RPSEA-0026-04 GRI-05/0036

Effect of Saltwater on Multiaxial Cyclic Fatigue of Carbon Fiber/Epoxy
Composite Material

TOPICAL REPORT
CEAC-TR-04-0103

(September 2003 — September 2004)

Prepared by:
D. A. Monaghan and S. S. Wang

Composites Engineering and Applications Center (CEAC), and
Department of Mechanical Engineering
University of Houston
4800 Calhoun Road
Houston, TX 77204-0931

Prepared for:

RESEARCH PARTNERSHIP TO SECURE ENERGY FOR AMERICA
Subcontract No. R-511

RPSEA Project Manager
Robert W. Siegfried
Vice-President, Unconventional Gas Technology

And
ChevronTexaco Energy Research and Technology Company
Materials and Equipment Engineering Division

4800 Fournance Place
Bellaire, TX 77401

December 2004



REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,

gathering and maintaining the data needed, and completing and reviewing the collection of information.

Send comments regarding this burden estimate or any other aspect of this

collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information, Operations and Reports, 1215 Jefferson Davis

Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

Topical Report
December 2004 September 2003-September 2004

4. TITLE AND SUBTITLE

Effect Of Saltwater On Multiaxial Cyclic Fatigue Of Carbon Fiber/Epoxy
Composite Material

5. FUNDING NUMBERS
RPSEA Subcontract R-511
GRI Contract 8693

6. AUTHOR(S): D. A. Monaghan and S. S. Wang

8. PERFORMING ORGANIZATION
REPORT NUMBER

CEAC-TR-04-0103

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

Composites Engineering and Applications Center (CEAC), and
Department of Mechanical Engineering

University of Houston, 4800 Calhoun Road, Houston, TX 77204-0931

9. SPONSORING ORGANIZATION NAME AND ADDRESS
Research Partnership to Secure Energy for America
1650 Highway 6, Suite 300
Sugar Land, TX 77478

10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

RPSEA-0026-04
GRI-05/0036

11. SUPPLEMENTARY NOTES
The work documented in this RPSEA report was funded under GRI Contract 8693 with RPSEA, Technology
Development for Unconventional and Ultra Deep Offshore Natural Gas Resources.

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

Carbon/epoxy composites have been used for a variety of high-performance engineering structures. In general, all
engineering composite structures are subject to a multiaxial stress state. Also, carbon/epoxy composites are susceptible
to environmental degradation from long-term saltwater exposure. Understanding the long-term effects of saltwater on
the multiaxial fatigue behavior of these composites is important, however, little information is presently available. The
objective of the study is to investigate the long-term saltwater effects on multiaxial fatigue degradation, failure modes,
and stress-life relationship. A series of tension-torsion fatigue experiments were conducted on hoop-wound
carbon/epoxy tubes in a variety of saltwater environments. Results indicate that the composite elastic properties degrade
slightly during cycling. Long-term soaking in saltwater provides the most significant reduction in fatigue life, modulus,
and monotonic strength. Two distinct fatigue failure modes are found to govern the cyclic stress-life relationship under
various combinations of axial and shear fatigue loading.

14. SUBJECT TERMS 15. NUMBER OF PAGES

80

Offshore, ultra-deepwater, drilling, composite, riser, cyclic fatigue, saltwater 16. PRICE CODE

17. SECURITY CLASSIFICATION
OF REPORT

Unclassified

18. SECURITY CLASSIFICATION
OF THIS PAGE

Unclassified

19. SECURITY CLASSIFICATION
OF ABSTRACT

Unclassified

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z39-18

298-102

20. LIMITATION OF ABSTRACT




Abstract

Carbon/epoxy composites have been used for a variety of high-performance engineering
structures. In general, all engineering composite structures are subject to a multiaxial
stress state. Also, carbon/epoxy composites are susceptible to environmental degradation
from long-term saltwater exposure. Understanding the long-term effects of saltwater on
the multiaxial fatigue behavior of these composites is important, however, little

information is presently available.

The objective of the study is to investigate the long-term saltwater effects on multiaxial
fatigue degradation, failure modes, and stress-life relationship. A series of tension-
torsion fatigue experiments were conducted on hoop-wound carbon/epoxy tubes in a

variety of saltwater environments.

Results indicate that the composite elastic properties degrade slightly during cycling.
Long-term soaking in saltwater provides the most significant reduction in fatigue life,
modulus, and monotonic strength. Two distinct fatigue failure modes are found to
govern the cyclic stress-life relationship under various combinations of axial and shear

fatigue loading.



1. INTRODUCTION

Long-term cyclic fatigue of fiber composite materialsis an important, and
sometimes elusive, engineering issue. Many researchers have studied polymer-matrix
composite fatigue life and strength. But most of them have been conducted with
experiments in a uniaxial loading condition. The laminate layups used in these
experiments usually would force a fiber-dominated behavior. However, it is recognized
that even in a composite laminate subject to uniaxial loading, individual plies generally
possess combined axial, transverse, and shear stress, i.e., in a multiaxial loading
condition. Understanding the matrix-dominated fatigue behavior becomes necessary for
design, performance evaluation, and reliability assessment of the composite structures. In
addition, many composite structures in service are exposed to seawater. Thus the effects
of seawater sorption and cycling while immersed need to be understood.

In this research filament-wound composite materials are considered as they are
most commonly used in many offshore and marine structures. Tubular specimens are
used to conduct the experiments. These tubes are subjected to simultaneous, cyclic axial
and torsional loading. Using the tubular specimens also offers the following desired
advantages:

1. Any individual or combined state of shear and transverse stresses can be

easily applied.

2. The same filament-winding process used to make actual marine structures can

be employed for fabricating the experimental specimens.

3. Tubular specimens eliminate edge-stress concentrations, a problem that

plagues many coupon specimens.



Basic concepts and procedures used in this study to determine ply stresses and
deformations, and account for composite failure modes in multiaxial cyclic fatigue follow
the original work in [1] and its subsequent development [2]. The focus of this research is
to investigate the effect of seawater on the fatigue life of the carbon/epoxy composite
system. Saltwater is used to simulate the seawater. Two different saltwater absorption
processes are studied: (1) cycling the composite specimen in saltwater without pre-
conditioning, and (2) pre-soaking the composite specimen followed by cycling in
saltwater.

In the next section, a brief review of the relevant literature on the subject is
conducted. The objectives and scope of the work are given in Section 3. The
experimental program, including the development of the experimental equipment and test
methodology is described in Section 4. The recently developed physical-mechanism
based fatigue theory used in the study is reviewed in Section 5. Application of the theory
to the current results obtained from the multiaxial experiments of the filament wound
composites is given in Section 6. Important conclusions, drawn from the research are

made in Section 7.





