tension side of the beam 

("concave down"). All of the tests used the 4-point loading configuration with a support length to 

depth (Lid) ratio of 24, where the beam depth corresponds to the composite ring thickness. The 

distance between support points was 3 in., and the distance between loading points was 2 in. The 

overall beam length is 4 in. and the width is 1/4 in. The specimens are tested to failure and the break 

load is recorded. The break load is used to calculate the composite transverse flexural strength in 

accordance with ASTM D790 standard test method. 

The "concave up" test configuration places the portion of the beam corresponding to the 

cylinder OD in tension. It is sensitive to the outermost, OD layers of the composite and the surface 

resin layer thickness. The "concave down" test configuration places the cylinder ID in tension and 

is sensitive to the innermost, ID layers of the composite. Because the ID composite layers tend to 

be more compacted, with <a higher fiber content, and have a minimal surface resin layer, the 

transverse tensile strength ofthese layers is expected to be lower than for the layers at the OD. For 

this reason, the concave up transverse flexural strengths are nearly twice the value of the concave 

down strengths. 

The Statistical Analysis Program for MIL-HDBK-17 (STAT1 7) was used to analyze batch-to- 

batch variability and found significant batch-to-batch variability for the concave up data sets. The 

highest concave up transverse flexural strengths are from SR-0019 and SR-0020 (14,077 psi and 

14,250 psi, respectively) which were both precured at 380 "F and then ramped promptly to 5 10 "F 

for the postcure. The lowest concave up transverse flexural strength is from SR-0017 (10,939 psi) 

which was precured, returned to ambient temperature and then ramped to the postcure temperature. 

The concave up transverse flexural strength of SR-00 1 8 (ramped directly to the postcure temperature 

without a precure step) is 1;!,084 psi and is intermediate between the two. However, because the 

concave up transverse flexural strength test is sensitive to the OD surface finish and resin content, 

these strength variations may be typical for a hoop-wound composite. 
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The SR-0023 cylinder (precured at 270 "F in the winding machine and then ramped promptly 

to postcure in the oven) has only a 1 1,079 psi concave up transverse flexural strength even though 

its ring tensile strength data are statistically similar to the SR-0019 fabrication and are the highest 

for all of the cylinders. Its interlaminar shear strength was also lower than that of the other cylinders. 

The reason for this is unknown. 

SR-0021MAN and SR-00210FF were cured using the same schedule as SR-0019 and SR-0020 

with the exception of receiving the two additional postcure cycles. In theory, their concave up transverse 

flexural strength should also be on the order of 14,000 psi. Although the values are lower (12,600 psi 

and 1 1,016 psi, respectively), they are not significantly lower than the values of some of the other 

cylinders. This suggests that although the composite OD was postcured in air, and probably experienced 

resin oxidation damage comparable to that encountered with the neat resin panels, the concave up 

transverse flexural strength is still reasonably good. 

The SR-0021MAN concave down transverse flexural strength is, however, significantly degrzlded 

fiom the additional postcure cycles. SR-0021MAN was postcured while supported on the generic 

ring mandrel. Its concave down transverse flexural strength is almost half that of the other cylinders 

(3703 psi) and is even less than the corresponding value for SR-00210FF (6,765 psi), which also 

was postcured in air but was free-standing (unsupported). It is believed that the thermal cycling on 
the steel mandrel produced damage and flaws at the composite ID which resulted in the lower transverse 

flexural strength. 

With the exception of SR-0021MAN and SR-O0210FF, no correlation could be made between 

the concave down transverse flexural strengths and the cure schedules used to fabricate the composite. 

All of the values fall in the range of 6800-7900 psi. 

4.5 REPRODUCIBILITY TRIALS 

The objective of this activity was to determine how well a set of composite mechanical and 

physical properties can be the reproduced when a specific cure schedule and set of processing procedures 

are used to fabricate the composite. A reproducible mandacturing process is a process that is well 

understood and in control. A reproducible manufacturing process is essential in order to be able to 

reliably and efficiently produce composite hardware with the requisite set of properties that is demanded 

I 
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by certain applications. 

4.5.1 Cureh'rocess Schedules 

Two cure cycles were: selected for evaluating the reproducibility of the process. These correspond 

to the process cycles used to cure SR-0019 and SR-0017. The SR-0019 process cycle yielded one 

of the best sets of mechanical properties; the SR-00 1 7 process cycle may be necessary in the fabrication 

of thick (stage-cured) composite h. d ware. 

Two composite cylinders were fabricated and cured as part of this study. A summary of the 

cylinders and cure schedules is provided below: 

Cylinder SR-0027 (same as Cylinder SR-0019) 

2-3 "F/rnin ramp to 380°F and hold for 4 hr. 
1-1.5"F/min ramp to 510"Fand hold for 4 hr. 
Return to ambient temperature (5 "F/min maximum cooldown rate) 

Cylinder SR-0028 (same as Cylinder SR-0017) 

2-3 "F/min ramp to 380°F and hold for 4 hr. 
Return to ambient temperature (5 "F/rnin maximum cooldown rate) 
1 - 1.5 "F/min ramp tc) 5 10°F and hold for 4 hr. 
Return to ambient temperature (5 "F/min maximum cooldown rate) 

The above cylinders were te*d for ring tensile strength and modulus, interlamjnar shear strength, 

transverse flexural strength, and coimposition. 

In addition, a 4 in. wide band was cut from the SR-0027 fabrication and placed back onto the 

mandrel. The composite then received two additional postcure cycles per the following schedule: 

1-1.5"F/min ramp tal 510°F and hold for 4 hr. 
Return to ambient temperature (5 "F/min maximum cooldown rate) 
l-l.S"F/min ramp tal 510°F and hold for 4 hr. 
Return to ambient temperature (5 "F/min maximum cooldown rate) 

The band was relabeled SR-0027MAN and it was tested for transverse flexural properties. 

The objective was to verify the low concave transverse flexural strength values of the SR-0021MAN 

process trial. 
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4.5.2 Test Results 

Table 4.5.2-1 summarizes the test results from Cylinders SR-0027, SR-0028 and SR-0027MAN. 

The data from their identically processed counterparts is listed beside them for comparison. The data 

show that there is good agreement between the density, composition, and ring tensile modulus data 

for all of the fabrications. The interlaminar shear strength data also show good agreement for all of 
the fabrications including one of the composites that received two additional postcure cycles on the 

mandrels (SR-0021MAN). 

The Statistical Analysis Program for MIL-HDBK-17 (STAT 17) was used to analyze batch-to-batch 

variability and found no statistical difference in the ring tensile strength data of SR-0017, SR-0028, 

SR-0019 and SR-0027. The average ring tensile strength for SR-0028 was slightly higher (629.8 ksi) 

than for SR-0017 (606.7 hi), but the difference is statistically insignificant. Both cylinders were precured 

at 380"F, returned to ambient conditions, and then ramped to 510°F for postcure. The average ring 

tensile strength for SR-0027 is significantly lower (592.6 ksi) than for SR-0019 (63 1.3 ksi). Both 

cylinders were precured at 380 "F followed by a prompt ramp to 5 10 "F for postcure. The reason for 

SR-0027 having a lower strength is unknown. The SR-0027 ring tensile data does have a high percent 

coefficient of variation (7.2%) which suggests that other factors, such as possible machining flaws, 

may be degrading the composite strength. 

Table 4.5.2-2 shows the calculated TlOOOG fiber strength translations for each of the cylinders. 

The fiber strength translations were calculated with the average of the available start and end tensile 

strengths of all of the spools used to fabricate the cylinders and also with the 954 h i  lot tensile strength 

average obtained from the T1 OOOG lot characterization effort (Sect. 2). Based on these methods, the 

fiber strength translations for Cylinders SR-0017 and SR-0028 are comparable and on the order of 

81-83%. The fiber strength translation for the SR-0019 cylinder is marginally higher (84%). The 

SR-0027 cylinder had a significantly lower strength translaton (77-78%) indicating that the full utilization 

of the T1 OOOG fiber strength was not achieved in this fabrication. 

The highest individual ring tensile strength measured to-date by ORNL/ORCMT for a hoopwound 

carbon composite ring was obtained fiom the SR-0028 cylinder and was 696.5 h i .  This data suggests 

that if the fiber strength translations can be improved slightly that a 700 ksi composite hoop strength 



Table 4.5.2-1. Composite process reproducibility results. 

Cylinder Number 
Ring Tensile 
Strength (ksi) 

Transverse Flex. Strength 
Concave Up (psi) 

Concave Down (psi) 

Composition 
Density (gmlcm3) 

Volume % Fiber 
Volume W Resin 
Volume K Voids 

> 

Process A Process 6 Process C 
SR-0017 SR.0028 SR-0019 SR-0020 SR-0027 SR0021MAN SR0027MAN 

606.7 629.8 631.3 NA 592.6 567.3 NA 
(5.1) (5.5) (3.9) (7.2) (5.4) 

32.7 33.: 32.7 NA 32.7 32.4 NA 
(3.0) (1 .2) (1 5) (1 .O) (0.9) 

9,271 9,586 
(3.7) (3.5) 

I n- - 
9,453 NA 10,017 9,744 NA 
(6.6) (7.7) (5.5) I 

I 

I I I 
10,939 12,109 14,077 14,250 12,330 12,600 12,618 
(1 5.8) (6.0) (8.4) (4.8) (7.8) (7.5) (10.3) 

6,864 7,677 7,281 NA 8,003 3,703 7,176 
(5.2) (9.8) (1 1 .l) (6.0) (7.1) (1 5.0) 

1.6631 1.6650 1.6607 1.6647 1.6648 1.6667 1.6648 

78.6 79.2 78.4 78.7 79.3 79.6 79.3 
21.3 20.5 21 .S 21.3 20.4 20.1 20.4 
0.1 0.3 0.1 0 0.3 0.3 0.3 + 

( ) Number in parentheses is percent coefficient of variation. 
NA - Not available 
Number of specimens: ring tensile (8-11); SBS strength (17-18); transverse flex. strength (10-11 each concave up 
and concave down) 
Process A 38OOF precure; return to ambient temperature; ramp to 51OOF postcure. 
Process B: 380OF precure followed by ramp to 510°F postcure. 
Process C: Same as B plus two additional 51OOF postcure cycles on mandrel. 



I 
m 

Table 4.5.2-2. Reproducibility trial TlOOOG fiber strength translations. 

Cylinder Number SR-0017 SR-0028 SR-0019 SR-0027 

606.7 
(5.1) 

78.6 

9,lO 

629.8 
(5.5) 

631.3 
(3.9) 

592.6 
(7.2) 

79.2 

52,53 

78.4 

11,12,13 

79.3 

51,50 

TlOOOG Fiber Strength (ksi) 
959,890 944,995 948,970,939 
971,927 NA 965,972,984 

937 970 963 

957,969 
NA 
963 

Volume % Fiber 

Spool Numbers 

Start of Spool 
End of Spool 
Spool Average 

Fiber Strength Translation 
Spool Average 82.4 82.0 83.6 77.6 
Lot No. 615022 Average * 80.9 83.4 84.4 78.3 

( ) Number in parentheses is percent coefficient of variation 
NA - Not available 
* 954ksi 

SR-OO17/SR-0028: 38OOF precure; return to ambient temperature; ramp to SlOOF postcure. 
SR-0019/SR-0027: 38OOF precure followed by ramp to 51OOF postcure. 
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is achievable in the foreseea.ble future. The data also indicates that polycyanate resins have a good 

potential as matrix materials for high strength composite applications. 

The concave up and down trimvme flexural strengths for the SR-0028 and SR-0027 cylinders 

show good agreement between each other. The SR-0027 concave up transverse flexural strength is 

slightly lower (12,330 psi) than for the SR-0019 and SR-0020 cylinders (14,077 psi and 14,250 psi, 

respectively). The SR-0028 concave up transverse flexural strength is slightly higher (1 2,109 psi) 

than for SR-0017 (1 0,939 psi). However, because the concave up transverse flexural strength is sensitive 

to the OD surface finish and resin content, these strength variations may not be significant and may 

reflect normal variations in hoop-wound composite. 

The SR-0027MAN cylinder (which was taken from the SR-0027 fabrication and given two 

additional postcure cycles on the mandrel) had an average concave up transverse flexural strength 

of l2,6 18 psi. This strength was not statistically different from the SR-0027 cylinder, which did not 

receive the additional postcure cycle,s (12,330 psi) or the identically processed SR-002 lh4AN cylinder 

(12,600 psi). These data suggest that two additional postcure cycles to 5 10°F in air do not necessarily 

degrade the composite OD layer. 

The concave down transverse f l e d  strength for SR-0027MAN (7,176 psi) is 10% less than 

for SR-0027 (8,003 psi), but this difference is not statistically sigmi5cant. It is, however, almost twice 

the concave down transverse € l e d  ofthe SR-0021MAN (3,703 psi). The factorsthat caused degradation 

of the SR-002 1 MAN concave down transverse flexural strength are suspected to be related to thermal 

cycling on the manhl. However, these factors were not replicated during the procesSing of SR-0027MAN. 

Furtherexperimental w o r k ~ r e t ~ ~ ~ d e d t o c o n f i r m t h e e f f e c t s o f m ~ t i p l e ~ ~ ~ c l ~ o n T l ~ ~ - l 4  

composite. 

4.6 ELEVATED TEMPEIIATURE DATA 

This activity was performed to provide material test properties for T1 OOOGRS- 14 composite 

at elevated temperature. 
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4.6.1 Mechanical Properties 

Additional ring tensile, interlaminar shear, and transverse flexure specimens were machined 

from the SR-0027 and SR-0028 composite cylinders and tested at 275°F. The data were compared 

to comparable ambient temperature data measured from the cylinders as part of the reproducibility 

study. The difference between ambient and 275 O F  properties were determined. 

Table 4.6.1-1 shows the ambient and 275°F test data for both composite cylinders. The data 

show an approximate reduction in ring tensile strength of 20% for both cylinders. The short beam 

shear strength reduction is on the order of 15-1 8%. With the exception of the concave up transverse 

flexural strength for the SR-0028 cylinder (9% reduction in properties), the SR-0028 concave down 

and the SR-0027 concave up and down transverse flexural strength reductions range between 17- 

22%. 

Ring tensile modulus was not measured for all of the specimens at elevated temperature 

because removing the extensometer from the split D fixtures at an intermediate load would have 

interfered with the temperature in the test chamber. (It is necessary to remove the extensometer from 

the split D fixtures prior to the ultimate break load so that it is not destroyed when the ring fails.) 

Instead, one ring from the SR-0027 cylinder and two rings from the SR-0028 cylinder were tested 

with an extensometer to 12,000 lbs (-205 ksi ring tensile stress) to generate a load-deflection curve. 

The rings were then unloaded and set aside. The data from these specimens show no significant 

reduction in ring tensile modulus at 275 OF. This is as expected because ring tensile modulus is a 

fiber-dominated property. 

4.6.2 Composite DMA 

The purpose of this activity was to determine if the RS-14 resin in the T1000G/RS-14 

composite was filly cured and, by inference, reached its maximum mechanical and thermal 

properties. Measuring the resin Tg from a composite specimen by DMA may be a relatively simple 

method to evaluate the degree of cure. 



Table 4.6-1. Composite properties with temperature. 

Cylinder Number SR-0028 SR-0027 
Ambient 27PF % Reduction 

Ring Tensile 
Strength (ksi) 

Modulus (Msi) 

I 
SBS Strength (psi) I 
Transverse Flex. Strength 
Concave Up (psi) 

Concave Down (psi) 

Composition 
Dens0 (WCmJJ 

Volume % Fiber 
Volume % Resin 
Volume % Voids r 

Ambient 275OF K Reduction 

629.8 495.6 21 
(5.5) (9.1) 

33.1 32.2 ** 3 
(1.2) 

9,586 8,120 15 
(5.5; @.2j 

12,109 11,044 9 
(6.0) (9.1 1 

7,677 6,362 17 
(9.6) (9.3) 

1.665 

79.2 
20.5 

592.6 478.2 19 
(7.2) (1 2.2) 

32.7 32.3 1 
(t .!I; 

10,017 8,194 18 
(i.ij @.Yj 

12,330 10,175 17 
(7.8) (7.5) 

8,003 6,232 22 
(6.0) (7.4) 

1.6648 

79.3 
20.4 
0.3 

( ) Number in parentheses is percent coefficient of variation 
NA - Not available 
Number of specimens: ring tensile (8-11); SBS strength (17-18); transverse flex. strength (10-11 each concave up 
and concave down) 
* One specimen only ** Average of two specimens 

SR-0028: 38OOF precure; return to ambient temperature; ramp to 51OOF postcure 
SR-0027: 380OF precure followed by ramp to 51OoF postcure 
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Figure 4.6.2-1 is the DMA result for a specimen cut from the SR-0019 composite process 

trial. The specimen was tested in the torsion rectangular test mode using a Rheornetrics Dynamic 

Spectrometer. The torsion rectangular specimens were cut from sections of the cylinder so that the 

hoop fibers were perpendicular (90 ") to the axis of the beam. The length of the specimens was along 

the cylinder's axial direction. 

The T, data for the SR-0019 specimen is summarized in Table 4.6.2-1 along with data from 

a neat RS-14 panel measured as part of the RS-14 resin characterization activity (Sect. 3.2.3) for 

comparison. The T, data were derived by three methods: (1) the line-fit intersection method, (2) the 

G" peak, and (3) the tan delta peak. 

The data show that the Tg data for the composite measured by all three methods are 

significantly lower than for the neat RS-14 panel. What is interesting is that the composite property 

data from the SR-0019 composite process trial were all reasonably high (Table 4.4-l), yet the T, of 

the composite's resin suggests that the matrix had not reached its maximum T,. The reason for this 

is unknown. The contribution of the TlOOOG fiber's sizing on composite thermal and mechanical 

properties has not been evaluated but may be a factor in these measurements. 

4.7 DISCUSSION 

The combination of ring tensile data collected during the composite process trial and 

reproducibility studies indicate that the RS-14 polycyanate resin has great potential as a matrix 

material for high strength wet-wound composite applications. The T1 OOOG/RS-14 composite wet- 

winding process is reproducible and yielded cylinders with consistent compositions and ring tensile 

moduli over nine fabrications. Average ring tensile strengths of 630-650 ksi were achieved for 

several data sets, with some individual rings approaching 700 ksi at failure. Transverse flexural and 

interlaminar shear strength averages are also respectable considering that these are high (78-80 

volume percent) fiber content composites. 

The data suggest that there is room for improvement in the processing of T1000GRS-14 

composite. Fiber strength translations achieved were on the order of 8045%. Increasing the fiber 

strength translation to the levels achieved with some epoxy systems (88-89%) would increase the 

average ring tensile strength for T1000GRS-14 composites to the 660-670 ksi level. 



Figure 4.6.2-1. DMA of SR-0019 Composite. 
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Table 4.6.2-1. Comparison of Tg from TlOOOG/RS-14 composite and RS-14 neat resin. 

Tg ( O F )  

Description Method A Method B Method C 

T I  000GIRS-14 composite 430 461 51 0 
(SR-0019 process trial) 

RS-14 neat resin 51 2 51 8 536 
(Panel 348) 

t 

Method A Line-fit intersection ( G )  
Method 6: 0" peak 
Method C: Tan delta peak 

P wl 
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The results obtained during the composite process trials study mirror the results obtained in 

the RS- 14 resin characterization study in several ways: The highest neat resin tensile strengths, resin 

elongations, composite ring tensile strengths, and concave up transverse flexural strengths were 

obtained using a cure cycle that included a 270" or 380°F precure step followed by a prompt ramp 

to the 5 10 O F  postcure temperature. Variants of this cure cycle yielded reductions of 7-1 0% in 

average ring tensile strength. This may not be significant, however, because based on the limited 

data of this study the variability (of ring tensile data from cylinders cured using the same cure 

schedule can also be as hig'h as 70/. 

The source(s) of this variability are presently not well understood. The summary section of 
the RS- 14 resin characterization study notes that the thermal and mechanical properties of the RS- 14 

resin were also variable and seem to depend on the right set of conditions (cure temperature, 

environment, rate of reaction) to achieve optimum properties. In particular, less-than-optimum cure 

resulted in a low Tg matrix with a lower tensile strength and percent elongation. It is reasonable to 

expect that the best T1 OOOG fiber sirength translations would be achieved when the resin has a high 

strain-to-failure, which for RS- 14 is approximately 4% when cured properly. Less-than-optimum 

cures yielding strain-to-failures on the order of 2-3% would be inadequate to accommodate the 

nominal 2.1% elongation ofthe TlOOOG fiber, resulting in poor fiber strength translations and lower 

hoop tensile strengths. 

This variability in the neat resin and composite properties suggest that the impact of reaction 

rate, or cure kinetics, as we1 I as the (environment (for example, the presence of moisture) should be 

investigated to better understand their impact on the cyclotrimerization chemistry and ultimately the 

thermal and mechanical properties of the RS-14 resin. A better understanding of the factors that 

control the polycyanate cure reaction may provide insight into procedures for improving the 

composite's properties and reducing variability. 

Both the neat resin data in Tables 3.2.1-1, 3.2.1-2 and the composite data in Table 4.4-1 

showed that multiple postcure cycles in air significantly reduced the neat resin tensile strength, resin 

elongation, and the composite ring tensile strength. These data suggest that postcure cycles should 

be performed in an inert atmosphere to avoid oxidation and degradation of the resin surface. This 
is particularly true if multiple postcure cycles are performed. 
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Because the data of the neat resin and composite samples that received multiple postcure 

cycles are obscured by the fact that the RS-14 resin is subject to surface oxidation and degradation 

when heated to high temperatures in air, this portion of the study should be repeated with the 

exception that the postcure cycles be performed in an inert atmosphere. Eliminating the oxidation 

damage will make it possible to determine the true effects of multiple postcure cycles on RS-14 resin 

properties. This information holds significance for thick composite hardware where it may be 

desirable to wind and cure the wall thickness in multiple fabrication stages. 

5. CONCLUSIONS AND RECOMMENDATIONS 

The following is a summary of conclusions and recommendations from the TlOOOG lot 

characterization, RS-14 resin characterization and the composite process trial sections of this report: 

The TlOOOG fiber (Lot No. 615022) procured for this study had a measured average tensile 

strength of 954 ksi. This is higher than what ORNL/ORCMT has measured to date with other 

TlOOOG fiber lots and is also higher than the average lot tensile strength Toray quoted for this 

material (930 ksi). This same lot has an average tensile modulus of 40.5 Msi as measured and 

calculated by ORNL/ORCMT which is comparable to other previously sampled Iots of TlOOOG. 

The measured average elongation of this lot is 2.1% and the average weight per unit length is 0.488 

g/m. The elongation and weight per unit length data are comparable to Toray's measurements. 

. 

Through-spool variability appears to be about the same magnitude as the spool-to-spool 

variability encountered at both ends of the carbon fiber packages. It is recommended that a statistical 

analysis be conducted on the fiber strength data obtained in the TlOOOG lot characterization study. 

The analyses should investigate strength variability on a spool-to-spool and through-spool basis. 

This information may give the composites design community a baseline for establishing a quality 

assurance program for specifying fiber procurements. 

The isothermal viscosity data confirm that the RS-14 resin is an excellent wet-winding resin 

in the vicinity of 170°F because of its low viscosity (0.53 poise) and stability (eight hours minimum 

at this temperature). The minimum temperature needed to gel RS-14 resin in a four hour period is 
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in the vicinity of 260°F. The RS-'14 resin gels quickly (less than an hour) when the temperature is 

in the vicinity of 3 10 O F .  

When properly cured, the neat RS-14 resin is capable of a minimum 11,000 psi tensile 

strength and a strain-to-failure that is on the order of 4% or higher. The resin tensile modulus 

(determined from the initial slope of the load-deflection curve) is between 41 0-430 ksi and its shear 

modulus is between 150-160 ksi. 

Less than optimum cure results in the RS- 14 resin system having a lower Tg, lower tensile 

strength, and lower strain-to-failure. The best set of neat RS-14 resin thermal and mechanical 

properties were obtained from panels that had been postcured at 510°F. Multiple postcure cycles 

in air, however, signific,antly reduced the neat resin tensile strength and resin elongation. 

Degradation of the surface resin layer from oxidation is believed to be a contributing factor. 

The highest neat resin tensile strengths, resin elongations, composite ring tensile strengths, 

and concave up transverse flexural strengths were obtained using a cure cycle that included a 270 "F 

or 380°F precure step followed by a prompt ramp to the 510°F postcure temperature. An 

"interrupted" cure cycle (for example, returning to ambient temperature after the precure step before 

ramping to the postcure temperature) yielded significantly lower neat resin tensile strengths, resin 

elongations, and composite ring tensile strengths. By-passing the precure step and ramping directly 

to the postcure temperature yielded significantly lower neat resin tensile strengths, resin elongations, 

and composite ring tensile strengtlhs. 

The ORNL/ORCMT T10001G/RS-14 wet-winding process yielded cylinders with reproducibly 

high fiber fractions between 78-80 volume percent. The void level was less than 0.5 volume percent. 

The ring tensile modulus for these fiber fractions was reproducible and in the range of 32.2 to 

33.1 Msi. 

Typical TlOOOG fiber strength translations in composite ranged between 81 to 85%. The two 

highest sets of T100OG/RSa-14 composite ring tensile strength data obtained in this study averaged 

63 1 and 650 h i .  The fibe:r strength translations for these sets are on the order of 84-86%. Both 

cylinders were fabricated \with a 270" or 380°F precure followed by a prompt ramp to the 510°F 

postcure temperature. The lhighest individual ring tensile strength recorded in this study was 696 h i .  
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I 
There was little correlation observed between cure cycle, ring tensile strength, and 

interlaminar shear strength. The cylinder with the highest ring tensile strength had one of the lower 

interlaminar shear strength values. Interlaminar shear strength data set averages ranged between 

8,856 to 10,857 psi. 

The highest sets of concave up transverse flexural strength data obtained in this study 

averaged 14,077 psi and 14,250 psi. Both cylinders were fabricated with a 380°F precure followed 

by a prompt ramp to the 5 10°F postcure temperature. The concave up transverse flexural strengths 

of other cylinders fell in the range of 11-13 ksi. There was no correlation observed between cure 

cycle and concave down transverse flexural strength; the data set averages ranged between 6800- 

7900 psi. 

Significant degradation of ring tensile strength occurred in cylinders that received two 

additional postcure cycles in air. Degradation occurred both when the cylinder was supported by the 

mandrel or was unsupported (free-standing). In one trial, the concave down transverse' flexural 

strength of the cylinder that was supported on the mandrel was almost half the value measured for 

cylinders that were postcured only once. However, composite cylinders receiving two additional 

postcure cycles in air while supported on the mandrel experienced no degradation in concave up 
~ transverse flexural strength or interlaminar shear strength. 

In terms of elevated temperature performance, reductions in RS-14 neat resin tensile strength 

and modulus at 275 "F were on the order of 17 and 25%, respectively. Reductions in composite ring 

tensile strength, interlaminar shear strength and concave up and down transverse flexural strength 

for hoop-wound T1 OOOGRS-14 composite were also on the order of 20% at 275 OF. Ring tensile 

modulus was not affected at this temperature, primarily because it is a fiber-dominated property. 

Areas of investigation or fiture study stemming fiom the conclusions in this report focus on 

the processing characteristics of the RS-14 polycyanate resin. In particular, the impact of reaction 

rate, (or cure kinetics) and environment (such as moisture) should be investigated to better 

understand their significance to the cyclotrimerkation chemistry and ultimately the RS-14 resin's 

thermal and mechanical properties. This information may hold the key to reducing variability in the 

final (composite) product. 
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The results obtained for neat RS-14 resin and T1 OOOG/RS-14 composite cylinders exposed 

to multiple elevated temperature cycles suggest that elevated temperature processing should be 

performed in an inert atmosphere to prevent oxidation and degradation at the resin surface. 

Determination of the minimum threshold at which degradation occurs as well as whether it can be 

eliminated by processing in an inert atmosphere are both areas for future investigation. 

The study to investigate the effects of multiple postcure cycles on RS-14 resin and composite 

should be repeated with the exception that all of the postcure cycles are performed in an inert 

atmosphere. Eliminating the oxidaition damage will make it possible to determine the true effects 

of multiple postcure cycles on RS-14 properties. This work is necessary to support the fabrication 

of thick, stage-cured composite hardware. 
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APPENDIX A. DMA RESULTS OF ISOTHERMAL VISCOSITY TESTS 
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APPENDIX B. DMA RESULTS FOR NEAT RESIN PANELS 
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