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PREFACE 

This interpretive, stateof-the-art report is the result of one of the initial tasks of the Oak Ridge 
National Laboratory (ORNL) Durability of Lightweight Composite Structures Project. This project, which 
is sponsored by the U.S. Department of Energy's (DOE'S) Lightweight Materials Program, is focused on 
resolving the durability issues associated with the use of polymeric composites in automotive structural 
applications. The DOE Program Manager for the project is S .  Diamond of the Office of Transportation 
Materials. 

durability issues-the effects of cyclic loadings, creep, automotive fluid environments, and low-energy 
impacts. The report also addresses the state-of-the-art of ultrasonic techniques for nondestructive evaluation 
of durability-related damage. The work and cooperation of the authors (Ramesh Talreja, Y. Jack Weitsman, 
C. T. Sun, and W. A. Simpson, Jr.) were, of course, the leading factors contributing to the success of this 
document. Each is a recognized expert in his respective area. 

between DOE and the Automotive Materials Partnership of the United States Council for Automotive 
Research (USCAR). The Project is being coordinated with the Automotive Composites Consortium (ACC). 
The specific point of contact within ACC for the project is E. M. Hagerman, while an ad hoc durability 
group consisting of Hagerman, D. Q. Houston, and S .  N. Kakarala provides the overall coordination for 
ACC. The advice and guidance of these individuals, along with T. J. Dearlove, head of the ACC Materials 
Group, has been invaluable. 

and R. R. Baxter, who prepared the final manuscript. 

The objective of this report is to provide an authoritative treatment of the current status of the key 

The Durability of Lightweight Composite Structures Project at ORNL is part of a cooperative effort 

The authors acknowledge with gratitude the assistance of C. C. Southmayd, who edited the report, 

J. M. Corum 
Oak Ridge National Laboratory 
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ABSTRACT 

A key unanswered question that must be addressed before polymeric composites will be widely used 
in automotive structural components is their known durability. Major durability issues are the effects that 
cyclic loadings, creep, automotive fluid environments, and low-energy impacts have on dimensional stabil- 
ity, strength, and stiffness throughout the required life of a composite component. This report reviews the 
current state of understanding in each of these areas. It also discusses the limited information that exists on 
one of the prime candidate materials for automotive structural application+an isocyanurate reinforced 
with a continuous strand, swirl mat. Because of the key role that nondestructive evaluations must play in 
understanding damage development and progression, a chapter is included on ultrasonic techniques. A final 
chapter then gives conclusions and recommendations for research needed to resolve the various durability 
issues. These recommendations will help provide a sound basis for program planning for the Durability of 
Lightweight Composite Structures Project sponsored by the U.S. Department of Energy in cooperation with 
the Automotive Composites Consortium of Chrysler, Ford, and General Motors. 
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1. INTRODUCTION-AN OVERVIEW 

J.  M. Corum 

Lighter weight, more fuel efficient automobiles of the future will require increased use of lightweight 
structural materials, such as polymer matrix composites (PMCs). To be acceptable, however, structural 
composite parts must be produced in high volume at a competitive cost. Liquid molding has the potential to 
meet these requirements, producing large complicated polymeric composite structural assemblies that 
achieve a high degree of parts consolidation (Dearlove et al., 1994). Examples of these types of structural 
components include floor pans, body side frames, cross-members, and front structural members. A 
schematic of a front structure is shown in Fig. 1.1. This component, which consists of approximately planar 
isotropic composites for the bulk of the structure, was built as a demonstration project by the Automotive 
Composites Consortium (ACC), a research and development @&D) partnership between Chrysler, Ford, 
and General Motors. 

very rapidly. In part, this is because of the unanswered questions related to the high-volume, low-cost 
manufacture of components with consistent part-to-part properties and known durability. Answering these 
questions is a key goal of ACC (Dearlove et d., 1994). 

To help resolve the lightweight materials issues, the U. S. Department of Energy (DOE) has entered 
into a cooperative effort with the Automotive Materials Partnership of the United States Council for Auto- 
motive Research (USCAR). In the DOE Lightweight Materials Program those projects in the polymeric 
composite area are being carried out cooperatively with ACC. One such project, to address the durability 
issues associated with the application of polymeric composites to automotive structures, was initiated by 
DOE at Oak Ridge National Laboratory ( O W )  in June 1994. Preparation of this report was one of the ini- 
tial tasks of the Durability of Lightweight Composite Structures Project. 

The objective of the Durability Project is to develop experimentally based, durability driven, design 
guidelines for automotive composite structures and to demonstrate their applicability to representative 
lightweight manufacturable automotive structures under representative field loading histories and environ- 
ments. Key technical issues are the potentially degrading effects that long-term and cyclic loadings, tem- 
perature, automotive fluids, aging, and low-energy impacts can have on the dimensional stability, strength, 

Despite their potential, the use of structural polymeric composites in vehicles has not progressed 

ORNL-DWG 95-2721 ETD 

Fig. 1.1. Automobile front structure built of PMCs. 
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and stiffness of automotive composite structures. Specific objectives of the project are thus to (1) character- 
ize and model the synergistic effects of cyclic and creep loadings, temperature, relevant fluid environments, 
and multiple low-energy impacts (e.g., tool drops and roadway kickups) on deformation, strength, and stiff- 
ness and (2) develop, and validate through subscale component tests, design guidance to assure the long- 
term (15-year) durability of automotive composite structures. 

The early Durability Project strategy has been to (1) perform a series of scoping tests on the refer- 
ence composite material and (2) enlist the aid of recognized experts in the relevant areas to prepare this 
state-of-the-art interpretive report. The scoping test results together with the interpretive report findings and 
recommendations are to then be used as a sound technical basis to develop a comprehensive 5-year program 
plan for the Durability of Lightweight Composite Structures Project. 

The current ACC reference material is a structural reaction injection-molding (SRIM) isocyanurate 
(polyurethane) reinforced with continuous strand, swirl mat, E glass. The 0.125-in.-thick plaques of this 
material were supplied by ACC for the preliminary scoping tests. Typical results of these tensile, fatigue, 
creep, and exposure tests are presented in Chap. 2 as a reference base for considering the reviews and rec- 
ommendations of the subsequent chapters. Also included in Chap. 2 is a discussion of the limited informa- 
tion on swirl mat composite behavior found in the literature. 

polymeric composite materials. It makes wide use of “fatigue life” diagrams to better understand and inter- 
pret fatigue behavior. Creep in polymeric composites is addressed in Chap. 4, prepared by Y. Jack 
Weitsman of ORNL and The University of TennesseeKnoxville. That chapter discusses typical observed 
behavior and modeling approaches. Chapter 5, by C. T. Sun of Purdue University, discusses impact testing 
and modeling approaches that have been successfully employed. Chapter 6, prepared also by Weitsman, 
discusses sorption processes and effects of fluid environments on mechanical properties. Chapter 7, pre- 
pared by W. A. Simpson, Jr., of ORNL, reviews ultrasonic techniques for nondestructive evaluation (NDE) 
of composites. That chapter is included because of the key role that NDE must play in understanding dam- 
age development and progression to failure. These five chapters-3 through 7-collectively contain and 
review hundreds of pertinent references. 

The final chapter, Chap. 8, provides conclusions and recommendations drawn from the previous 
chapters and from discussions with each author. It recommends the general approach in each area-fatigue, 
creep, impact, environmental effects, and NDE-to be taken in the comprehensive program plan for the 
Durability of Lightweight Composite Structures Project, 

Chapter 3, prepared by Ramesh Talreja of the Georgia Institute of Technology, covers fatigue of 
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2. BACKGROUND 

J. M. Corum 

2.1 DURABILITY ISSUES 

An example of a structural composite application in a vehicle was illustrated in Fig. 1.1, where a 
front structure was depicted. In the large structural parts being considered by ACC, approximately planar 
isotropic composites will form the bulk of the structure, with engineered fabric patches added as structural 
demands require. Both adhesive and bolted joints will likely be involved. 

Vehicle structures will be subjected to both steady and cyclic loadings. Also, they will be exposed to 
a variety of environments. Parts could be subjected to temperatures ranging from -40°F to 250°F. In addi- 
tion to water and salt they could come into contact with a variety of automotive fluids, including windshield 
washer fluid, battery acid, antifreeze, gasoline, brake fluid, and motor oil. Tool drops and other low- 
velocity impacts during manufacturing and maintenance, as well as higher velocity impacts from rocks and 
pebbles kicked up from roadways, could produce invisible damage. These load, temperature, and environ- 
mental factors could individually or synergistically have a significant adverse effect on dimensional stabil- 
ity, strength, and stiffness of the composite structure. Since the design of most vehicle structures is stiffness 
driven, the retention of that stiffness during the 15-year design life is particularly important. Likewise, 
dimensional stability is important. While the short-term dimensional stability of composites is considered to 
be typically better than that for metals, it is also more critical due to the inability to deform (reshape) a 
composite to final tolerances as is currently the practice for sheet metals. Long-term creep could lead to 
interference of parts, for example, where door, hood, and fender components may be joined to underlying 
structures. Creep could also lead to an undesired bolt load relaxation in bolted joints. 

The goal of the Durability of Lightweight Composite Structures Project at ORNL is to characterize 
and provide an understanding of the long-term durability of composite structures and to then work with 
ACC to develop appropriate design allowables and reduction factors to assure that the degrading effects of 
cyclic and creep loadings, low-energy impacts, and environments are accounted for and that lightweight 
composite structures in future automobiles have adequate long-term (15-year) durability. 

2.2 MATERIALS OF INTEREST 

As mentioned in Chap. 1, liquid molding using glass reinforcement is ACC's preferred processing 
method, The current reference material is an SRIM isocyanurate reinforced with continuous strand, swirl 
mat, E glass. The ORNL Durability Project is focusing initially on this material. Other promising possibili- 
ties, however, include (1) a chopped, directed fiber, glass reinforcement and (2) woven cloth. The chopped 
fiber reinforcing, which would consist of -1-in.-long fibers randomly oriented in the plane of the part, is 
particularly attractive because no preformed mat would be involved; parts could thus be manufactured more 
economically. 

The initial plaques, on which the preliminary scoping data presented in the next section were 
obtained, were all from a single batch of SRIM isocyanurate reinforced with continuous strand mat (CSM) 
E glass. Figure 2.1 shows one of the 0.125-in.-thick plaques together with a smaII piece of the swirl mat 
reinforcement. The two components of the isocyanurate matrix are an isocyanate and a polyol. With no 
reinforcing, the tensile strength of the matrix is reported to be 10.2 ksi. The continuous strand swirl mat 
consists of standard E glass. Strands consisting of several hundred 19-pm-dim (0.0007-in.) monofilaments 
are used. The filaments have a reported strength of 250 ksi and a modulus of 10 x lo6 psi. Sizing (~0.5% 
by weight) is applied to improve adhesion to the matrix. Binder is applied to hold the mat together (8% by 
weight). According to the manufacturer, the mat should be transversely isotropic to within 20%. 
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Fig. 2.1. Plaque of SRIM isocyanurate reinforced with swirl CSM. Piece of E-glass mat is also 
shown. 

Five layers of mat were used in the 0.125-in.-thick preliminary isocyanurate plaques. Measurements 
at The University of Tennessee indicate that the fiber content of the plaques is about 55% by weight. 

2 3  CHARACTERISTICS OF CSM COMPOSITES 

23.1 Literature Information 

Although CSM composites have been used for several years, there is a notable dearth of information 
in the literature on their characteristics and behavior. These composites differ very substantially from other 
composite materials used to date. Consequently, their response, durability, and failure mechanisms are 
expected to exhibit characteristics that are unlike those observed in more familiar composite systems. 

distinct plies. This architecture results in severe weaknesses in the transverse direction, with ensuing 
failures by intraply transverse cracking and interply delaminations. The study of these failures dominates 
current research on composites. To a lesser extent, experience has been gained with sheet molding com- 
pound (SMC) composites, which consist of randomly oriented short fibers bound by a polymeric resin. 
While SMC composites resemble CSM composites more closely, their failures are still affected by fiber 
pull-outs, and they lack the mechanistic effects caused by the entanglements among the long fibers within 
the CSM composite. Consequently, while some basic principles governing the performance and modeling 
of other polymeric composites remain valid for CSM composites, significant differences remain in the 
details, and a study of these materials demands new and independent approaches. 

The literature abounds with information concerning composite laminates, which consist of lay-ups of 



Two exceptions to the dearth of information on CSM composite behavior are the work led by Stokes 
at General Electric and by Karger-Kocsis at the University of Kaiserslautern in Germany. 

Stokes (199Ou-6) focused his efforts on understanding and characterizing the inherent small-scale 
spatial variations in modulus of elasticity and tensile strength in 0.125- to 0.145-in.-thick sheets of 
Azdel@PlOO, a polypropylene reinforced with several layers (40%) of random glass mat. By cutting long 
1/2-in.-wide tensile test strips from the sheets and measuring the modulus every 1/2 in. along the strips with 
a 1/2-in. gage length extensometer, he found that the modulus values could vary by a factor of 2 from the 
U2-h square to the adjacent U2-h square and by a factor of 3 over the 6- by 12-in. plaques. The measure- 
ments were made on a single edge of the strips. When measurements were made on both edges, Stokes 
found that the averages of the two modulus values approached some representative mean for the plaque. 
Thus'he concluded that the material was essentially homogeneous on a sufficiently large scale (a large 
specimen and a large extensometer measuring strain on the specimen face would give results approaching a 
mean). 

Stokes also measured tensile strength in the long 1/2-in.-wide strips. He found that the failures 
occurred where the average modulus was low, which also corresponded to areas of low density (fiber-poor 
areas). Thus, as might be expected, the variations reflect variations in glass density. 

(1993); and Karger-Kocsis and Fejes-Kozma (1994)l have studied glass swirl mat reinforced, reaction- 
injection molded, polyamides (NyrimO) and polypropylenes for automotive applications. They have 
focused primarily on static and dynamic tests of notched specimens (compact tension, Izod, and Charpy). 
The mat, placed in several layers, was Unifdo US16 from Vetrotex. The polyamide (nylon) with low glass 
content is, in particular, very transparent. This allowed the failure mode of the mat-reinforced composites to 
be followed in-situ by light microscopy. The failure surfaces were also studied postmortem by light 
microscopy and scanning electron microscopy. Simultaneous monitoring of the failure mode by both light 
microscopy and acoustic emission allowed individual failure events to be related to the acoustic emission 
signals. 

very ductile matrix significantly influenced the failure mechanism. Karger-Kocsis describes the failure 
events in notched specimens as follows: 

Karger-Kocsis and coworkers [Karger-Kocsis (.1990,l991,1992a,b); Karger-Kocsis and Czigany 

The nylon matrix in the material studied by Karger-Kocsis had a failure strain greater than 50%. This 

1. as crack blunting occurs in the ductile matrix, the fibers debond and strands begin to split up; 
2. the very ductile matrix allows the fiber mat network to deform, with further debonding, strand splitting, 

and matrix voiding ahead of the crack; 
3. individual filaments in kinked strands begin to break and pull out; and 
4. strands break when the mesh type ductility is exhausted. 
Note that in the isocyanurate reference material of ACC, the matrix is brittle rather than ductile; thus the 
failure events are likely to differ from those observed by Karger-Kocsis. 

pendent of specimen size so long as the ligament dimension exceeded some critical value-typically 1/2 in. 
Below this value, the measured fracture toughness went down because the glass reinforcing acted like 
chopped, rather than continuous, fibers. 

In studies of specimen size effects, Karger-Kocsis found that fracture mechanics results were inde- 

2.3.2 IsocyanurateKSM Reference Material Behavior 

The preliminary ORNL scoping test results presented in this section are for specimens taken from 
five 25 x 25 x 0.125-in.-thick plaques of the reference isocyanurate material supplied by ACC. The test 
specimens were all 8 by 1 in. The tensile and fatigue specimens had 2-in.-long tabs on each end. Only a 
portion of the creep test specimens had tabs. 

2.3.2.1 Tensile behavior 

Thirty-three room-temperature tensile tests were performed on specimens from the five plaques. The 
results are shown in Fig. 2.2, where typical (near average) stress-strain curves are shown for the 0" and 90" 
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Fig. 23. Room-temperature tensile stress-strain behavior: (a) 0' direction and (b) 90" 
direction. 

plaque directions.* Also shown are the failure points for all of the tests. Insets are histograms showing the 
distributions of strengths. As can be seen, these particular plaques exhibit some anisotropy, with the 90" 
direction being strongest. The average measured tensile strength and modulus of elasticity, together with 
coefficients of variation (C.O.V.), are tabulated in Table 2.1 for the two directions. 

The four low points for the 90" direction in Fig. 2.2(b) are all from a single plaque, for which the 
strength in the 90" direction was low and about equal to that in the 0" direction. Strength and modulus 
values are also tabulated in Table 2.1 with data for that plaque omitted. 

233.2 Fatigue and residual strength 

Thirty-eight room-temperature fatigue tests on specimens from the five plaques have been per- 
formed. The results are shown in Fig. 2.3. All of the tests were at an R value of 0.1 (ratio of minimum to 

*The 0' direction corresponds to the original roll direction of the fiber mat. 
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Table 2.1. Room-temperature tensile properties of reference 
isocyanurate composite 

Tensile Modulus 
strength (ksi) (106 psi) 

0" 90" 0" 90" 

All five plaques 
Average 20.7 25.4 1.34 1.58 
C.O.V. (%) 11.1 18.1 7.5 5.1 

Average 21.3 27.4 1.36 1.59 
Four plaques 

C.O.V. (%) 10.3 9.9 6.6 4.4 

ORNL-DWG 95-2723 ETD 
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maximum stress), and maximum stresses of 80,60,40, and 20% of the ultimate tensile strength (UTS) were 
used. The two run-out points in Fig. 2.3 are at 20% of UTS. These tests were interrupted after having 
accumulated 6.0 and 16.0 million cycles for the 0" and 90" directions, respectively, and tensile tests to 
failure were performed. Reductions in UTS were 36% (from 20.7 to 13.3 h i )  for the 0" direction and 55% 
(from 25.4 to 11.5 h i )  for the 90" direction. Reductions in stiffness were significantly smaller: 11.2% 
(from 1.34 to 1.19 x lo6 psi) for the 0" direction and 10.1% (from 1.58 to 1.42 x lo6 psi) for the 90" direc- 
tion. Dearlove et al. (1994) showed ACC modulus data on this same material system indicating that the 
modulus decreases linearly throughout a fatigue test with the log of the number of cycles. 

degrading effects that prior fatigue cycles have on residual tensile strength and modulus. In the two plots 
shown, fatigue tests were interrupted at either 50 or 80% of the expected cyclic life, and the specimens 
were tensile tested to failure. The data shown in Fig. 2.4(u) are for cycling at a maximum stress of 40% of 
the average UTS, and the points in Fig. 2.4(b) are for 60% of UTS. In each plot the tensile data points are 
shown at N = 0.25. Pure fatigue data points, for the appropriate stress level, are also shown. The curves 

Figure 2.4 depicts the results of a more systematic matrix of room-temperature tests to determine the 
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Fig. 2.4. Residual tensile strength remaining after prior fatigue cycles: (a) cycled at 40% of 
UTS and (b) cycled at 60% of UTS. 

shown are simple binomials fitted to the data. When more data become available and the synergistic effects 
of other variables are included, plots such as these will help establish reliable design allowables. 

Figure 2.5 gives the values of the retained modulus of elasticity measured in the series of tensile fail- 
ure tests just described. The plots are scaled by the average modulus values from the tensile tests of virgin 
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Fig. 2.5. Modulus retention after prior fatigue cycles: (a) 0' direction and (b) 90° direction. 

specimens (Table 2.1). These results indicate that the modulus drops early in the cyclic life. The further loss 
occumng in the range between 50 and 80% of the fatigue life is negligible. 

23.2.3 Creep and recovery 

Figure 2.6 is a typical room-temperature creep curve, corresponding to a stress level of 14.5 ksi. This 
response is typical for the higher stress levels at room temperature. The time-dependent straining levels off 
after a few hundred hours, and the creep curve remains nearly flat. Insufficient data are available to charac- 
terize the subsequent creep-rupture, or static-fatigue, behavior. Also the creep response at low stress levels; 
particularly the linearity of creep with stress, is unknown at present. 

Upon unloading, considerable strain recovery occurs with time. This behavior is typified by Fig. 2.7. 
The response is for a specimen that had previously accumulated an initial strain of 1.149% upon loading to 
16.2 ksi and a time-dependent creep strain of 0.105% at 16.2 ksi. 

To better understand creep and recovery, a series of exploratory short-term tests has been conducted. 
In these tests a specimen was loaded to 80% of its ultimate strength for 30 min, then allowed to recover 
with no load for a minimum of 120 min. Figure 2.8 shows the response. As can be seen, not all of the strain 
was recovered, and it is postulated that the difference represents irreversible damage. To test this hypothe- 
sis, the strain scale was reset to zero, and the specimen was subsequently loaded to a lower level of 60% of 
UTS for a similar period of creep and recovery. The results are also shown in Fig. 2.8, and they exhibit 
complete recovery of the creep strain, possibly indicating no additional damage. Although these early tests 
are too limited to provide fm conclusions, they do illustrate the kinds of tests that will be needed to 
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Fig. 2.6. Typical room-temperature creep strain response at stress of 145  hi. Loading strain 
(not shown) was 1.10%. 

Fig. 2.7. Creep strain recovery for specimen that had previously accumulated 0.105% creep 
strain at 16.2 hi. 
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Fig. 2.8. Creephecovery tests of 90" specimen loaded first to 80% then to 60% of its average 
UTS. 

understand damage. NDE techniques will need to play a central role in quantifying damage at the various 
phases of loading and unloading. 

shown in Fig. 2.9 and compared to two duplicate room-temperatm tests. Considering, especially, that the 
elevated-temperature test was at a lower stress level than the room-temperature tests, it can be seen that 
temperature has a very marked effect on creep. The several creep tests that have been performed at 250°F 
[in air at 50% relative humidity (RH)] all exhibit behavior more typical of thermally activated creep. 

A few elevated-temperature tests have been performed at 250°F. The results of one of these are 

ORNL-DWG 95-2729 ETD 

0 20 40 60 80 100 120 140 160 180 200 
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Fig. 2.9. Comparison of creep curves at room temperature and 250°F (in air at 50% RH). 
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As typified by the curve in Fig. 2.9, the specimens exhibit a period of decreasing creep after loading, 
followed by a period of creep at nearly constant rate. Failure occurs with little detectable accelerated creep. 
Figure 2.9 also demonstrates the good reproducibility of creep data collected during two duplicate tests. 

232.4 Fluid Exposure Effects 

To gain preliminary insight into the effects of common automotive fluids, tensile specimens have 
been soaked in one of eight fluids (ten per fluid): 

distilled water, 
saltwater solution (5% NaCI), 
40% antifreeze (ethylene glycol)/60% water, 
windshield washer fluid (90% methanol), 
used motor oil, 
battery electrolyte (34% sulfuric acid), 
gasoline, and 
brake fluid (glycols). 

Two untabbed specimens (one oriented in the 90' direction and one in the 0" direction) were 
included in each fluid for weight gain (or loss) measurements. Figure 2.10 shows the results for 2600 h of 
exposure. The data are plotted as a function of the square root of time so that they can be qualitatively com- 
pared to the predictions of the common linear Fick's Law for the diffusion of a fluid into a solid (see 
Chap. 6). Those curves in Fig. 2.10 showing significant weight gain do appear to reflect linear Fickian 
behavior (compare with Fig. 6.4). At 1080 h, four specimens were removed from each fluid and tensile 
tested. The relative changes in strength and stiffness from the unexposed specimen average values are 
depicted in Fig. 2.11. Although four specimens per condition are too few to draw statistically valid conclu- 
sions, it appears that battery electrolyte (acid) and brake fluid may have the largest degrading effect on 
strength. The other fluids degrade the strength by <lo%. Antifreeze and windshield washer fluid appear to 
have the largest effect on stiffness. 

Dearlove et al. (1994) reported the ACC data for both stressed and unstressed specimens exposed to 
water and windshield washer solvent. Both strength and stiffness were presented. The ACC data were for 
just a 100-h exposure; nonetheless, the reported effect of washer solvent was to reduce strength and stiff- 
ness by almost 40Yb-much larger than the effect shown in Fig. 2.11. These results indicate that larger 
experimental populations and careful consideration of the fluid ingredients and composite constituents will 
be required to reliably characterize fluid environment effects. The ACC data for specimens stressed to rela- 
tively low stress levels (up to 10% of UTS) during exposure showed that the effect of stress during expo- 
sure is small but measurable in both water and washer solvent. Both strength and stiffness were further 
reduced. 

in an ethylene glycoV50% water solution and in windshield washer fluid failed in just a few hours. 
Early creep tests in fluid environments are under way at O m .  Room-temperature tests at 14.5 ksi 

232.5 Impact behavior 

No controlled impact tests have been performed yet at ORNL on the reference isocyanurate CSM 
composite. However, Dearlove et al. (1994) presented preliminary ACC drop-weight data on rectangular 
plaques of an SRIM isocyanurate with 25% (volume) CSM. They found that this material was very easily 
damaged on impact; very low impact energy levels produced visible damage. However, stiffness decay, 
which is the most important mechanical property, was relatively insensitive to the presence of the damage. 
Finally, they reported that the impact damage area, as measured by ultrasonic C-scans, was a near-linear 
function of impact energy. 



13 

4 

3 

0 

ORNL-DWG 95-2730 ETD 

- W.S. Wash-0 - 1 Battery Acid-90 

C _  Battery Acid-0 - W.S. Wash-90 

Distilled Water-0 - Distilled Water-90 - Saltwater-0 - Saltwater-90 
d Gasoline-90 
-.Antifreeze-90 - Antifreeze-0 
--H- Gasoline-0 

Brake Fluid-90 - 

- I, - Brake Fluid-0 - motor oil-0 - Motor Oil-90 

-1 ! I I I 1 1 1 
0 10 20 30 40 50 60 

SQUARE ROOT OF TIME (h) 

Fig. 2.10. Weight gain vs square-root of time for specimens soaked in eight different automo- 
tive fluids at room temperature. 
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Fig. 2.11. Fluid effects on strength and stiffness (modulus of elasticity) for specimens soaked 
for 1080 h. 

23.2.6 Damage detection 

The ability to detect and monitor the accumulation of damage is a key requirement. In Chap. 7 of this 
report, it is shown that ultrasonic C-scans can be used to detect areas of impact damage in the reference 
isocyanurate CSM composite. Failed tensile and fatigue specimens have also been examined at the Iowa 
State University’s Center for Nondestructive Evaluation using a pulse-echo C-scan at 15 MHz. As typified 
by Fig. 2.12, which shows images for a failed tensile specimen and a virgin specimen side by side, the 
distributed damage in failed specimens is very distinct. Specimens from two of the five ORNL plaques 
were examined, and both amplitude and time-of-flight images showed a significant difference between 
failed and virgin specimens. While the damage appears relatively uniform over the specimens, close 
examination of the original color plots indicates the presence of slightly more damage near the failure 
surface. Also, there is a slight difference between images for tensile and fatigue specimens; the distributed 
damage appears to be lower in a failed fatigue specimen. 
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Fig. 2.12. C-scan amplitude images of failed tensile specimen (left) and virgin specimen (right). 
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3. FATIGUE OF COMPOSITE MATERIALS 

R. Talreja 
Georgia Institute of Technology 

The mechanisms of damage under cyclic loading of composite materials are of such complexity that 
a straightforward interpretation of fatigue life data is usually not possible. A logically deduced, systematic 
conceptual framework for interpretation of composite fatigue data was developed earlier by this author. 
That framework, in the form of fatigue life diagrams, is described, and its basis is explained. Fatigue life 
data for long, continuous, fiber-reinforced PMCs are assessed with this framework, and the effects of 
matrix ductility and fiber stiffness are explained. The role of fiber architecture in affecting fatigue proper- 
ties is described. The modeling concepts for predicting fatigue life are then discussed, and some progress in 
this respect is reviewed. The needs for further work, in particular in relation to automotive applications, are 
outlined. 

3.1 INTRODUCTION 

Composite materials provide combinations of propedes that are generally not achievable with 
monolithic materials. However, the properties achieved under short-term loading (e.g., stiffness and 
strength) degrade differently in composites than in monolithic materials under long-term loading. The mul- 
tiplicity of cracking modes at the microlevel, the local load sharing and transfer among constituents and the 
coalescence, linkup, and criticality of microfailures create a significant challenge in modeling and predict- 
ing the rates of degradation of properties and failure of composites under long-term sustained and cyclic 
loading conditions. A general theory of fatigue of composite materials is not available and would probably 
be unreasonable to expect. On the other hand, it is not desirable to generate fatigue data for every configu- 
ration as a basis for design. A realistic approach is to search for some characteristic features in the fatigue 
behavior of a given class of composites and to understand how these are affected by systematic variation of 
parameters such as constituent properties and geometrical descriptors of microstructure. This approach has 
led to construction of a conceptual framework for interpretation of the fatigue behavior of a wide class of 
composite materials, described as fatigue life diagrams (Taheja, 1981). These diagrams do not quantita- 
tively predict fatigue life but provide useful insight for selection of constituents and for developing efficient 
predictive models. In what follows, a thorough exposition of the fatigue l i e  diagrams will be presented. 
Certain useful characteristics concerning inherent limits of safe fatigue loads will be described. Modeling 
approaches proposed in the literature will be critically examined, and gaps and uncertainties in our under- 
standing of composite fatigue behavior will be discussed. 

This exposition will be focused on a critical review rather than an exhaustive survey of the literature. 
(For supplemental information see Boller, 1969; Hahn, 1979; Harris, 1986; and Konur and Matthews, 
1989.) Most data examined here will be for typical aerospace composites with polymeric matrices, since the 
aerospace applications have driven this field in the past. However, some systems developed for automotive 
applications (e.g., SMCs and other short-fiber composites) will be considered to the extent possible. 
Finally, the material of interest currently under investigation, the SRIM polymers reinforced with CSM, 
will be discussed. 

3.2 FATIGUE LIFE DIAGRAMS 

In analyzing the fatigue behavior of a given material certain basic questions must be addressed: 
(1) How does the state of the material (expressed in terms of microstructural parameters) change from the 
initial to the instant when the first maximum load is applied? (2) On reversal of the load to the initial value 
does the state of the material return to the initial state, and if not, what are the irreversible changes? 
(3) What are the consequences of these irreversible changes on the state of the material when the previous 

17 
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maximum load is repeated? (4) What is the critical state of the material causing failure, and how do the 
progressive (load cycle to load cycle) microstructural changes reach this state? 

For monolithic materials such as polymers and metals these questions have been addressed in a large 
number of studies, and a great deal of progress has been made in devising fatigue-resistant materials as well 
as in developing methodologies for life prediction. In composites with two distinct constituents and the 
associated interfacial region, the analysis of fatigue is made difficult by the facts that the fatigue of a con- 
stituent material may be significantly affected by the presence of the other constituent and that the interfa- 
cial region may entail complicating aspects not present in the fatigue of individual constituents. The diffi- 
culty is further enhanced by the simultaneous progression of mechanisms in the constituents and at the 
interface at differing rates dependent on the level of loading. 

was proposed that facilitated the interpretation of fatigue (Talreja, 1981). The framework is in the form of a 
fatigue life diagram in which regions of dominant governing mechanisms are identifed. For the purpose of 
this chapter it will be useful to review the concept of a fatigue life diagram. The baseline diagram proposed 
by Talreja (1981) is for tension-tension loading of unidirectional composites parallel to fibers (Fig. 3.1). 

In a study directed at PMCs, where these four questions were addressed, a conceptual framework 
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Region 1: Fiber Failure 

Region 2: Fiber-Bridged 
Matrix Cracking 

Log Cycles to Failure 
Fig. 3.1. Fatigue life diagram of unidirectional composite loaded in cyclic tension parallel to 

fibers. Source: Reprinted from R. Talreja, Fatigue of Composite Materials, Chap. 2 (Fig. 2). 
OTechnomic Publishing Company, Inc., 1987. 

The fatigue life diagram plots the maximum strain attained in the first cycle of a load-controlled 
fatigue test vs the cycles to failure. The reasons for plotting strain and not stress are as follows. 
1. The failure in the first cycle occurs when the composite strain equals the failure strain of fibers, irre- 

spective of the volume fraction of fibers. Thus, one point of the fatigue life diagram can be fEed for a 
given composite with a given type of fibers. 

2. The fatigue limit of a composite is a matrix-governed property (as will be discussed below). Since the 
matrix undergoes strain-controlled fatigue within the composite, the proper way to indicate the fatigue 
limit of the composite is in terms of strain. 
Since the two extremes of the fatigue life are best expressed in terms of strain, there is no compelling 

reason for not having strain as a variable between these. Additionally, the maximum strain reached in 
3. 
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the first cycle is indicative of the attained state of damage in the composite, which determines its fur- 
ther progression in subsequent cycles. 

Let us consider a composite in which the fibers are elastic until failure and the matrix has an elastic 
limit beyond which it behaves inelastically. To understand the construction of the fatigue life diagram, con- 
sider fEst a load cycle in which the maximum strain achieved is within the scatterband of the composite 
failure strain (which is also the fiber failure strain). At the maximum load in this cycle a certain number of 
fibers will be expected to fail (Fig. 3.2). In the regions around the broken fibers the matrix will suffer 
enhanced stresses causing it to deform further into the inelastic range. On unloading to the initial load the 
matrix in these regions will not return to its initial state due to irreversibility of the inelastic strain. On 
reloading to the previous maximum load the stress state in the vicinity of the previously broken fibers will 
be different from the one that existed at the previous maximum load. Also, due to the extended flow of the 
matrix at the maximum load, in the vicinity.of the previously broken fibers, more fibers than previously 
will be subjected to enhanced stresses. As a consequence of this, a fiber (or fibers) in the affected zone that 
did not break previously could break during the load reapplication. This process of fiber failures is highly 
statistical because (1) the strength of fibers is subject to a large scatter and (2) a match between the renewed 
stress in a fiber in the affected zone and its strength must be found for fiber failure to occur. 
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Core of fiber failures 

Fig. 3.2. Mechanism of fiber failure in Region I. Source: Reprinted with permission of VCH 
Publishers, Inc. 

For the composite failure to occur, a certain number of fibers in an affected zone must fail to form a 
core of fiber failures connected by the cracked matrix such that the crack front thus formed can grow unsta- 
bly through the composite (Fig. 3.2). Clearly, the Occurrence of composite failure is highly statistical in the 
sense that a sufficiently large core of fiber failures can form in a few cycles in an affected zone or may take 
a large number of cycles to form in another affected zone. What is important is the fact that the progres- 
siveness of this process, which may be described by a rate equation, is questionable. In other words the 
number of cycles to failure associated with this process is a random chance variable. Therefore, in the 
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fatigue life diagram (Fig. 3.1), the scatterband of composite failure strain is labeled as Region I and is taken 
to extend over an infinite number of cycles. This implies that if a load cycle that gives the maximum strain 
within the scatterband of the composite failure strain is repeated, the composite failure may occur at any 
number of cycles between one and infinity. 

Consider next a load cycle that in the first application gives a maximum strain less than the lower 
limit of the composite failure scatterband (e.g., 5% failure probability value). The number of fiber failures 
in the first application of such a cycle will be negligible. Assuming that the fibers are brittle and linearly 
elastic to failure, there would be no change in the deformation of fibers from the first cycle to the next, 
except that brought about by changes in the matrix behavior. The matrix, on the other hand, undergoes a 
straincontrolled cycling that would cause fatigue crack initiation and growth in much the same way as in 
an unreinforced matrix subjected to those cycles. Consequently, the matrix would crack at random sites 
within the composite volume. When such cracks meet fibers, further growth would depend on how effec- 
tively the crack fronts overcome these obstacles. At lower applied loads the matrix cracks would tend to 
grow around fibers, while at higher applied loads the fibers near the matrix crack fronts would tend to break 
and would allow the cracks to grow further. When a matrix crack has grown over a distance of a few fiber 
diameters, its appearance would generally have the features illustrated by Fig. 3.3. Such a crack would be 
fiber-bridged, more toward the crack tips than in the midregion where fibers would tend to break due to 
crack plane separation. A bridging fiber would be debonded at the crack planes, as the matrix crack would 
grow around the fiber by debonding the interface. The cross-sectional view in Fig. 3.3 illustrates how the 
front of a fiber-bridged matrix crack could appear at various load cycles, indicating the lack of self- 
similarity in the crack front shape. Also shown in that figure is the unstable (Le., uncontrolled) growth of 
the crack at certain load cycles, leading to the final failure. 
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Crack front 
(N = N , )  

- Crack front 
(N = N J  

Fiber - bridged matrix crack 
Fig. 33. Mechanism of fiber-bridged matrix cracking in Region II. Source: Reprinted with 

permission of VCH Publishers, Inc. 

In the fatigue life diagram (Fig. 3.1), Region I1 represents the manifestation of the fiber-bridged 
matrix cracking mechanism. The sloping scatterband reflects the fact that as the maximum strain in the first 
application of a cyclic load is reduced, more cycles would be required to reach failure. 

within a “large” number of cycles, typically 106 to 107 cycles. The maximum strain in this region is too low 
Region I11 in the fatigue life diagram represents the region in which the final failure is not reached 
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to drive the matrix fatigue cracks sufficiently beyond the obstacles provided by the fibers to cause unstable 
growth of the cracks. The nonpropagating matrix cracks arrested by fibers in this region are illustrated by 
Fig. 3.4. 
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Matrix cracks 
Fig. 3.4. Mechanism of matrix cracking between fibers in Region III. Source: Reprinted with 

permission of VCH Publishers, Inc. 

The boundary between Region II and Region 111 is the fatigue limit of the composite. It can be stated 
that this limit is bounded from below by the fatigue limit of the matrix material under strain-controlled 
fatigue, because no fatigue of the composite can be expected if the matrix is not cracked. Thus, if the fibers 
are of vanishing stiffness, the fatigue limit of the composite will tend to the fatigue limit of the matrix, both 
values being expressed as strains. With increasing stiffness and volume fraction of fibers, the effectiveness 
of matrix crack growth suppression by fibers will increase, enhancing the fatigue limit of the composite. 

tension loading parallel to fibers just described is based on the predominant (i.e., governing) mechanisms 
operating in the regions. Other events would also be occurring alongside these mechanisms but are not 
considered to have significant effects on fatigue failure. As an example, matrix fatigue cracking would also 
occur in Region I but is not expected to influence the failure of the composite. 

Features in the composite fatigue behavior that can be interpreted with the framework just described 
are as follows. 

1. Effect offiberfailure strain-& can be observed from the fatigue life diagram (Fig. 3.1), reduc- 
ing the composite failure strain by selecting fibers of lower strain to failure would reduce the range of strain 
over which Region I1 extends. Indeed, an amazing result can be obtained if the fiber failure strain becomes 
less than the fatigue limit of the matrix. In that case, Region I1 vanishes, and the fatigue life diagram con- 
sists only of Region I. Thus, the range of the progressive fatigue mechanism can be manipulated and even 
made to vanish by the fiber failure strain. This effect will be illustrated below by considering actual fatigue 
data. 

bridged matrix cracking mechanism, the fiber stiffness will have a pronounced effect on this region. 
Assuming that the rate of growth of the fiber-bridged crack is proportional to some power of the applied 
strain and that this power (i.e. exponent) is inversely proportional to the fiber stiffness (raised to some 

Note that the three-region description of fatigue behavior of unidirectional composites under tension- 

2. Effect offiber stifJness-Since Region I1 of the fatigue life diagram is governed by the fiber- 
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power), it can be seen that Region 11 will appear as illustrated in Fig. 3.5. Thus, the slope of Region 11 will 
be increasingly steeper with increasing fiber stiffness. Also, since the magnitude of the closing pressure on 
the matrix fatigue cracks depends on the fiber stiffness, their suppression to the nonpropagating state, 
Region 111, is also governed by the fiber stiffness. Therefore, the enhancement of the composite fatigue 
limit from the matrix fatigue limit occurs as illustrated in Fig. 3.5. 

LOG CYCLES TO FAILURE 
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Fig. 3.5. Trends in fatigue life diagram induced by fiber stiffness and matrix ductility. 

3. Effect oftnatrix ductility--A ductile matrix will cause plastic zone formation at the matrix crack 
tips (Fig. 3.6). This will lead to crack-tip blunting and the resulting increase in crack plane separation. The 
bridging fibers will thus be subjected to increased strain, which will cause earlier failure of fibers than 
otherwise. These considerations suggest that the trend in Region I1 of the fatigue life diagram caused by 
matrix ductility will be as illustrated in Fig. 3.5. This trend and its consequences will be illustrated below 
by considering actual fatigue data. 

As discussed in this chapter, the fatigue life diagram is unaffected by environmental degradation. As 
discussed later in Sect. 6.4.4, however, environment could play a significant role in the fatigue life diagram 
structure and the controlling mechanisms. These effects will need to be accounted for in the Durability of 
Light-Weight Composite Structures Project. 
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Fig. 3.6. Matrix flow at crack tip that causes crack-tip blunting, increased crack plane 
separation, and fiber failure. 

3 3  FATIGUE DATA ANALYSIS 

In the following sections a large number of fatigue data collected from the literature will be analyzed 
using the fatigue life diagram concept. Tension-tension cyclic loading of unidirectional composites along 
the fiber direction will be considered first to illustrate the use of the fatigue life diagrams. Effects of con- 
stituent properties on the fatigue behavior will thereby be clarified. A treatment of fiber architecture will be 
conducted by first considering the fatigue behavior under loading inclined to the fiber axis. Various lami- 
nate configurations-angle-ply, cross-ply, and combinations of these-will then be treated for further 
appreciation of the fiber architecture effects. The class of woven fabric composites, which is of particular 
interest in repair and joining of automotive components, will be considered at the end of this section. 

33.1 Unidirectional Composites 

33.1.1 Loading parallel to fibers 

To illustrate the significance of fiber stiffness (and the resulting failure strain) on fatigue behavior, 
data for a glass-epoxy are shown in Fig. 3.7. Note first that fatigue lives for composites of three different 
volume fractions fall within the same scatterband, while three different and separate scatterbands result 
when the usual stress-life plots are made (Dharan, 1975). The fatigue limit of neat resin was found by 
Dharan (1975) to be at 0.6% strain, which is the value set in the fatigue life diagram. Remarkably different 
behavior is displayed by a graphite-epoxy composite whose strain to failure is only about 0.5%. Assuming 
that the fatigue limit of epoxy is at least 0.6% strain, the fatigue life diagram takes the shape shown in 
Fig. 3.8. The sloping scatterband of progressive matrix and interfacial damage disappears, as the fatigue 
limit of the resin becomes unreachable. Thus, a logical interpretation of the fatigue damage tolerance of 
ultra-high modulus graphite fiber composites emerges. 
Figure 3.9 shows the fatigue life diagram of a high modulus graphite-epoxy composite. The horizontal 
scatterband (limited by 5% and 95% failure probability levels) is unusually wide here, presumably due to 
poor quality of fibers and/or composite, and the fatigue limit is once again set at 0.6% for epoxy. The 
apparent fatigue damage tolerance may now be interpreted differently from the behavior displayed by data 
in Fig. 3.8. 

Fig. 3.10. Note here that the sloping scatterband is further out to the right than that for glassepoxy compos- 
ites (Fig. 3.7). This is due to more effective fiber-bridging action by graphite fibers than is possible by the 
less stiff glass fibers. 

Data for a lower modulus graphite-epoxy composite are shown plotted in the fatigue life diagram, 
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Fig. 3.7. Fatigue life diagram of glass-epoxy under loading parallel to fibers; data from 
Dharan, 1975. Source: Reprinted from R. Talreja, Fatigue of Composite Materiak, Chap. 2 
(Fig. 5). OTechnomic Publishing Company, Inc., 1987. 
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Fig. 3.8. Fatigue life diagram of ultra-high modulus graphite-epoxy under loading parallel to 

fibers; data from Sturgeon, 1973. Source: Reprinted from R. Talreja, Fatigue of Coinposife Materials, 
Chap. 2 (Fig. 6). OTechnomic Publishing Company, Inc., 1987. 



25 

n s 
U 

x 
2 w 

0.9 

ORNL-DWG 95-2740 ET0 

- 
- 
- 

E m  

0.002. 
0 2 4 6 7  

log N 
Fig. 3.9. Fatigue l i e  diagram of high modulus graphite-epoxy under loading parallel to fibers; 

data from Awerbuch and Hahn, 1977. Source: Reprinted from R. Talreja, Fatigue of Composite 
Materiuls, Chap. 2 (Fig. 7). OTechnomic Publishing Company, Inc, 1987. 
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Fig. 3.10. Fatigue life diagram of lower modulus graphite-epoxy under loading parallel to 
fibers; data from Curtis, 1987. Source: Reprinted with permission of Elsevier Science, Inc. 

33.1.2 Loading inclined to fibers 

When loading is not parallel to fibers the fiber/matrix interface is subjected to normal and shear 
stresses. The interfacial region (intexphase) initiates cracks under these stresses that then grow on repeated 
load application aided by irreversible dissipative processes at crack fronts. The mixed-mode crack growth 
in interfacial regions becomes the primary progressive fatigue damage mechanism. 

The role of fibers under loading inclined to fibers is only significant for small inclination angles 
(probably 4"). As the inclination angle increases, the normal stress in fibers falls rapidly. At the same 
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time, normal and shear stresses in the interfacial region increase. The opening-mode contribution to the 
mixed-mode cmck growth also increases with increasing inclination angle. Since the crack growth resis- 
tance is expectedly less for opening-mode growth, the threshold strain for crack growth will decrease with 
increasing inclination angle. Consequently, the fatigue limit will decrease as the inclination angle increases. 

The above-mentioned considerations are reflected in the schematic fatigue life diagram, Fig. 3.11. 
The fatigue life diagram for inclination angle 8 = 0" (i.e., for loading parallel to fibers) is shown in dotted 
lines as reference. For the inclination angle of more than a few degrees, where fiber failure ceases to be a 
governing mechanism, the sloping scatterband starts at the static failure strain and ends at the fatigue limit. 
The horizontal scatterband of fiber failure is lost, and consequently, the mechanism for delaying the pro- 
gressive damage is also not effective. In the limiting condition of inclination angle, 8 = 90°, the opening- 
mode crack growth, described as transverse fiber debonding, is the predominant mechanism of damage. 
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Fig. 3.11. Fatigue life diagram for unidirectional composites under loading inclined to fibers. 
Dotted-line diagram is for loading parallel to fibers. Source: Reprinted with permission of VCH 
Publishers, Inc. 

Test data for a glass-epoxy unidirectional composite subjected to tension-tension fatigue at various 
inclination angles have been reported by Hashin and Rotem (1973). Their data, reported in terms of the 
maximum stress, have been replotted with maximum first-cycle strain in Fig. 3.12. The lines drawn through 
the data points have been started at the static failure strain. The fatigue limit of epoxy, reported by D h a n  
(1975), is shown as a reference fatigue limit for 8 = 0". The fatigue limit for transverse fiber debonding was 
reported by Owen and Rose (1970) for various composites of reinforced polyester to be at 0.12% strain. 
The data for glass-epoxy shown in Fig. 3.12 suggest that this fatigue limit is approximately at the same 
value. 

In Fig. 3.13 the strains at fatigue limits for various inclination angles are plotted. The strain values 
are taken from the fatigue life diagrams (Fig. 3.12). A smooth curve drawn through the points is made to 
pass through the reference values at the two extremes, that is, 8 = 0" and 8 = go", 0.6% and 0.12%, 
respectively. 
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Fig. 3.12. Fatigue life diagram of unidirectional glass-epoxy under loading inclined to fibers; 
data from Hashin and Rotem, 1973. Source: Reprinted from R. Talreja, Fatigue of Composite 
Materiak, Chap. 2 (Fig. 11). OTechnomic Publishing Company, Inc., 1987. 
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Fig. 3.13. Variation of fatigue limit with inclination angle, 8, based on data of Hashin and 

Rotem, 1973. Source: Reprinted from R. Talreja, Fatigue of Composite Materials, Chap. 2 (Fig. 12). 
OTechnomic Publishing Company, Inc., 1987. 
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33.2 Laminates 

A primary motivation for constructing laminates is to achieve a desired combination and distribution 
of properties. As far as the elastic response is concerned, well-established plate theories exist for making 
assessment of the stiffness properties. A number of strength criteria have been proposed, although a single 
criterion has not been found to be universally applicable, sufficient basis exists for evaluation, at least a 
preliminary one, for selection of laminate configurations. For long-term performance of laminates, in par- 
ticular under cyclic loads, the situation is far from satisfactory. A selection of laminate configuration on the 
basis of fatigue performance cannot yet be made. The design approach, instead, has been to select laminate 
configurations on the basis of stiffness and strength considerations and then to ensure that these properties 
do not degrade unacceptably under fatigue. 

generate basic understanding of the damage development process. In the following sections this aspect will 
be reviewed, and the role of damage mechanisms will be interpreted with the aid of fatigue life diagrams. 
For the sake of clarity and systematic description, laminates of angle-ply and cross-ply types will be con- 
sidered before discussing more general laminates. 

To achieve rational and efficient design procedures for laminates under fatigue the first step is to 

33.2.1 Angle-ply laminates 

This class of laminates [Le. (+e) orientation] is widely used in filament-wound structures. It is also 
suited for systematic studies of the "constraint effect" in laminates. For illustration of this effect, consider 
the fatigue damage of unidirectional composites under loading inclined to fibers. As discussed previously, 
the predominant damage mechanism here is the mixed-mode cracking in the fibedmatrix interfacial region. 
Indeed, failure will occur when a single crack grown from a preexisting flaw reaches a critical size at which 
stage further growth becomes unstable (see Fig. 3.14~). Now consider a unidirectional ply placed in an 
angle-ply laminate subjected to loading along the symmetry axis (see Fig. 3.14b). Under the effect of the 
stresses in the plane of a ply, mixed-mode cracking will also occur here. However, growth of a crack here 
will be under constraint of the adjacent ply (or plies), and failure of the laminate will not depend on the 
length of the crack since the constraining ply (or plies) will locally (Le., at crack fronts) carry the load shed 
by the cracking ply. If fibers in a constraining ply sustain the additional load, which acts over a distance 
from the crack planes (called the shear-lag distance due to the ensuing shear stress at the interface between 
the plies), more cracks can form further away. This multiple cracking process has been treated by Aveston, 
Cooper, and Kelly (1971) and since then by many others. In angle-ply laminates loaded along a symmetry 
axis, the multiple cracking process takes place in plies of both orientations since the plies of one orientation 
apply constraint to the plies of the other orientation and simultaneously crack under the constraint of plies 
of that orientation. 

laminate progresses and causes an increase of the crack number density. If no other damage mechanism is 
initiated, the multiple intraply cracking process will stop when saturation spacings between cracks in plies 
of both orientations have been reached. However, the intraply crack fronts can locally debond the ply inter- 
faces if the debond energy is exceeded by the local strain energy release rate. The delaminations thus 
caused (see Fig. 3.14) can grow under cyclic loads. The stress states in plies in the delamination regions 
will then change and may cause fiber failures and thereby failure of the laminate. The delaminations can 
also merge together by growth and cause laminate failure by separating plies from each other sufficiently 
such that linkage of intralaminar cracks throughout the thickness is achieved. 

fatigue life. It can, however, be appreciated, from the description of the damage process given above, that 
the constraint effect (determined by ply thickness, orientation, and stiffness) governs initiation, progression, 
and eventual saturation of intraply cracking. The associated local delamination process is also affected by 
the ply constraint since the surface displacements of the intraply cracks are subject to this constraint. For a 
given ply material and stacking sequence, the constraint effect can be made to vary by varying the off-axis 
angle of angle-ply laminates. Fatigue life data for angle-ply laminates of glass-epoxy with the off-axis angle 
(denoted by 0 in Fig. 3.14) of various values between 30" and 60" were reported by Rotem and 

Under cyclic tensile loads of a constant amplitude, the multiple cracking process in an angle-ply 

The process of damage in angle-ply laminates has not been quantitatively analyzed for predicting 
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Fig. 3.14. Comparison of fatigue damage mechanisms in unidirectional and angle-ply 
laminates: (a) cracking from initial flaw in unidirectional ply under loading inclined to fibers and 
(b) multiple matrix cracking in one ply of angle-ply laminate under constraint of adjacent ply of 
opposite orientation. The intraply cracks cause delaminations along crack fronts. Source: Reprinted 
with permission of VCH Publishers, Inc. 
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Hashin (1976). The fatigue limits taken from their data have been plotted as strains (by dividing their stress 
by their reported elastic moduli) and are shown in Fig. 3.15. Also shown in the figure are fatigue limit data, 
connected by a dotted line, for unidirectional composites of the same material under loading inclined to the 
fibers. Comparison of the two sets of data gives a good illustration of the constraint effect discussed previ- 
ously. A significant improvement in the fatigue performance due to the constraint effect (or simply the fiber 
architecture) is thus displayed. (The nature of the variation of the fatigue limit of angle-ply laminates of 
glass-epoxy, shown in Fig. 3.15, has been found to be slightly different by a recent study, yet to be pub- 
lished. The improvement over unidirectional composites remains at about the same magnitude). 
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Fig. 3.15. Variation of fatigue limit of angle-ply laminate of glass-epoxy. Fatigue limits are 

taken from data reported by Rotem and Hashin, 1976. The dotted line reproduces fatigue limit 
variation for unidirectional composites (Fig. 3.12). Source: Reprinted from R. Talreja, Fatigue of 
Composite Materials, Chap. 2 (Fig. 13). OTechnomic Publishing Company, Inc., 1987. 

33.2.2 Cross-ply laminates 

This class of laminates [Le. (0/90) orientation], although of less practical application than the angle- 
ply laminates, has been the subject of extensive analytical, numerical and experimental studies. The reason 
is that the multiple transverse cracking in these laminates is constrained by longitudinal plies that remain 
uncracked in most cases on loading in the longitudinal direction, while in angle-ply laminates both sets of 
off-axis plies crack simultaneously. Thus, the multiple transverse cracking can be studied under the con- 
stant constraint of the longitudinal plies. The constraint can, however, only be varied by varying the ratio of 
thickness of the two sets of plies, if the same ply material is used throughout the thickness. The studies 
related to the cracking behavior of cross-ply laminates have been concerned with three aspects: the initia- 
tion of cracking, also called the first-ply failure; tlie development @e., multiplication) of cracking; and the 
changes (reduction) of stiffness properties due to cracking. A recent state-of-the-art review of this subject is 
given in Han and Hahn (1989). Most studies reviewed there have treated monotonic tensile stressing of 
cross-ply laminates along longitudinal plies. 

A thorough study of tensile fatigue of cross-ply laminates of graphite-epoxy has been reported by 
Jamison et al. (1984). The evolution of fatigue damage was described by separating it into three stages, the 
reflection of which was shown by the modulus reduction curve in Fig. 3.16, where the three stages are 
marked as I, 11, and 111. Stage I consists of transverse crack formation that progresses with the cycles 
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Fig. 3.16. Development of damage in (0, 9Ods laminate of graphite-epoxy reflected as Stages I, 

II, and III in modulus reduction curve. Source: Jamison et al., 1984. Reprinted with permission of 
American Society of Testing and Materials. 

applied until a fairly constant spacing between cracks is attained. Figure 3.17 shows the transverse crack 
density with cycles and the associated reduction in the longitudinal Young's modulus of the laminate. 
Damage in Stage I1 is exemplified by an X-ray radiograph shown in Fig. 3.18. The horizontal lines are the 
transverse cracks in 90" plies, and the vertical lines represent longitudinal cracks between fibers in 0" plies. 
These cracks initiate in Stage I but are fewer in number and shorter in length. The initiation of these cracks 
is attributed to the tensile stress normal to fibers resulting from the difference of the Poisson's ratio in the 
two ply directions. Subsequent to the appearance of the transverse and longitudinal cracks, delaminations of 
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Fig. 3.17. Development of transverse crack density and modulus under fatigue of (0, 90ds 
graphite-epoxy laminate. Source: Jamison et al., 1984. Reprinted with permission of American 
Society of Testing and Materials. 
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Fig. 3.18. X-ray radiograph showing transverse cracks (horizontal lines), longitudinal cracks 
(vertical lines), and local delaminations (shadowlike zones) in (0, mi>, graphite-epoxy laminate under 
fatigue, Stage II. Source: Jamison et al., 1984. Reprinted with permission of American Society of 
Testing and Materials. 

roughly elliptical shape were found located around the crossover points of the two sets of cracks. These 
delaminations appear as shadowlike regions in the X-ray radiographs (e.g., Fig. 3.18). By scanning electron 
microscopy of sections cut at various places along a delamination it was found that a delamination was 
formed by diversion of a longitudinal crack into the interlaminar plane. Stage III of damage was found 
to be dominated by growth and coalescence of the delaminations and fiber failures in the delaminated 
regions. The delamination growth was primarily in the longitudinal direction. The coalescence of such 
delaminations formed strips of width equal to the spacing between adjacent longitudinal cracks. Failure of 
such strips by fiber breakage in them induced the laminate failure. 

given cross-ply laminate does not exceed the threshold strain for multiple transverse cracking, subsequent 
application of the same load will not cause fatigue failure (in, e.g., lo6 cycles). Thus, the strain to onset of 
multiple cracking may be taken as a good estimate of the fatigue limit. The static (or one cycle) failure limit 
is given by the fiber failure strain, which is also the composite failure strain. A fatigue life diagram of a 
cross-ply laminate will thus have these two strains (i.e., strain to multiple transverse cracking and strain to 
fiber failure) as the two limits. 

Figure 3.19 shows an example of the fatigue life behavior of a cross-ply laminate. The data taken 
from Grimes (1977) are interpreted on the basis of the fatigue life diagram concept. The fatigue limit is 
placed at a strain of 0.43%, which was the strain at which the plot of longitudinal stress vs transverse strain 
showed a proportionality limit indicating onset of (multiple) transverse cracking. A scatterband is placed 
horizontally about the static failure strain to indicate the presence of the nonprogressive fiber failure 

It may be argued that if the maximum strain attained in the first application of a tensile load on a 
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Fig. 3.19. Fatigue life diagram for cross-ply laminate of graphite-epoxy; data from Grimes, 
1977. Source: Reprinted from R. Talreja, Fatigue of Composite Materials, Chap. 2 (Fig. 14). 
OTechnomic Publishing Company, Inc., 1987. 

mechanism discussed above in connection with tensile fatigue of unidirectional composites under loading 
parallel to fibers. In a cross-ply laminate this mechanism will also exist due to the presence of the 0' plies 
stressed parallel to fibers. 

33.2.3 General laminates 

Numerous laminate configurations can be obtained by combining the unidirectional, angle-ply, and cross- 
ply arrangements. A number of these have been studied by various workers. A summary of an extensive 
range of investigations has been reported by Reifsnider, Henneke, Stinchcomb, and Duke (1983). 
Figure 3.20 shows the schematic description of the controlling damage mechanisms suggested by them for 
a wide class of laminates. The initial stage of damage development consists of multiple matrix cracking 
along fibers in plies inclined to the applied load direction. The nature of this cracking process is as that 
described above for angle-ply laminates and cross-ply laminates. The saturation of the intraply cracking 
process in individual plies has been found to lead to a cracking state that is a generic property of the given 
laminate and is independent of the loading amplitude or in general the path of loading. This state has been 
called the Characteristic Damage State (CDS) and signifies termination of the initial stage of damage 
development. Further damage on continued cycling occurs by local debonding of interply bonds at the 
fronts of the intraply cracks. This causes delamination, which grows in the interlaminar planes and leads to 
coalescence of adjacent delamination zones and stress enhancement in the separated plies. This enhances 
fiber breakage and induces instability of the damage developments leading to final failure. 

the rates of the process. A pragmatic approach at present is, therefore, to search for trends in the fatigue 
lives induced by changes of ply orientations from a basic configuration. As an example of this consider 
three laminate configurations: a unidirectional; (0, 545)s; and (0, 545, all of the same graphite-epoxy. 
Fatigue life data for these laminates obtained under tension-tension loading have been kindly given to the 
author by Dr. P. T. Curtis of the Royal Aerospace Establishment in the United Kingdom. In Fig. 3.21 the 
data have been plotted together on axes of the maximum strain in the first cycle and the logarithm of the 
number of cycles to failure. With data for a unidirectional composite in view, the fatigue life diagram has 
been drawn. The usual characteristic features of the diagram discussed above are present. It is of interest to 
see that fatigue lives for (0, &45), and (0,545, 
scatterband of the unidirectional composite. This suggests that at relatively low strains the progressive 

The complexity of the damage development process has not yet allowed a quantitative description of 

laminates fall within the lower part of the sloping 
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Fig. 320. Development of damage in composite laminates. Source: Reifsnider et aL (1983). 
Used with permission of author. 
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Fig. 3.21. Fatigue data of three graphite-epoxy composites (private communication from P. T. 

Curtis, Royal Aerospace Establishment, U.K.). The drawn fatigue life diagram is for unidirectional 
composite only. 
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damage mechanism of matrix cracking and the associated interfacial failure in unidirectional composites 
dominates and governs the fatigue lie. At higher strains the deviation in fatigue lives of the two laminates 
from the sloping scatterband of the unidirectional composite may now be interpreted as due to the delami- 
nation growth in the laminates causing enhanced stresses in the 0" plies and the consequent lower fatigue 
lives. 
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333 Woven Fabric Composites 

Woven fabric composites are a useful class of composites, in particular for structures with large 
thickness. Little work on fatigue behavior of these composites has, however, been reported. A systematic 
study has been conducted by Schulte, Reese, and Chou (1987), which will be summarized below. 

by an epoxy resin. Laminates of this material were made by stacking the prepregs and curing them. For 
comparison, continuous fiber cross-ply laminates of the same material were made. Development of damage 
in the laminates under tension-tension fatigue was studied by conducting X-ray radiography intermittently 
during fatigue and by postfailure scanning electron microscopy of the interlaminar regions. 

observed in cross-ply laminates. Cracks were found to initiate in the warp (transverse to loading) direction 
along the fibers. On continued loading longitudinal cracks appeared between fibers in the fill direction in 
the undulation regions where the fill fibers cross over the warp fibers. The crack densities increased with 
load cycling, and a uniformly distributed pattern of orthogonal cracks appeared to develop. On further 
cycling, delaminations were observed confined primarily to the undulation regions. Thus a uniform distri- 
bution of delamination areas in the interlaminar planes developed. Toward the end of fatigue life fiber bun- 
dles were found to fail in the undulation regions. A progressive weakening of the laminate strength then led 
to final failure. 

Data for the straight fiber cross-ply laminate are also plotted in the figure for comparison. The differences 
in the two systems appear beyond about 50% of fatigue life, suggesting that the delaminations at the undu- 
lating regions in the woven fabric laminate are responsible for the extra reduction of stiffness. 

Schulte, Reese, and Chou (1987) tested an eight-harness satin weave of graphite fibers impregnated 

The development of damage in the initial stage showed basically the same features as have been 

Figure 3.22 shows the Young's modulus change with fatigue life for the woven fabric composite. 
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Fig. 3.22. Change in longitudinal Young's modulus of woven fabric composite and cross-ply 
laminate of graphite-epoxy under fatigue; data from Schulte et al., 1987. Source: Adapted with 
permission of Elsevier Science, Inc. 
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The fatigue limit of the woven fabric laminate was found at 0.62% smin as against the value of 
0.85% for the straight fiber cross-ply laminate. Although the reasons for this difference have not been 
explored, it is likely that the cause lies in the reduced constraint to transverse cracking provided by the 
curved fibers in the woven fabric composite. 

- 

- 

- 

3.4 SHORT FIBER COMPOSITES 

A substantial amount of work on fatigue of chopped-strand mat reinforced polyester was reported by 
Owen and associates from 1967 to 1979 and has been summarized by Owen (1982). The material consisted 
of 50-mm glass multifilament strands randomly arranged in a plane and surrounded by a polyester resin. 
Flat plates of the composite were made with a wet lay-up technique. Fiber strands could be observed by 
optical microscopy with transmitted light in thin plates. Combining this with observations of polished edges 
of specimens the mechanisms of debonding and resin cracking were detected. Debonding of strands from 
the matrix was the f i t  mechanism observed in static as well as fatigue loading. The first group of strands 
to debond had fiber axes approximately normal to the applied load direction. With increased load level or 
number of cycles of a maximum load, debonding of strands deviating from the normal to the load axis 
occurred. The debond cracks extended into resin-rich areas, causing resin cracking that grew with further 
load cycling. Figure 3.23 shows when debonding, cracking, and sepamtion of the specimen occurred at 
various stress amplitudes in a cyclic loading with zero mean stress (Owen, Smith, and Dukes, 1969). It is 
noted that the stress threshold below which no debonding occurs may be usable as a conservative estimate 
of the fatigue limit 
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Fig. 3.23. Stress amplitude vs cycles for. polyester-resin reinforced with chopped strand mats 
of glass indicating onset of debonding and cracking under cyclic loading with zero mean stress. 
Source: Owen et al., 1969. Used with permission of the Plastics Institute. 
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It was thought that improvement in the polyester resin ductility might delay the onset and develop 
ment of fatigue damage in the reinforced resin. A flexibiliziig agent was added to the resin to increase its 
strain to failure. The static strain to failure of the composite showed, however, only slight improvement (see 
Fig. 3.24) (Owen and Rose, 1970). The elastic modulus of the resin decreased with increasing flexibilizer 
content, causing the composite modulus also to decrease. However, it turned out that the strain for onset of 
debonding remained unaffected at about 0.3% under static loading irrespective of the flexibilizer content. 
More importantly, the stress-cycle plots for onset of debonding (e.g., that in Fig. 3.23) for all composites 
tested, with varying contents of flexibilizer in resin, collapsed in a single curve (or band) when strain was 
plotted instead of stress. Also, the threshold strain for debonding in fatigue, referred to as fatigue limit for 
transverse fiber debonding, came out to be a fairly constant value of 0.12%. 
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Fig. 3.24. Strain to failure of polyester resin with polypropylene maleate adipate flexibilizer 
and of its composites with chopped strand mats and with fabric. Source: Owen and Rose (1970). 
Reprinted with special permission of Modern Plastics, 0 1970, McGraw-Hill, Inc., New York. 

As far as resin cracking is concerned, Owen and Rose (1970) found that no significant delay in its 
occurrence was observed with the addition of flexibilizer in resin. For high contents of the flexibilizer, 
however, it was found that cracks appeared at the ends of strands that were aligned with the loading axis 
slightly before initiation of transverse fiber debonding. 

An investigation of fatigue damage in SMCs, was reported by Wang, Chim, and Suemasu (1986) 
[see also Wang, Suemasu, and Chim (1987)l. The material investigated is denoted as SMC-R5O and 
consists of chopped glass fibers of length 25.4 mm, calcium carbonate filler, and polyester resin. The fibers 
are randomly oriented in the plane of the sheet and constitute 50% by weight of the composite. The main 
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difference from the material of the work described above is that the fibers are about half as long here and 
are more evenly spread rather than being clumped together as thick strands. The observations of damage 
were made by taking replicas of the specimen surface periodically during the cyclic tensile loading. The 
replicas were sputtered and examined in a scanning electron microscope. 

Observations showed that in a resin-rich area microcracks formed nearly normal to the loading direc- 
tion. In a fiber-dominant region with fibers aligned with the loading direction, cracks appeared between 
fibers, also normal to the loading direction, and were limited in length by the interfiber spacing. Debonding 
of fiber strands roughly normal to the loading axis was also seen. Typical micrographs showing the cracks 
are reproduced in Fig. 3.25. All crack types were grouped together for the purpose of statistical descrip- 
tions. This was achieved by a crack sampling procedure where cracks intersecting a straight line parallel to 
the loading axis were counted. The crack size and orientation were represented by the parameters c and 8 
(see Fig. 3.26). From the sampling statistics, distributions of the two parameters were derived assuming 
Weibull-type functions. The cumulative distribution function for crack length, denoted Fc(c), and its den- 
sity function fc(c) are shown in Fig. 3.27 for a fatigue loading with the maximum stress at 60% of the ulti- 
mate tensile stress. For the same loading the cumulative distribution and density functions for crack orien- 
tation, Ge(0) and g@), respectively, are shown in Fig. 3.28. The main observations of interest concerning 
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Fig. 3.25. Microcracking in short fiber reinforced SMC-R5O composite: (a) cracks in resin- 
rich region and (b) cracks in fiber-dominant region with fibers oriented at angle to loading direction. 
Source: Wang et aL, 1987. Reprinted with permission from “Analysis of Fatigue Damage Evolution 
and Associated Anisotropic Elastic Property Degradation in Random Short-Fiber Composite,” 
J.  Comp. Mats. _21.1084-1105 (Fig. 2). OTechnomic Publishing Company, Inc., 1987. 
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Fig. 3.26. Specimen of short fiber composite with sampling line of length 1 parallel to axial 

direction. A crack intersecting the sampling line is described by length 2c and angle 0. Source: Wang 
et al., 1987. Reprinted with permission from “Analysis of Fatigue Damage Evolution and Associated 
Anisotropic Elastic Property Degradation in Random Short-Fiber Composite,yy J. Comp. Mats. 
1084-1105 (Fig. 1). OTeclinomic Publishing Company, Inc., 1987. 
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Fig. 3.27. Cumulative distribution function Fc(c) and density function fc(c) of crack length at 
various cycles with maximum stress of 60% of ultimate tensile stress for short fiber SMC-RSO 
composite. Source: Wang et aL, 1987. Reprinted with permission from “Analysis of Fatigue Damage 
Evolution and Associated Anisotropic Elastic Property Degradation in Random Short-Fiber 
Composite,” J. Comp. Mats. a 1084-1105 (J?igs. 4 and 5). OTechnomic Publishing Company, Inc., 
1987. 
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Fig. 3.28. Cumulative distribution function Ge(9) and density function go(€)) of crack 

orientation at various cycles with maximum stress of 60% of ultimate tensile stress for short fiber 
SMC-RSO composite. Source: Wang et al., 1987. Reprinted with permission from “Analysis of 
Fatigue Damage Evolution and Associated Anisotropic EIastic Property Degradation in Random 
Short-Fiber Composite,”J. Comp. Mats. _21.1084-1105 (Figs. 9 and 10). OTechnomic Publishing 
Company, Inc., 1987. 
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the microcrack geometry are that most cracks remain <1 mm in length during fatigue and that their orienta- 
tions are mainly within 30” of the n o d  to the loading direction. 

The multitude of microcracks within the volume of an SMC degrade the elastic constants. 
Figure 3.29 shows the longitudinal Young’s modulus vs the number of cycles applied. The predicted curve 
in the figure is calculated by a “self-consistent estimation scheme,” using the measured crack statistics 
(Wang, Chim, and Suemasu, 1986). The preferential cracking resulting from the applied uniaxial loading 
leads to anisotropy in the initially isotropic SMC material. This necessitates calculation of more elastic 
constants than those needed to characterize the virgin state of the materials. 
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Fig. 3.29. Change in longitudinal Young’s modulus of short fiber SMC-RSO composite under 

fatigue at maximum stress of 60% of the ultimate tensile stress. Source: Wang et aL, 1987. Reprinted 
with permission from “Analysis of Fatigue Damage Evolution and Associated Anisotropic Elastic 
Property Degradation in Random Short-Fiber Composite,” J. Comp. Mats. 21.1084-1105 (Fig. 13). 
OTechnomic Publishing Company, Inc., 1987. 

Studies related to fatigue of injection-molded reinforced thermoplastics have been reported by 
Mandell, Huang, and McGarry (1982) and by Mandell, McGarry, and Li (1985). These authors have stud- 
ied growth of a precut crack under cyclic tensile loading. The plane of the precut crack was normal to the 
dominant fiber direction, which was also the direction of loading. The materials tested were commercial 
injection molding compounds containing 30 to 40% by weight of glass or graphite fibers. The matrix mate- 
rials were engineering thermoplastics, including semicrystalline Nylon 66, amorphous polycarbonate, poly- 
sulfone, amorphous polyamide, and semicrystalline polyphenylene sulfide. The fibers were reported to 
seldom exceed 1 mm in length and to have typical length of 0.2 mm, giving a typical length-to-diameter 
aspect ratio of 20. 

Optical and scanning electron microscopy were used to study the mode of crack growth; this mode 
was described as a fiber avoidance mode. Although differences were found from material to material, the 
dominant feature of the crack growth process was described as a main crack growing in a zigzag pattern 
that avoided cutting through fibers and instead found local paths of lower resistance along the fibers and 
between the fibers. Local failure zones were found ahead of the main crack tip. These zones contained 
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isolated crazes or isolated shear yielding. It was thought that these zones coalesce and merge into the main 
crack. The schematic in Fig. 3.30 depicts the fiber avoidance mode of crack growth with local failure zones 
ahead of the crack. The band of width (or height) h about the crack plane is suggested by the authors to be 
characteristic of the material microstructure and independent of the loading mode. The authors further 
suggest that only processes within this band govern crack growth (i.e., a plastic zonelie concept). 
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Fig. 3.30. Schematic of crack zone in fiber avoidance mode of crack growth. Source: Mandell 
et al., 1985. Reprinted with permission of American Society of Testing and Materials. 

The crack growth rate is taken to be given by the Paris law: 

da 
dN -= A K E a x  9 (3.1) 

where a is the crack length, N is the number of cycles, K is the stress intensity factor, and A and m are 
constants. 

For a zigzagging crack the measurement of crack length is not simple. The zigzag pattern observed 
on the specimen surface does not necessarily hold through the specimen thickness. The authors give no 
details concerning this, but it appears that they use the projected length on the extended initial crack plane 
measured on the specimen surface. In any case, their crack growth data are reproduced in Figs. 3.31 and 
3.32. It is noted that the crack growth exponent increases from the value of 4 for unreinforced matrix to 
7 (for Nylon 66) or 8 (for polysulfone). 

Assuming the Paris law to hold until the critical crack length to failure, the fatigue life can be 
obtained by integrating Eq. (3.1). The slope of the S-N l i e  on a log-log scale would then be the inverse of 
the exponent in the Paris law. Figure 3.33 shows the S-N data for unreinforced and reinforced polysulfone 
with the corresponding slopes indicated. The deviation at high stresses is attributed to general yielding of 
the materials. 

concluded that for sufficiently small fibers a crack emanating in a resin-rich area may grow under cyclic 
loading, avoiding fibers in its path by zigzagging around them, until a critical size is attained beyond which 
further growth is unstable and failure results. The question remains as to what role the fibers play other than 
being in the way of a growing matrix crack and thereby slowing down its rate of growth. Based on some 
fracture toughness considerations, Mandell, McGarry, and Li (1985) suggest that the ultimate tensile 
strength U S )  of a composite, determined by the fiber strength, geometry and volume fraction, determines 
also the fatigue strength. The schematic of the relationship between fatigue crack growth and fatigue life, 
suggested by Mandell, McGarry, and Li. (1985), is reproduced in Fig. 3.34. 

by a systemic investigation on composites with spherical fillers reported by Gadkaree and Salee (1983). 
They studied fatigue crack growth in cantilever beam specimens of a thermoplastic Bisphenol A- 
terephalatehsophthalate copolyester, filled with a fly-ash filler with mean diameter of 20 p. Standard frac- 
ture mechanics techniques of compliance calibration of crack length were used. Tests were carried out with 
composites containing 10,20,30, and 40% by weight of filler. The crack growth data for unfilled resin are 

From the work of Mandell, Huang, McGarry, and Li (1982,1985) summarized above, it may be 

The difficulties related to characterization of fatigue crack growth data in composites are illustrated 
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Fig. 331. Fatigue crack growth data for unreinforced and injection-molded fiber-reinforced 
polysulfone. Source: Mandell et al, 1985. Reprinted with permission of American Society of Testing 
and Materials. 
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Fig. 332. Fatigue crack growth data for unreinforced and injection-molded fiber-reinforced 

nylon 66. Source: Mandell et al., 1985. Reprinted with permission of American Society of Testing and 
Materials. 
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Fig. 333. S-N data for unnotched polysulfone in unreinforced and various injected-molded 
fiber-reinforced conditions. Source: Mandell et al., 1985. Reprinted with permission of American 
Society of Testing and Materials. 
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Fig. 3.34. Schematic of relationship between fatigue crack growth and S-N behavior of 
injection-molded fiber-reinforced composites. Source: Mandell et al., 1985. Reprinted with 
permission of American Society of Testing and Materials. 

shown in Fig. 3.35, and the Paris law constants derived from best-fit are also indicated. Note that the expo- 
nent value is fairly close to the value of 4 generally reported for polymers. The data for a composite with 
10% by weight of filler are shown in Fig. 3.36. The exponent here takes the value 8.78, which is not far 
from the values of 7 and 8 found by Mandell et al. (1985) for their injection-molded composites. The data 
for composites with 20 and 30% by weight of filer are shown next in Figs. 3.37 and 3.38. The data here fail 
to be characterized by the Paris law. Finally a comparison of the data for unfilled resin and the composite 
with 40% by weight of filler is shown in Fig. 3.39. Once again, the composite data show lower growth rates 
but cannot by described by the Paris law. Apparently, there are certain mean interfiber or interparticle spac- 
ings below which crack growth becomes erratic and cannot be described by the stress intensity parameter. 

3.5 CONTINUOUS STRAND MAT COMPOSITES 

CSM composites are of interest to the automotive industry because of the inexpensive processing 
that can be achieved with this class of materials. The reinforcement is swirled mats of glass fibers randomly 
arranged in a two-dimensional configuration, and sheets of the material are made by the SRIM process. 
This particular fiber architecture has been decided on the basis of considerations of processing. The chal- 
lenge now is to determine if the performance requirements can be met and how a safe and reliable design 
may be achieved with these materials. For this we must understand how the mechanisms of damage operate 
at the microlevel and how the overall properties are affected by these mechanisms. 

To appreciate the nature of the problem, consider the simpler case of swirl mat composite without 
damage. For this case. assuming that the microstructure remains stationary (i.e., the volume fraction and 
orientation distribution of fibers do not change), it is not clear at what length scale averaging of the 
microstructure should be done to arrive at the "global" properties. Recently, Stokes (1990a,b,c,d) in a four- 
part study of a 40% random glass mat polypropylene composite found that the tensile modulus varied by a 
factor of 2 over a 12.7-mm (U2-in.) distance and the variation of this property over a plaque of 150 x 
305 mm (6 x 12 in.) was by a factor of 3. Changing the gage length from 12.7 mm would expectedly 
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Fig. 335. Fatigue crack growth data for unfilled resin. Source: Gadkaree and Salee, 1983. 
Reprinted with permission of Society of Plastics Engineers. 
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Fig. 336. Fatigue crack growth data for resin with 10% by weight filler. Source: Gadkaree 
and Salee, 1983. Reprinted with permission of Society of Plastics Engineers. 
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Fig. 337. Fatigue crack growth data for resin with 20% by weight filler. Source: Gadkaree 
and Salee, 1983. Reprinted with permission of Society of Plastics Engineers. 
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Fig. 338. Fatigue crack growth data for resin with 30% by weight filler. Source: Gadkaree 
and Salee, 1983. Reprinted with permission of Society of Plastics Engineers. 
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Fig. 3.39. Comparison of fatigue crack growth data for unfilled resin and for resin with 40% 
by weight filler. Source: Gadkaree and Salee, 1983. Reprinted with permission of Society of Plastics 
~n g' meers. 

also affect this variation. The question is: what is the size of a representative volume element ( R E )  within 
which the fiber distribution may be regarded as statistically homogeneous? Even harder questions arise 
when damage initiates and evolves under cyclic loading: what is the scale at which statistical descriptors of 
damage (e.g., crack density) should be described and how do local damage mechanisms affect the RVE 
size? Only through revisiting the basic concepts in association with systematic studies of microstructural 
damage-its initiation and evolution-can we hope to answer these fundamental questions. Then, the basis 
for developing models to describe stiffness and strength degradation in long-term loading could be provided 
and a methodology for life prediction developed. 

3.6 MODELS FOR LIFE PREDICTION 

Any approach to fatigue life prediction should be preferably based on the understanding of the gov- 
erning mechanisms of fatigue failure. The conceptual framework discussed above aids in clarifying the 
relative roles of these mechanisms and the associated ranges of operation. To quantitatively model the 
development of the mechanisms, appropriate mechanics of deformation and failure must be applied. How- 
ever, the fatigue life diagram can be used to guide such efforts. In the following a discussion of the possible 
modeling approaches will be made, keeping the fatigue life diagrams just discussed as a background. 

3.6.1 Region I 

As discussed, Region I of the fatigue life diagram is governed by a stochastic fiber failure process in 
composites where the matrix material is brittle (e.g., a nontoughened epoxy). A model for this phenomenon 
is difficult to construct due to insufficient understanding of the governing parameters of the stochastic pro- 
cess. An approach to such modeling belongs to the field of first-passage problems (see, e.g., Crandall et al., 
1966). It may be recalled that this region exists primarily in uniaxial loading parallel to fibers in brittle 
matrix composites and vanishes for ductile matrix composites in this loading mode and for off-axis loading 
in all composites. 

3.6.2 Region 11 

The underlying mechanism in this region is fiber-bridged matrix cracking. The essential p m e t e r s  
that should be included in any model of this mechanism are the matrix plasticity (or viscoplasticity at high 
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temperatures), the fiber elastic moduli and strength, the fiber/matrix interfacial characteristics related to 
debonding, and the residual stress state. Most previous efforts directed at modeling of the fiber-bridged 
matrix cracking have been motivated by the behavior of ceramic matrix composites (Marshall et al., 1985; 
Budiansky et al., 1986; and McCartney, 1987). There are significant differences between ceramic matrix 
composites and polymer matrix composites with regard to the matrix deformation, in particular the cyclic 
deformation and the interfacial debonding. 

3.63 Region III 

This region is of interest for design of components for applications where fatigue damage cannot be 
tolerated. The boundary of this region with Region 11 provides the fatigue limit beyond which failure can 
occur in what is considered to be a finite life. The strain values for the fatigue limit of the systems 
discussed above are in the range of 0.1 to 0.6%. These low values suggest the need to investigate the means 
of improving this property. This can conceivably be achieved if models are developed for the mechanism in 
Region 111. As discussed above, this mechanism appears to be matrix cracking prevented by fibers growing 
to an unstable state. The fatigue limit of the matrix material would thus be the lower bound to the fatigue 
limit of the composite. The fiber stiffness is a possible means of improving the composite fatigue limit, as 
discussed above. 

3.7 CONCLUDING REMARKS 

This exposition has reviewed the fatigue behavior of PMCs with reinforcement in the form of long, 
continuous fibers in unidirectional and laminated configurations, as woven fabrics, and as short fibers. A 
systematic scheme based on the underlying mechanisms of damage, which takes the form of fatigue life 
diagrams, has been described for a consistent interpretation of the fatigue data. The effects of fiber stiffness, 
matrix ductility, and fiber architecture have been clarified and illustrated by interpreting fatigue data in 
accordance with the fatigue life diagrams. For each region of the fatigue life diagram for the basic configu- 
ration of a unidirectional composite, modeling concepts have been discussed. For short fiber composites, 
the fracture-mechanics-based approach to fatigue has been discussed and scrutinized, and l i t a t ions  of this 
approach have been noted. For composites of interest in automotive applications, namely with CSMs of 
swirled fibers, the need to clarify the issues related to the relationship between local and global properties 
has been discussed. It is expected that most methods applicable to homogeneous materials and to materials 
with oriented microstructures such as laminates would not apply to composites with swirl mat 
reinforcement. 
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4. CREEP IN POLYMERIC COMPOSITES 

Y. Jack Weitsman 

4.1 INTRODUCTION 

The creep response of polymeric composites compounds the inherent time-dependent behavior of the 
polymeric phase, the temporal behavior of certain fibers (such as glass), and the highly complex damage 
mechanisms that arise due to fiber-matrix debonds, interlayer delaminations, and diffuse microcracking. 
Since all the latter damage mechanisms are also time-dependent and occur conjointly with polymeric creep, 
it is extremely difficult to separate out the individual contributions of molecular creep processes and time- 
dependent, damage mechanisms to recorded, overall creep data. 

a high degree of success by linear viscoelasticity theory. However, in spite of steady (but slow) progress 
over the last 30 years, the understanding and modeling of the nonlinear behavior of polymers is still the 
subject of ongoing research and is riddled with controversy. Furthermore, only tentative progress has been 
achieved in the modeling of damage in composite materials, even upon assuming linear-brittle behavior. 
The major hurdle, which impedes meaningful progress in the latter endeavor, seems to be an inherent 
inability to establish physically meaningful damage evolution relations. 

meric composites seems to be hindered as much by the absence of a comprehensive data base as by inade- 
quacies and controversies in the mathematical and basic mechanics and thermodynamics formulations. 

Among the very few reviews on the subject are two earlier articles (Halpin, 1968; Schapery, 1968) 
and three more recent ones (Suvorova, 1985; Dillard, 1991; Schapery, 1992). It is interesting to note that 
time-dependent behavior is addressed in only two of the several current textbooks on composites 
(Christensen, 1979; Gibson, 1994). 

The majority of works to date on creep in polymeric composites pertain to laminates that consist of 
plies reinforced by unidirectional fibers, with much of the remainder devoted to particulate reinforcement. 
Very little information is available on SMCs, which consist of resin and chopped fibers, and very scant data 
are known for swirl mat composites. 

The creep and relaxation response of polymers within the linear range of behavior was modeled with 

Beyond the linear range of behavior, progress in the understanding and modeling of creep in poly- 

4.2 BASIC CONSIDERATIONS 

The thermomechanical response of polymers is understood in terms of and correlated with their 
molecular architecture. Polymers consist of long-chain molecules whose “backbones” are held together by 
strong chemical bonds. The individual long chains are joined by much weaker bonds to form the bulk 
polymeric matter. In addition, most polymers contain side groups made of shorter molecular segments. 
Unlike crystalline suuctures (as in metals) the polymeric molecules are not arrayed in orderly fashions and 
are therefore not tightly packed, thereby containing “free volume,” which is devoid of matter. 

Polymer chains may be cross-linked to each other by chemical agents to form thermosets or may be 
interconnected to each other by physical entanglement to form thermoplastics. In either case, polymers 
exhibit creep under sustained mechanical loads, though more substantial creep occurs in thermoplastics 
than in thermosets. 

The underlying creep mechanisms in polymers differ from those in metals. While metal creep is 
dominated by dislocation motions and events at intercrystalline boundaries, the creep of polymers is con- 
trolled by configurational changes in the long-chain molecules and by motions of the side groups. In the 
case of thermoplastics, creep is enhanced by the relative slippage between neighboring molecules. 

In all circumstances creep is greatly accelerated by temperature. The main causes for the above 
acceleration are a thermally induced increase in the free volume, which affords more space for molecular 
motions, accompanied by a rise in the agitational energy for molecular vibrations and relative motions. 

53 
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A most dramatic increase in the creep response of polymers occurs around the “glass transition tem- 
perature,” Tg, where the weak intermolecular bonds break down or the physical entanglements among adja- 
cent long-chain molecules loosen up, freeing the bulk polymer to sustain large configurational changes 
under relatively small loads. Less significant transitions (denoted as ‘‘P’ and ‘Y’ transitions, in contrast with 
the spectacular ‘‘a” transition at Tg> occur at temperatures below Tg, when sufficient increments in the free 
volume allow less restricted motions of the side groups. 

PEEK resin and for a uniaxially reinforced graphitePEEK composite loaded transversely to the fiber dmc- 
tion, respectively. The data are represented as creep compliance, which is the time-dependent creep strain 
divided by the constant applied stress. Note the sixfold increase in the strains, recorded 200 min after load 
application, at 188’C when compared with the those at 25°C in Fig. 4.1 and a corresponding threefold 
increase in Fig. 4.2. 

under applied stress, relaxation refers to stresses due to prescribed strains. Typical plots demonstrating the 

Typical isothermal creep data at various levels of temperature are shown in Figs. 4.1 and 4.2 for 

The inverse of creep is given by relaxation. Namely, while creep refers to time-dependent strains 

ORNL-DWG 95-2771 ETD 
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Fig. 4.1. Temperature dependence of creep compliance of PEEK. Source: Xiao, 1987, p. 83. 
Adapted with permission of the Free University-Brussels. 
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Fig. 4.2. Temperature dependence of transverse creep compliance of APC-2 unidirectional 
laminate at 15.22 MPa. Source: Xiao, 1987, p. 109. Adapted with permission of Free University- 
Brussels. 

effects of temperature on relaxation are shown in Fig. 4.3. Here, the relaxation modulus that is plotted is the 
time-dependent stress divided by the constant applied strain. The family of curves plotted in that figure 
exhibit the temporal dependence of the relaxation behavior. The effects of the degree of cross-linking on 
the relaxation modulus are shown in Fig. 4.4. Both Figs. 4.3 and 4.4 are reproduced from an engineering 
text (Ashby and Jones, 1986). 

and relaxation of polymers. This phenomenon, denoted as the “time-temperature analogy,” suggests a pos- 
sibility for accelerated testing of creep behavior. If the foregoing analogy accounts for the entire influence 
of temperature, it implies that the time-dependent molecular processes at any specified (fixed) temperature 
level are identical to those at another temperature level, provided one speeds up or slows down the time- 
recording mechanism. Such behavior is denoted as a thermorheologically simple response, and the required 
temperature-dependent adjustment in the time-scale is called the shift-factor function, denoted by afl). 

As can be seen from Figs. 4.1 to 4.3 the major effect of temperature is to compress the time for creep 
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Fig. 43. Modulus diagram for PMMA showing the glassy regime, the glass-rubber transition, 
rubbery regime, and regime of viscous flow. The diagram is typical of linear-amorphous polymers. 
Source: Ashby and Jones, 1986. Reprinted with permission of Butterworth-Heineman, Ltd. 
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Fig. 4.4. Influence of cross-linking on contour of modulus diagram for polyisoprene. Source: 
Ashby and Jones, 1986. Redrawn with permission of Butterworth-Heineman, Ltd. 
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However, in most realistic circumstances, temperature tends to cause modulus softening, in addition 
to the aforementioned acceleration of the time scale for creep. In such cases the behavior is called 
“thermorheologically complex.” 

Another important time-dependent phenomenon that occurs in polymers is aging. This phenomenon 
is attributable to the spontaneous and gradual collapse of the free volume contained within the polymer and 
tends to restrict molecular motions as the material ages. Consequently, polymers become more brittle with 
age, and the creep response of freshly manufactured polymers exceeds that of older materials as shown 
schematically in Fig. 4.5 (Struik, 1978). 

As mentioned in Sect. 4.1, at certain stress levels the response of polymers is no longer linear; 
namely, an increase in stress is accompanied by a disproportionate increase in the time-dependent strains. 
The threshold levels for the onset of nonlinearity are temperature dependent. This is shown in Fig. 4.6 for 
an APC-2 (graphitePEEK) composite (Xiao, 1987). 

w 
I >  
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CREEP TIME t (s) 

Fig. 45. Aging effects on creep response of polymers. Source: Struik, 1978, p. 33. Redrawn 
with author’s permission. 
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laminate. Source: Xiao, 1987, p. 124. Redrawn with permission of Free University-Brussels. 
Fig. 4.6. Transverse tensile compliance-stress-time relationship of typical APC-2 composite 
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A major contribution to the time-dependent response of polymeric composites stems from the afore- 
mentioned temporal behavior of the polymeric resins. For very stiff and elastic fibers the creep of the com- 
posite is controlled by the creep of the polymer. However, in the case of glass and Kevlar fibers (e.g., 
Charles, 1958u,b), which are themselves susceptible to creep, the time-dependent behavior of the composite 
encompasses the temporal responses of both fibrous and matrix phases. It should be recognized that the 
fibers would cause spatial nonuniformity in the stress fields within the resin, activating nonlinearity at 
lower nominal levels of applied stresses. 

In addition, as noted in Sect 4.1, the presence of fibers is most likely associated with the existence of 
a complex internal flaw structure that evolves according to its own time-dependent mechanistic response. 
Although no comprehensive model exists at the present time to account for the above simultaneously devel- 
oping processes, it can be shown that, in the least, it is necessary to employ a “rheologically complex” con- 
stitu tive relation when attempting to relate concurrent time-dependent processes. 

43 MODELS FOR CREEP 

43.1 Viscoelasticity-General Background 

The fundamental concepts that underlie the models for creep in polymeric composites derive from 
statistical considerations of configurations of long-chain segments (Billmeyer, 1971; Rudin, 1982; Alkonis 
and MacKnight, 1983) as well as from nonequilibrium thermodynamics (Prigogine, 1967; deGroot and 
Mazur, 1984). 

models that corresponded to the mechanical response of series and parallel assemblages of springs and 
dash-pots. Subsequently, these models were reestablished from derivations based upon the systematic 
methodology of continuum mechanics (Biot, 1954,1958; Schapery, 1964,1966,1969). The latter works by 
Schapery appear to present the most useful linear and nonlinear viscoelastic model to date for a wide range 
of polymeric materials and polymeric composites. 

Another approach, based upon the methodology of continuum mechanics and irreversible thermo- 
dynamics, utilizes expansions in multiple and higher order convolution integrals to model nonlinear vis- 
coelastic behavior (Green et al., 1957,1959, 1960; Noll, 1958). Comprehensive lists of references can be 
found in viscoelasticity texts (e.g., Findley et al., 1976; Christensen, 1982). 

The above concepts were recast (Rouse, 1953; Bueche, 1954; Zimm, 1956) into mathematical 

43.2 Linear Viscoelasticity 

Let [I] denote an input history and R( I] be the response to that input. Linear behavior is character- 
ized by 

and 

R(c1) = cR(1) , constant c . 
Specifically, denote by D(t) the strain-response to a unit-step stress input, namely 

E{(J = H(t)} = D(t) ; 

and, inversely, let E(t) signify the stress-response to a unit strain input, to wit 

(J{E = H(t)} = E(t) . 

(4.2) 

(4.3) 

(4.4) 
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Then the linear viscoelastic response to general, time-varying strain or stress inputs E = E(t) or o = o(t) is 
expressed by the convolution integrals 

and 

In Eqs. (4.3) to (4.6), t denotes time, and the time-dependent functions D(t) and E(t) are the creep 

As mentioned in Sect. 4.2, “thermorheologically simple” behavior is featured by a temperature- 
compliance and relaxation modulus, respectively. 

induced compression of the time scale only. If the above time compression is prescribed by a shift-factor 
function aT (T), then Eqs. (4.5) and (4.6) should be rewritten in terms of “reduced times” 6 instead of real 
time t. For the circumstances of fluctuating temperatures, T = T(t), this is accomplished by evaluating the 
reduced times 6 and 6’ according to 

and acknowledging the presence of thermal strains Eth(t). 

expressed by 
Altogether, thermorheologically simple viscoelastic behavior under fluctuating temperatures is 

and inversely 

(4.7) 

(4.8) 

(4.9) 

In Eqs. (4.8) and (4.9) ~h is the strain due to free thermal expansion. In principle, this strain is also 
given by a convolution integral involving the history-dependent coefficient of thermal expansion a and the 
temperature input. However, in most circumstances a does not depend on time, though it may depend on 
the temperature T. 

their Carson transforms are, namely 
The creep-compliance and stress-relation functions, D(t) and E(t), are not inverse of each other, but 

B(S)6(S)=1 . (4.10) 

[The Carson transform of a function F(t) is defined by g(S) = SF(S), where F(S) is the Laplace transform 
of F(t)]. 

However, for most polymeric materials E(t) - l/D(t) to within an error not exceeding 10%. 
Improved correlations between E(t) and D(t).are available, without resort to Carson transforms (e.g., 
Pipkin, 1972). 

that the “quasi-elastic” approximation, which is based upon an approximate method for Laplace transform 
inversion (Schapery, 1962,1965), provides a simple and useful tool to solve a large class of linear 

Although viscoelastic stress analysis is beyond the scope of this review, it is worth mentioning 
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viscoelastic boundary value problems. This method applies to most polymeric materials and circumvents 
the need to perform Laplace transform inversion that, at least formally, is necessitated by the more general 
Correspondence Principle approach (Lee, 1955). 

According to the quasi-elastic approximation, denote the supposedly known linear elastic solution to 
a specified boundary value problem with a unit-step input, 1 ~ 3  byRfj(IH,Cij where Cij are the time- 

given by RZ". = Rfj {IH, C; (t)}, where Ci.(t) are the corresponding time-dependent moduli. 

those in Eqs. (4.5) and (4.6). Note that the validity of the quasi-elastic approximation is restricted to inputs 
with limited fluctuations. 

the viscoelastic characterization of polymeric composites. Accordingly, if an elastic property of a compos- 
ite P can be related in terms of the elastic properties of the matrix and fibrous phases, P, and Pf, by an 
expression 

independent elastic moduli; then the solution to the same boundary value pro d. lem in linear viscoelasticity is 

The solution to fluctuating inputs foliows from RF by means of superposition integrals akin to 

The basic concept utilized in the quasi-elastic approximation carries over, under some restrictions, to 

P = F (P,, Pf , ...) , (4.1 1) 

then the corresponding viscoelastic composite quantity is given by 

where P,(t) denotes the time-dependent property of the matrix. 

tic response of the bulk polymer does not differ from its in situ behavior within the composite. 

(4.6) to read 

Equation (4.12) applies only within the linear range and is limited to those cases when the viscoelas- 

Linear, thermorheologically complex viscoelastic response is expressed by modifying Eqs. (4.5) and 

and 

(4.13) 

(4.14) 

respectively. 
The temperature-dependent functions WT) and gdT) are denoted as "vertical-shift" functions. 
Significant mathematical simplifications.occur for creep compliancxes expressed by a power-law 

form, namely 

D(t)=Do+DI t" , (4.15) 

and to a lesser extent for power-law-like relaxation, such as 

E2 
(A + t)" 

E(t) = (4.16) 
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It turns out that the time-dependent response of most polymeric materials and many polymeric com- 
posites can be fit by Eqs. (4.15) and (4.16). In view of the ensuing benefits for subsequent stress analysis 
and predictions of long-time response, it is advantageous to attempt to fit data into those expressions. 

4.33 Nonlinear Viscoelasticity 

It has already been mentioned that the modeling of nonlinear viscoelastic behavior of polymers and 
polymeric composites is subject to many current disagreements. While it is commonly agreed that stress 
enhances the creep compliance of resins, as can be seen from Figs. 4.6-4.8, the controversy focuses on the 
specific causes. 
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Fig. 4.7. Nonlinearly enhanced creep of unplasticized poly (vinyl chloride) in tension. Source: 
Onaran and Findley, 1965, p. 321. Adapted with permission of Society of Rheology. 

Knauss and Emri (1987) attributed nonlinearity to stress effects on free volume, thereby relating it as 
a function of the spherical stress G& On the other hand, observations that equivalent degrees of mechani- 
cally enhanced aging occurred under uniaxial tensile and compressive stresses led Sternstein (1976) and 
Myers et al. (1976) to conclude that nonlinearity is driven by shear, rather than dilatational, stresses. It is 
worthwhile noting that in some cases the nonlinear viscoelastic response of fiber-reinforced composites was 
successfully related to the octahedral shear stress (Lou and Schapery, 1971; Xno, 1987). 

The nonlinear viscoelastic models of Schapery (1966,1969) relate the nonlinearity by means of three 
stress-dependent functions (go, gl, g2) and a stress-time shift-factor function Q. Although these four func- 
tions are constrained to depend on mathematically appropriate stress invariants, they contain-in 
principleboth shear and dilatational stress components. 
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Fig. 4.8. Creep strains for FM-73 adhesive at various levels of uniaxial stress and data scatter- 
bands. Source: Peretz and Weitsman, 1982. Adapted with permission of American Institute of 
Physics. 

Specifically, for the one-dimensional case, Schapery's model (1969) gives 

(4.17) 

In Eq. (4.17), A(0) and AA(W are the initial and transient components of the linear creep compliance, and 
W is the "reduced" time given by 

(4.18) 

Nonlinear thermoviscoelastic behavior is expressed upon replacing E with E - ~h on the left side of 
Eq. (4.17) and letting gi = gi (o,T) instead of gi = gi(o) (i = 0, 1,2) on the right side of Eq. (4.17). In addi- 
tion, W and W' in Eq. (4.18) should also depend on both stress and temperature, thus 

(4.19) 
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The form of Eq. (4.17) is constrained by the fact that it predicts complete recovery of suains at suffi- 
ciently long times after the removal of external loads. This restriction can be removed by adding the term 
g3t to the right si& of Eq. (4.17). 

Several specific forms of nonlinear behavior are, in fact, subcases of Eq. (4.17). For instance, 
Findley and Peterson (1958) employed a power-law creep model with nonlinear coefficients to describe the 
viscoelastic response of plastic laminates. They utilized 

E(t) = EO + mtn , (4.20) 

where EO = &b sinh(o/o,), and m = m’ sinh(o/o,). 
DilIard et al. (1982,1983) employed the form of Eq. (4.20) together with the results of Lou and 

Schapery (1971) to model the nonlinear viscoelastic response of composite laminates. Since the matrix in 
these laminates is subjected to combined stresses, the stress dependence of EO and m was expressed through 
z~~~ instead of o. 

Finally, it is worth noting that the nonlinear viscoelastic and thermoviscoelastic response of the 
FM-73 adhesive was characterized by Peretz and Weitsman (1982,1983) through combinations of power- 
law and exponentials functions go, gl, g2, and a. For the limited ranges of stress and temperature employed 
in the latter works, it was possible to incorporate the separate effects of those parameters in product forms: 
namely, gl(O.T) = g(o)&(T) (i = 0, 1,2, no summation on i), and a(o,T) = ao(o)afl). 

4.3.4 Viscoplasticity 

Another approach to the modeling of creep derives from plasticity theory, which was applied ini- 
tially to metal matrix composites. However, for uniaxially reinforced polymeric composites, Sun and Chen 
(1989) and Yoon and Sun (1991) developed a simplified single-parameter plasticity model for creep in off- 
axis unidirectionally reinforced coupons. The model was subsequently extended to laminated plates (Wang, 
Sun, and Gates, 1990) and to thermal effects (Sun and Wang, 1991). Rate dependence was included by 
means of an overstress model, as well as through a modified Bodner-Partom model. 

The model yielded reasonably good predictions for monotonically increasing loads as well as for 
residual thermal stresses in APC-2 laminates. However, it should be noted that the above single-parameter 
model applies only to composites that consist of unidirectionally reinforced plies, since the geometric con- 
straints imposed by such reinforcement are employed at the outset of the formulation. 

4.3.5 Fracture, Damage, and Durability 

Time-dependent material response gives rise to time-dependent crack growth. The two phenomena 
were correlated by Schapery (1975a,b,c) in the context of linear viscoelasticity theory. Accordingly, the 
rate of crack growth .f? in polymers is related by the expression 

(4.21) 

where KI is the stress intensity factor determined by the external load, D and v are the creep compliance 
and Poisson’s ratio of the polymer, while a and r represent characteristics of the fracture resistance. Specif- 
ically, a is the length of the damage zone ahead of the crack tip, and r denotes the energy required to tear a 
ligament of damaged polymeric matter. 

For a specified form of creep compliance it is possible to invert Eq. (4.21) and relate the time- 
dependent crack growth i = i(t) to the history of the external load, since KI = K~[o(t)]. 

In particular, for power-law creep D(t) = D1 tn [which is the same as Eq. (4.15), but with Do = 03, it 
is possible to reduce Eq. (4.21) to read 
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~ = A K ; ,  (4.22) 

where A contains r, a, v, and D, and q is related to the power of n. 
Furthermore, Eq. (4.21) yields an expression for time-to-failure under constant load o, of the form 

tf . (4.23) 

Finally, Eq. (4.21) can also predict time-to-failure under time-varying external loads, resembling a 
Miner-ruIe type of relation (Schapery, 1975~). [See also Eq. (4.26) below]. 

The forms of the foregoing results, which were derived for polymeric resins, were assumed to 
remain valid for fiber-reinforced composites as well (Christensen, 1994; Christensen and Glaser, 1994). For 
unidirectionally reinforced polymeric composites loaded parallel to the fiber direction, the above forms 
were extended to incorporate the statistics of static strength and thereby yield probabilistic predictions for 
durability under applied loads. 

Additional considerations of creep rupture times are listed in one of the above-mentioned review 
articles (Dillard, 1991). 

An alternate approach to durability was taken by Zhurkov (1965), where time to failure $ was 
derived from fundamental concepts of fracture of interatomic binding forces. These considerations yielded 
the following expression: 

(4.24) 

where 
k is the Bolzman constant. The validity of Eq. (4.24) was demonstrated for several materials, as shown in 
Fig. 4.9 (after Zhurkov, 1965). 

is a characteristic time, UO is activation energy for failure, Y accounts for sensitivity to stress, and 

An alternate form of Eq. (4.24) reads 

(4.25) 

which agrees with the form of Eq. (4.23). 

time-to-failure, Q, under fluctuating stress and temperature; namely, 
As was already noted, in the paragraph following Eq. (4.23), Eq. (4.24) can be employed to predict 

(4.26) 

It is worth observing that the above time-to-failure (which resembles that of Schapery, 197%) does . 

Equation (4.24) was employed by Chiao et al. (1977) for evaluating the lifetime of unidmctionally 
not distinguish among disparate sequences of applied loads. 

reinforced Kevlar 49/epoxy composites under various levels of constant tension and temperature. Thirty 
replicate tests were conducted at each stress and temperature level, and the time-to-failure data were 
reduced by means of Weibull statistics. Consequently, Chiao et al. were able to predict times-to-failure 
within various prescribed levels of reliability. 

Among the very few attempts to account for time-dependent damage in viscoelastic materials, it is 
worth mentioning the model presented by Suvorova (1985) in which the measure of damage was correlated 
with the amount of nonrecoverable strain, which remains permanently long after the complete removal of 
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Fig. 4.9. Stress and temperature dependence of creep rupture Iifetime for AgCI, aluminum, 
and Plexiglas. Source: Zhurkov, 1965. Adapted with permission of Znt. J. Fract. 

the applied load. Accordingly, Suvorova introduces two creep compliances, L(t) and M(t),* associated with 
recoverable and nonrecoverable strains, respectively, and modifies Eq. (4.5) to read 

(P[E(~)] = o(t) + J: [L(t-T)+M(t-T)]o(T)dt O < t < t* (4.27) 

with 

(P[E(t)] = d t )  + I,’ L(t-7) o(z)dt + M(t*-T)o(T)dt t > t*  . (4.28) 6’ 
In the above equations $[&(t)] accounts for any time-independent nonlinearity that may occur in the 

response of the material, and t* is the time when &(t) auains its maximal value under the prescribed load 
history. The above choice oft* is based on the assumption that healing does not occur, and thereby all non- 
recoverable deformation is generated during the stage of increasing strains. In some sense M(t) plays the 
role of ggt mentioned in the paragraph that follows Eq. (4.19). 

The compliance M(t) is further related to an intemal-variable damage parameter w, which admits a 
time-dependent character. Consequently, Suvorova (1985) establishes systematic expressions for time-to- 
failure and fatigue life, which she correlates reasonably well with experimental results. 

*In fact, L and M are the time-derivatives of creep compliances (i.e., L=D) . 
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In addition, Suvorova (1985) provides a qualitative explanation for the rate-dependence of the 
strength of polymeric composites. Accordingly, there is an important interplay between the rate of loading 
and the time required to propagate cracks within the polymeric phase of the composites due to the visco- 
elasticity of that phase. 

4.4 EXPERIMENTAL CHARACTERIZATION OF CREEP RESPONSE 

4.4.1 Preliminary Tests 

An important role of preliminary tests is to identify some fundamental features of the creep behavior 
of the material under consideration. These features include the extent of creep, its statistical scatter, and the 
range of its linear behavior. Other aspects include the extent of strain recovery upon load removal and 
sensitivity to temperature and humidity. 

Familiarity with the above features provides guidance regarding the choice (or choices) of an appro- 
priate mechanics model for the creep behavior, thereby directing the detailed experimental tasks that are to 
follow. 

within the typical range of the timedependent response of polymers as shown in Figs. 4.1 and 4.7, with 
scatter resembling that shown in Fig. 4.8. However, both creep and recovery data are essential to the selec- 
tion and development of a creep model. 

Another kind of preliminary data, which are useful in determining the range of linear behavior, con- 
cerns the recording of strain &(t) under various values of constant loading rates; that is, o(t) = Rt H(t) with 
R = R,, R2, R3 ... (R1 < R2 < R3 < ... , say). 

It can be shown that plots of &(t)/o(t) (or log do) vs time t (or log t) cluster within the linear range 
and “fan out” in the nonlinear range, as sketched in Fig. 4.10. The stress corresponding to point B in that 
figure augurs the onset of nonlinearity. 

Preliminary data on swirl mat composites (refer to Sect. 2.3) suggest that their creep response falls 
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Fig. 4.10. Schematic of strain response of composite to constant loading rates. 

4.4.2 Characterization Tests 

In view of the fact that creep of the vast majority of polymeric composites fits the power-law form 
listed in J3q. (15), it is useful to conduct tests that determine the quantities Do and D, as well as the power n 
in that equation. 
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While Do can be established directly by taking the limit of E(t) as t + O+, the values of D1 and n can 
be determined by conducting creep and recovery tests. These tests involve the step application, followed by 
the step removal, of a constant stress; namely, 

which results in creep and recovery strains of the form 

(4.30) 

Note that only D1 and n are involved in the recovery range t > tl. 

(t - tl)/tl; thereby the recovery compliance during t > tl(h > 0) is given by 
A separation between Dl and n is obtained by considering the nondmensional lapsed time h = 

D(t) = fi(h) = Dlt;[(h + 1)" - A"] (4.3 1) 

Consequently, the plot of 

log fi(h) = log (Dlt;) + log [(h + 1)" - PI, (4.32) 

vs log h yields the best value of n and, subsequently, the best value of D1. 

&(tl), &(t2), and &(t3), denoted by ~ 1 ,  EZ, and ~ 3 ,  respectively, be the strains recorded at times t l <  t2 < t3, 
with t2 = fi. Then 

An alternative method to determine DO, Dl, and n was proposed by Boller (1957). Accordingly, let 

(4.33) 

For "power-law materials" temperature effects on creep are reflected in a temperature-dependent ini- 
tial compliance Do = D o O .  In a compressed-time dependence of the creep component, Eq. (4.8) thereby 
yields 

D( t; T) = DO (T) + D1- [t/a~(T)]" . (4.34) 

In this case, it can be shown that the right-hand side of Eq. (4.32) will contain the added term 

-nlogafl  . (4.35) 

This enables the determination of a f l  from isothennal creep and recovery data at various levels of tem- 
perature T. 

For a thermorheologically complex response, the determination of the additional function b-rcr> in 
Eq. (4.13) requires the performance of sudden temperature-drop tests (Harper and Weitsman, 1985). 
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Similarly, it can be shown that creep and recovery tests at various levels of constant stress are neces- 
sary and sufficient to evaluate the stress dependence of the functions go, gl, 82, and 
(4.18) (Peretz and Weitsman, 1982), while similar isothermal data at various constant levels of temperature, 
as well as sudden temperature-drop data, are required to determine the temperaturedependence of the 
above functions (Peretz and Weitsman, 1983). 

The mechanical response of polymers exhibits significant statistical scatter, which is further ampli- 
fied in the case of fiber-reinforced polymeric composites. The data scatter may become so large as to 
obscure the effects of temperature, moisture, and stress on creep and frustrate any effort at rational charac- 
terization. It is therefore useful to separate out the statistical effects due to inherent randomness in the mate- 
rial microstructure from the influences of stress and environment on the creep of polymeric composites. 
Such a separation is accomplished by subjecting the material to a history of preloading, which tends to reg- 
ulate its response to subsequent loading. A typical “stress conditioning” history, which was employed for 
the creep characterization of automotive composites (Jerina et al., 1979), is shown in Fig. 4.11. Typically, 
the load/unloading sequence suffices for the charcterization of creep for times not exceeding the duration 
of the conditioning history and for stresses below the level of the conditioning stress. It is worth noting that 
data scatter remains even in conditioned specimens, as may be observed from the scatterbands shown in 
Fig. 4.8. 

in as. (4.17) and 

rn 
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Fig. 4.11. (a) Mechanical conditioning history as (b) sequence of creep-recovery periods. 
Source: Jerina et al., 1979. 

Moisture affects creep of polymers and polymeric resins in manners that are somewhat analogous to 
those due to temperature. A reasonably detailed exposition of these effects is given in Chap. 6. 
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4.5 CONCLUDING REMARKS 

The experimental evaluation of creep of polymeric composites is essential for the construction of 
constitutive models of their response. These models may consist of various versions of viscoelasticity and 
viscoplasticity and were proven to possess reasonable, though limited, predictive capabilities for the defor- 
mations that ensue the application of stresses and the imposition of environmental exposures. The validity 
of those predictions diminishes with increasing stress amplitudes and levels of environmental exposure due 
to the onset of various time-dependent damage mechanisms, which are not considered by the above theo- 
retical models. In addition, the foregoing mechanisms bring about a substantial increase in the data scatter, 
which cannot be incorporated within the existing deterministic models. 

The circumstances are even less satisfactory concerning predictions of durability, which contain the 
same degree of uncertainty that exists with regard to fatigue. 

Nevertheless, the construction of a rational model on the foundation of a well-conceived data base 
enables the derivation of expressions that provide at least the appropriate formats for predicting the material 
response. All such predictions should, of course, be subjected to subsequent verification tests. 
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5. IMPACT RESPONSE AND DAMAGE IN COMPOSITE PLATES 

C. T. Sun 
Purdue University 

5.1 INTRODUCTION 

Except for braided composites and three-dimensional (3-D) carbon-carbon composites, most com- 
posite structures are two-dimensional (2-D) in nature. That is, they are constructed to take stresses in the 
planar directions, and there are no through-the-thickness fiber reinforcements. Because of this weakness, 
many “2-D” composite structures are susceptible to impact damage. 

case involving a flat composite plate subjected to impact of a relatively rigid impactor. Moreover, only 
transverse impact (ipact velocity is perpendicular to the plate) was considered because it represents the 
most severe impact condition. Even with such a simplified structural configuration and loading condition, 
the resulting impact response and damage are still extremely complicated. Further simplification of the 
problem is desirable. 

contact force (magnitude and duration), 
wave motion, and 
failure modes and damage area. 

the lowest mode of vibration of the target plate and that wave propagation induced by impact can be 
neglected. In addition, static failure criteria are valid for low-velocity impact, 

The assumptions adopted in conjunction with low-velocity impact significantly simplify the analysis 
of impact problems. Even so, low-velocity impact problems are still largely unsolved, especially impact 
damage predictions. A large number of papers have investigated different aspects of impact of composites. 
An excellent literature survey has been provided by Abrate (1991). 

The purpose of this chapter is to summarize the methods (both analytical and experimental) that have 
been successfully employed in the study of impact of composites. In addition, the major results obtained so 
far are discussed. 

In the study of impact of composite structures, most researchers have chosen to consider the generic 

Key impact responses are identified as 

For a low-velocity impact, we may assume that the contact time is long compared with the period of 

5.2 CONTACT BEHAVIOR 

The transfer of energy from a moving projectile to a target composite plate is through the contact of 
the two bodies. The result of such contact is a local deformation (indentation) in the composite that, in turn, 
gives rise to the contact force plus the global deformation that arises due to the contact force. 

modeled first. The classical Hertzian contact law between an elastic sphere or cylinder and an elastic half- 
space has been used by many authors for the study of impact of homogeneous isotropic materials [see 
Goldsmith (1960)l. Since laminate composite plates are anisotropic and nonhomogeneous in the thickness 
direction, direct applications of the classical Hertzian contact formula are questionable. 

performing indentation tests from which the load-indentation relation is established. The second approach 
relies on the analysis of the contact problem to derive the load-indentation relation. Linear elasticity is 
assumed. In the following subsections, these two approaches are discussed. 

To analyze the impact response and damage in the composite plate, the contact behavior must be 

There are two general approaches toward modeling contact behavior. The first approach resorts to 

73 
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5.2.1 Indentation Test 

Contact problems are highly nonlinear mathematically and are very difficult to solve even if the 
contacting bodies are linearly elastic and geometrically simple. The degree of difficulty increases if dam- 
age, such as permanent indentation, is to be considered. For indentors that have irregular shapes, analytical 
solutions for the contact problem would be prohibited. 

To circumvent the aforementioned difficulties, Yang and Sun (1983) first proposed conducting 
indentation tests to obtain load-indentation curves for loading, unloading, and reloading. Although they 
used only spherical indentors to test laminates of carbonlepoxy composites, the procedure is suitable for 
other material systems and indentors of other shapes. 

The indentation test setup is shown schematically in Fig. 5.1. The linear variable differential trans- 
former (LVDT) is mounted with a C bracket on the indentor. The displacement measured by the LVDT is 
the relative displacement between the indentor and the back surface of the specimen, or the indentation. 
Such a setup allows the specimen to maintain a traction-free back surface as in most impact tests. 

ORNL-DWG 95-2782 ETD 

Fig. 5.1. Schematic diagram for indentation test setup. 

There are three major parts of the contact force-indentation relation, that is, loading, unloading and 
reloading segments, as shown in Fig. 5.2. The loading curve can be obtained by monotonic loading. The 
unloading and reloading curves depend on the maximum contact force (Fm) at which unloading begins. For 
modeling the unloading behavior, a few unloading curves corresponding to different values of F, must be 
generated. 

5.2.2 Modeling Contact Behavior 

The classical Hertzian contact law between an elastic sphere and elastic half-space is 

F = ka3I2 , 

where F is the contact force, a is indentation, and the contact rigidity k is given by 

(5.1) 

(5.2) 
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Fig. 5.2. Loading, unloading, and reloading curves. 

In Eq. (5.2), R, is the radius of the sphere, v is Poisson’s ratio, E is Young’s modulus, and subscripts s and t 
indicate the sphere and the target, respectively. 

A modified contact rigidity for composite materials was proposed by Sun (1977) as 

(5.3) 

where 
high contact forces. 

is the transverse modulus of the composite. This expression is not very accurate, especially for 

Using indentation test data, Yang and Sun (1983) proposed the following contact models: 

Loading F=kan 
a-a0 Unloading F = Fm( , 

am -a0 
Reloading F = kI (a- w)P . 

For glassepoxy and graphite-epoxy, they found that n = 1.5, q = 2.5, and p = 1.5 provided a good fit to the 
data. The permanent indentation CIO can be written as a function of % as 

215 
- -  a() -+) 7 

a m  

ao=O if a m I a ,  . 
The value acr is to be determined from the test data. 

specified; that is (for p = 1.5)’ 
The reloading rigidity kl in Eq. (5.6) is determined if the unloading conditions (Fm7 am and  YO ) are 
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An alternative expression for the permanent indentation % was proposed by Tan and Sun (1985) as 

ao=sp am- ap , ( 1 (5.9) 

where sp and ap are to be determined from indentation test data. It is interesting to note that 
related to h. 

composite laminate indented with a 12.7-mmdiam steel indentor obtained by Tan and Sun (1985). 
Figure 5.5 is a typical curve for permanent indentation 
The model predictions are excellent. 

is linearly 

Figures 5.3 and 5.4 are typical loading and unloading curves, respectively, for a graphite-epoxy 

vs the maximum indentation am [see Eq. (5.9)]. 
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Fig. 53. Loading curve for [0/45/0/45/0]2, graphite-epoxy laminate with 12.7-mm spherical 
indentor. Solid line is the model fit. 

This contact model was.used successfully by Gu and Sun (1987b) to describe the contact behavior 
between steel balls and SMC-RSO. 

533 Analysis of Contact Problems 

Contact problems have attracted the attention of many authors [see Johnson (19831. Of relevance to 
our interest here is the contact between an indentor and a beam, plate, or shell. Many authors Keer and 
Miller (1983), Sun and Sankar (1985), Keer and Schonberg (1986), Sankar (1987 and 1989)] have studied 
the effect of structural deflection on local contact behavior. In general, a flexible structure tends to result in 
greater contact areas and, consequently, higher contact rigidities. 
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Fig. 5.4. Unloading curves for [0/45/0/45/0]~ graphite-epoxy laminate with 12.7-mm 
spherical indentor. 
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Recently, Wu and Yen (1994) solved the problem of elastic contact between a composite laminate 
and a rigid sphere using an exact Green’s function for the laminate. Their solutions indicate that the contact 
force is proportional to the transverse modulus of elasticity E3 of the laminate. The effects of other moduli 
on the contact force-indentation relation are insignificant. It was also found that change of stacking 
sequence and span of the composite plate did not influence the contact force-indentation relation. This 
finding is consistent with the indentation test results obtained by Yang and Sun (1983). 

5 3  IMPACT TESTING METHODS 

In this section, several commonly used experimental setups for impact testing are presented. Impact 
velocity as well as contact force measurements are also discussed. 

53.1 Setups for Impact Testing 

Over the years, several basic types of apparatus have been used to generate impact in order to simu- 
late foreign object impact phenomena. They are gas gun, drop-weight tower, pendulum, and cantilever type 
apparatus. 

with small impactors. In this setup, a high-pressure air tank is used to give the impactor an initial velocity; 
the impactor then travels along the gun barrel and hits the target. Impact velocity is mostly measured 
through the use of a velocity measuring system, which consists of two light-emitting diodes (LEDs) and 
photo sensors. The travel time of the impactor between the two sets of sensors separated at a fixed distance 
is used to determine the impact velocity. 

Generally speaking, the gas-gun system (Fig. 5.6) is usually used to generate high impact speeds 
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Fig. 5.6. Schematic gas-gun impact setup. 

Many of the low-velocity impact tests are conducted with a drop-weight tower (Fig. 5.7). This appa- 
ratus allows the use of both small and heavy impactors. However, the velocity generated by this setup is 
usually within 10 d s .  An indentor (sphere, cylinder, etc.) is mounted under the drop-weight. During the 
experiment, the drop-weight is lifted to a certain level and then released; the impactor (and the drop-weight) 
then travels freely and hits the target. Velocit is usually measwed by using the initial height of the drop- 
weight and free fall velocity equation (V = &&). If more accurate impact velocity is sought, the deforma- 
tion of the target is accounted for when using the velocity equation. Alternatively, the velocity measuring 
device described above can also be used here. Hodgkinson et al. (1982) used a laser-doppler velocimeter for 
precise measurement of the impactor during the entire contact event. 

The pendulum tester consisting of a steel rod impactor with a suing (Fig. 5.8) was also used by some 
researchers to generate low-velocity impact (Doyle, 1984). A cantilever apparatus shown in Fig. 5.9 was 
used by Lal(1983). 
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Fig. 5.9. Cantilever-type impact tester. 

53.2 Contact Force Measurement 

One of the most important parameters in impact response is contact force. The contact force history 
can be measured through a direct or indirect method. With the direct method, the response of the impactor, 
such as contact force and acceleration, is measured directly on the impactor. This is accomplished by 
mounting a force transducer (Tan and Sun, 1985) or an accelerometer (Lal, 1983) on the impactor. The sig- 
nal from the force transducer or the accelerometer is recorded; from this record the contact force history is 
obtained. The direct method is simple because it does not require complicated structural analysis. 

quently, structural analysis is performed to extract the contact force history based on the strain history at a 
certain location. This method was employed by Doyle (1984) and Chang and Sun (1989). The accuracy of 
the indirect method depends on the accuracy of the structural model and method of analysis. For impact 
that inflicts appreciable damage, this method is not recommended. 

The indirect method measures the response of the target through the use of a strain gauge. Subse- 

5.4 IMPACT RESPONSE 

Motion and stresses in composite plates induced by impact have been investigated by many 
researchers. In most cases, the target plate was assumed to be elastic, and its elastic properties were not 
affected by impact damage. 

The models used in impact analysis can be categorized as 3-D analysis, 2-D (beam, plate, and shell) 
analysis, and analysis using simple spring-mass models. Use of the 3-D elasticity model is motivated by the 
need to know local contact stresses, especially transverse normal stresses and transverse shear stresses over 
the thickness of the plate. Most 3-D analyses resorted to the use of finite elements (Sun and Liou, 1989; Wu 
and Chang, 1989; Finn and Springer, 1993) or numerical methods derived from variational formulations 
(Bogdanovich and Yarve, 1990). In dynamic analysis, the 3-D models are computationally very expensive. 

Except for the contact zone, out-of-plane normal stress is negligible, and the plate can be modeled 
accurately with a shear deformable plate theory, such as the MindlidReissner plate theory. The finite ele- 
ment method has been the most widely used method in dynamic impact analysis (Chen and Sun, 1985; Tan 
and Sun, 1985; Choi et al., 1991 and 1992). The Rayleigh-Ritz method was employed by a few researchers 
(Qian and Swanson, 1990; Cairns and Lagace, 1989). In general, contact force as well as stresses outside 
the contact zone are accurately described by the 2-D model. 

on which these models are based is that dynamic deformation of the target composite structure during 
impact is similar to static deformation. Thus, the stiffness of the structure can be represented by linear 
springs. These models are suitable for low-velocity impact in which contact time is much longer than the 

The simplest representation of the impact problem is the use of spring-mass models. The assumption 
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period of the lowest mode of vibration, and wave propagation in the target structure is not important. Many 
authors have proposed and used spring-mass models, because of their simplicity, to determine contact force 
history (Lal, 1983; Caprino, 1984; Shivakumar et al., 1985; Sjoblom et al., 1988). 

5.4.1 Effect of Wave Propagation Through the Plate Thickness 

The notion that compression waves are reflected by a free surface into tensile waves may lead one to 
wonder whether wave propagation through the thickness of the plate can be neglected, as in the 2-D mod- 
els. Since composite plates usually lack through-the-thickness reinforcement, the reflected tensile wave, if 
it exists, may cause delamination. This question must be answered before proper impact models can be 
selected. 

Joshi and Sun (1985) used a 2-D plane strain model to investigate wave propagation produced by an 
impact load on a [05/905/05] graphite-epoxy composite laminate. The finite element method was used in 
the analysis. The contact pressure distribution was assumed to be semicircular, as shown in Fig. 5.10. The 
time variation of the loading is a half sine function with total contact time of 40 p. 

ORNL-DWG 95-2791 ETD 

Fig. 5.10. Finite element mesh and stress output locations. 

Figure 5.1 1 shows the transverse normal stress 0, distributions at time 20 p at various sections. 
The numeral labels indicate the locations of the sections shown in Fig. 5.10. It is seen that the normal stress 
0, stays basically compressive, and no significant tensile normal stress is produced by the impact. Thus, 
for impact of plates with a small contact area, stress waves would propagate as flexural waves away from 
the impact point. Hence, the danger of damage caused by reflected tensile waves from the back surface 
does not exist. Therefore, as far as wave motion is concerned, 3-D analysis is not necessary. 
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Fig. 5.11. Transverse normal stress distribution in [05/90&] layup. 

5.4.2 2-D Analysis of Impact Response 

The discussion in Sect. 5.4.1 helps to justify the use of plate (or beam or shell) theory to analyze 
impact response. Although wave propagation in the thickness-direction is neglected, plate theory is capable 
of describing flexural wave propagation very well. 

usually used for impact analysis. If the finite element method is used, the equations of motion for the plate 
are given by 

To account for transverse shear deformation in composite plates, MindlinReissner plate theory is 

[MI A +[k]{A}={F} , {I (5.10) 

where I341 is the mass matrix, I&] is the stiffness matrix, [A} is the nodal displacement vector, and {F) is 
the force vector that contains the contact force F,. The contact force should also satisfy the equation of 
motion of the impactor; that is, 

M,Ws + F, = 0 , (5.1 1) 

where M, and w, are the mass and displacement of the impactor, respectively. In addition, the contact force 
F, is related to the displacements of the plate and the impactor with a chosen contact model in which inden- 
tation a is calculated from 

CI.=W,-A, (5.12) 

where A is the nodal displacement of the target at the impact point. 

(Chen and Sun, 1985; Obst and Kapania, 1992). 
The effects of geometrical nonlinearities have also been included in the finite element formulation 
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Figure 5.12 shows a comparison of the contact forces from a finite element analysis and from a low- 
velocity impact experiment obtained by Tan and Sun (1985). The target was 102- by 152-mm graphite- 
epoxy composite laminate subjected to the impact of a small mass at 2.92 d s .  The finite element prediction 
of the contact force history appears to be quite accurate. Also noted from Fig. 5.12 is the possibility of mul- 
tiple contacts. This was also found by many authors (e.g., Cairns and Lagace, 1989). 
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Fig. 5.12. Transducer response histories from experimental and finite element results up to 
800 p. 

It is of interest to know the effects of impact velocity, impactor mass and shape, prestress and mate- 
rial system in the target plate on impact response. The following is a summary of numerical studies per- 
formed by Sun and Chen (1985), and Cairns and Lagace (1989). 

Effect of impact velocity-For a given impactor mass, the peak contact force is approximately propor- 
tional to the impact velocity. The contact duration is not affected by variations of impact velocity. 
Effect of impactor mass-For the same velocity, a larger mass would produce higher contact force and 
longer contact time. However, the increases are not proportional to the increase of the impactor mass. 
An impactor of smaller mass is more likely to experience multiple contacts. 
Effect of contact area (or Contact RigiditybLarger contact areas lead to higher contact rigidities. 
Impact responses such as contact force and deflection of the plate after impact are not affected apprecia- 
bly by contact rigidity. 
Effect of prestress-It is well known that pretension in a plate has a stiffening effect, and precompres- 
sion has a softening effect in plate bending. However, the first contact force (in the case of multiple con- 
tacts in a single impact event) is not influenced by prestress. In other words, the momentum transferred 
from the impactor to the plate is not influenced by prestress. As expected, pretension would reduce the 
deflection response, while precompression would increase the deflection response. 
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Material systems-Most of the effects due to change of material systems in the plate can be related to 
the changes in contact rigidity and bending stiffness of the plate. The mass density of the plate is impor- 
rant. Lighter materials tend to lower the peak contact force and produce more multiple contacts and 
more oscillatory contact force history. 

5.43 Spring-Mass Models of Impact 

Of particular interest to practical engineers is the class of impact problems involving a large 
impactor mass impacting a light target at low velocities. The main characteristic of such impact is that the 
contact duration is much longer than the period of the fundamental mode of vibration of the target structure, 
and the resulting deflection of the target is similar to that produced by a static load. Such deformation is 
called quasi-static deformation. Quasi-static deformation has a unique shape except for the amplitude. 
Thus, to the impactor, the target acts more or less like a spring. The effective spring cunstant kp can be 
approximated by the static stiffness of the target at the impact point or by considering the stiffness associ- 
ated with the fundamental mode of free vibration. 

Many spring-mass models have been introduced by various authors (Lee, 1940; McQuillen et al., 
1976; Lal, 1983; Caprino, 1984; Shivakumar et al., 1985; Sjoblom et al., 1988; Sun and Jih, 1992). The 
most popular one is depicted in Fig. 5.13. This model has two degrees of freedom. The lower spring kp 
represents the stiffness of the target, and the upper spring k, accounts for the contact rigidity. The effective 
mass mp of the target is derived from requiring the equivalence of kinetic energy between the spring-mass 
model and the original target based on the quasi-static deformation. 

ORNL-DWG 95-2794 ETD 

Fig. 5.13. Two-degrees-of-freedom spring-mass model for impact. 

The equations of motion for the two-degrees-of-freedom system are given by 

kc(x2 -xl)n = msXl , 

k,(x2 - xl)n + kpx2 = -mp x2 , 

where n is to be the same as in the contact model, see Eq. (5.4). 

(5.13) 

(5.14) 
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Recognizing the indentation to be a = x2 -XI, the contact force F is 
F=kCan=kc(x2-x1) n .. 

(5.15) 

Using the energy balance concept that the total kinetic energy of the impactor is equal to the maximum 
deformation energy stored in the springs, we have 

m,Vi = kpxldxl +~~~ Fda 
2 

= I k  (6 )2+kc - 1 ( )'+' , 
2 P max n + l  

where VO is the initial impactor velocity. At 6 = 6,, and a = %ax, F = Fmax and 

Fmax , and (amax)" = - Fmax 

kP kC 
'ma, =- 

Substituting Eq. (5.17) into Eq. (5.16), we obtain 

For a Hertzian type contact law, n = 1.5, and Eq. (5.18) reduces to 

(5.16) 

(5.17) 

(5.18) 

(5.19) 

which was obtained by Greszczuk (1982). 

the relation of Eq. (5.19) can be simplified to 
In general, the contact spring constant k, is much larger than the effective target stiffness kp. Thus, 

k m V 2 = F A a x  P s o  . (5.20) 

This can easily be verified to be the solution of a single-degree-of-freedom system with a mass m, impact- 
ing a spring of stiffness %, at velocity VO. For the single-degree-of-freedom spring-mass model, the contact 
duration is 

5.4.4 Scaling 

(5.21) 

Impact response of composite plates involves a large number of variables. It is desirable to 
reduce the independent variables to a minimum. Such scaling rules have been investigated by a number 
of authors (Morton, 1988; Qian et al., 1990; and Sankar, 1992). Sankar (1992) employed a dimensionless 
impact model for systematic laminates for which the governing equations were expressed in terms of some 
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dimensionless parameters. He normalized the mass, length, and time dimensions by the plate mass m , 
length a, and the fundamental frequency of vibration 00 of the plate. He showed that the impact probfem 
could be described in terms of five dimensionless parameters defined as 

(5.22) 
kc& 
m w  

ms = - ms , - v o = -  VO , L = 7 ,  - 
P aoO P O  

m 

where ES, To, ic are the dimensionless impactor mass, impact velocity, and contact rigidity, respec- 
tively, and Dij are bending stiffnesses of the laminated plate. 

The scaling rules developed so far apply only to elastic response, not to impact damage. 

5 5  LOW-VELOCITY IMPACT DAMAGE 

Damage in composites inflicted by impact takes many different forms, depending on the material 
systems, material textures, impactor’s mass and shape, impact velocity, and rigidity of impactor. In general, 
damage results either from direct contact stresses or from global deformation of the target, such as bending. 
For low-velocity impact, damage may occur beneath the surface of the composite structure, which may not 
be visible to the natural eye. At the high-velocity end, impact may cause complete penetration. In this sec- 
tion, attention will be focused on low-velocity impact damage. 

5.5.1 Damage Inspection Methods 

Many existing flaw detection methods can be employed for inspecting impact damage in composites. 
Some methods such as ultrasonic scanning are nondestructive, and some are destructive. For some compos- 
ite structures such as laminated composite plates, the damage modes are well defined. Many existing meth- 
ods (X-ray radiography and ultrasonic scanning) work very well. For SMC composites, in which impact 
damage is in the form of numerous small cracks, only an averaged damage area can be determined by these 
conventional methods. 

1. Visual inspection-some composites such as glass-epoxy, kevlar-epoxy, and SMC composites 
are translucent. Impact damage would change the degree of translucency. Using strong backlighting, the 
damage area can be determined by visual inspection (Malvern et al., 1978; Takeda et al., 1981; Chaturvedi 
and Sierakowski, 1985). Visual inspection methods are usually crude and can be used only in cases with 
large damage areas, such as delamination in composites. 

the surface is also very popular among researchers. Except for the original surface of the specimen, to 
expose the internal damage, the specimen must be sectioned to perform the examination. Thus, it is a 
destructive method. The main advantage of this method is that details of the damage modes can be cap 
tured. The location of matrix cracks and delamination can be determined without ambiguity. The main dis- 
advantages, besides being desrructive, are that one can inspect only a finite number of sections and that the 
process is very labor intensive. 

3. Ultrasonic scanning techniqudtress waves propagating through a solid can be distorted by the 
presence of a flaw (such as a crack or an inclusion) in the path of propagation. The stress wave can be 
reflected, partially transmitted, or difhcted by the flaw. By analyzing the reflected and/or the transmitted 
wave, and comparing with the original wave, information about the size and location of the flaw can be 
obtained. 

vides ultrasonic information in a plane normal to the ultrasonic beam (stress wave). It is basically 2-D 

2. Optical microscopy-Using an optical microscope to observe damage directly or to photograph 

Ultrasonic C-Scan is the most frequently used ultrasonic scanning technique in composites. It pro- 
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scanning and is very effective in determining sizable delamination. It usually cannot determine the precise 
location of the delamination crack. 

4. X-Ray radiography-When a penetrant such as diodobutane (DDB) or S-Tetrabromethane (TBE) 
is injected into cracks in a damaged composite, the damaged region would absorb more X-rays. As a result, 
the damaged and undamaged regions would display different shades in the radiograph. 

X-ray radiography is simple to use. It is very effective in displaying matrix and delamination cracks 
in laminates of unidirectional composites. 

5. Deply technique--A quite novel technique was developed by Freeman (1982) for separating a 
cured graphite-epoxy laminate into its individual laminae while maintaining the integrity of each lamina. It 
was demonstrated that this &ply technique was excellent for observing fiber breakage on a lamina-by- 
lamina basis. A combination of the deply technique and a marker technique (using a gold chloride solution 
to penetrate matrix cracks) can be used to identify the location and area of delamination. 

5.52 Damage Modes and Mechanisms 

Failure in a composite, regardless of load, is the result of excessive stresses. For transverse impact 
with a solid impactor, two types of deformation would take place, that is, local indentation and global flex- 
ural deformation of the target. The indentation produces a state of 3-D contact stresses near the impact site, 
and the global deformation produces bending, transverse shear, and membrane stresses. Among the compo- 
nents of the contact stresses, the transverse shear stress.component is of particular importance because it 
may cause matrix cracking in the composite. Local contact stresses and global stresses may interact in the 
formation of impact damage. For example, the matrix cracks produced initially by the contact stresses may 
be forced into delamination crack propagation by the global stresses. 

eral, they can be classified as matrix cracking, delamination, and fiber breakage. In the following, three 
types of composites are discussed separately. 

Impact damage modes depend on the construction or texture of the composite of the target. In gen- 

5.5.2.1 Laminates of unidirectional composites 

Laminates consisting of laminae of unidirectionally reinforced composite materials offer good 
multidirectional in-plane properties. They have been used in military as well as commercial airplanes. 
Impact response and damage of composite laminates have been extensively studied by many authors in the 
past 30 years. Because of the simple construction of composite laminates, the damage modes in this type of 
composite plate have been relatively well understood. 

Figure 5.14 depicts typical major impact damage modes in composites laminates. They are classified 
as follows: 
1. Matrix cracking-There are two types of matrix cracks. Transverse shear cracks are produced by high 

transverse shear stress associated with the concentrated contact force. They appear slanted against the 
plane of lamina and are concentrated in the neighborhood of the impact location. Another type of 
matrix crack is the bending crack produced by high bending stresses. Bending cracks usually appear on 
the opposite side of the impact site. They are parallel to the fiber direction and are perpendicular to the 
interface in the thickness direction. 

2. Delamination-As discussed in Sect. 5.4.1, if the impact contact area is small and the contact duration 
is long as compared with the time for wave propagation over the thickness of the plate, the compres- 
sive wave produced by the dynamic contact cannot be reflected as a tensile wave of significant magni- 
tude. In other words, delamination in a composite plate cannot be induced by through-the-thickness 
stress waves. 

The actual mechanism that gives rise to delamination in composites is branching of matrix cracks. 
A matrix crack (transverse shear or bending) appears first in a lamina; when it reaches the interface of 
the adjacent lamina, the crack turns into a delamination crack along the interface. This phenomenon 
has been discussed by many authors (Joshi and Sun, 1985; Sun and Rechak, 1988; to cite a few). 
Figure 5.15 shows delamination in the [0$4/90d03] (Zheng and Sun, 1994). Symbol A in the layup 
indicates a thin adhesive film added to the laminate to suppress the transverse-shear-crack-induced 
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5.5.2.2 SMC composites 

SMC composites are a polyester matrix reinforced with chopped-glass fibers about 1 in. long. The 
chopped fibers are randomly distributed in the plane of the panel. Thus, its mechanical properties can be 
regarded as transversely isotropic. 

weight, good moldability, dimensional stability, and good resistance to corrosive environments. The fiber 
content in an SMC composite can be varied. If the fiber is 50% by weight, then this SMC composite is 
labeled as SMC-R5O. 

tional composites, SMC composites do not allow clear definition of delamination cracks. To determine the 
impact damage zone, some researchers have used the semitransparency of this material. When exposing the 
impacted specimen against a high-intensity light source, different shades in the damaged area (which tends 
to allow more transmission of light) can be approximately determined (Chaturvedi and Sierakowski, 1985). 

Khetan and Chang (1983) investigated several methods for measuring impact damage in SMC-R35 
panels. They concluded that the X-ray radiograph is not a reliable method for assessing impact damage in 
SMC panels for low-impact velocities because, at these velocities, internal cracks are generally not con- 
nected. As a result, the dye penetrant could not be absorbed properly by the panel to produce good radio- 
graphs. The ultrasonic C-Scan was also found inadequate due to the inherent material nonhomogeneity in 
SMC composites. They found a crack enhancement method (by coating the damaged SMC panel with a 
black dye) very capable of defining the surface damage area on the front and back sides of the impact 
panel. 

Determination of the impact damage area in an SMC composite does not lead to an assessment of 
residual strength. Gu and Sun (1983) and Chaturvedi and Sierakowski (1985) pointed out that in general 
impact conditions, the size of an impact damage zone does not correlate to the reduction of strength. The 
degree of damage (degradation in mechanical properties) over the thickness of the panel as well as within 
the damage zone needs to be quantified. 

To achieve this end, Gu and Sun (1983) proposed to use the change of thickness in the SMC panel 
after impact as a measurement of degradation in mechanical properties. They demonstrated that impact 
could induce thickness changes significant enough to allow accurate measurement. Relations between 
thickness change and reductions in the tensile modulus and strength were then established experimentally. 
Figures 5.16 and 5.17, respectively, present the residual Young’s modulus and UTS vs thickness change 
obtained by Gu and Sun (1983) using SMC-R5O composite panels. Later, Gu and Sun (1987~) used the 
same approach to model the reduction of bending properties as a function of thickness change. 

SMC composites have been used in automobile parts because of their relatively low cost, light 

Visible impact damage in an SMC includes numerous small cracks. Unlike laminates of unidirec- 

5.53 Quasi-Static Failure 

In general, failure processes in composites are strain-rate dependent; that is, dynamic failure mecha- 
nisms and failure modes may be different from those of the static case. However, as in impact response, for 
low-velocity impact with a heavy impactor mass, the failure process has been found to be basically the 
same as under static loading. 

Norman (1989) performed a comparison of delamination cracks produced by drop-weight impact 
and by static three-point bending. He used a beamlike [905/05/905] AS4/3501-6 graphiteepoxy laminate 
clamped at both ends leaving a 10-cm span. The impactor mass ranged up to 3 kg. The drop heights were 
from 5 to 76 cm. Figure 5.18 presents the relation between the maximum contact force (measured by a 
transducer) and the resulting delamination crack length a. Comparing with statically produced delamina- 
tion, the quasi-static nature of impact-induced delamination is evident. 

low-velocity impact were provided by Jih and Sun (1993) and Sun and Jih (1992). Recently, Kwon and 
Sankar (1993) tested the load-deflection and impact damage behavior of some 32-ply quasi-isotropic and 
cross-ply composite laminated plates impacted with masses ranging from 1 to 15 kg and velocity up to 
3 m/s. They concluded that under these impact conditions, both the load-deflection relation and impact 
damage were similar to those of static loading. 

Additional verifications of the quasi-static delamination in a laminated composite beam induced by 
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Fig. 5.18. Comparison of delamination caused by impact load and static load; a is 

delamination size, and critical load is peak impact force. 

55.4 Prediction of Impact of Damage 

An impact damage prediction consists of two parts: damage initiation and damage propagation. The 
prediction of damage initiation examines a damage-free structure and predicts the conditions under which 
damage is initiated. The prediction of damage propagation examines a structure with initial damage and 
predicts the conditions under which the initial damage would propagate. 

In order to predict damage initiation and damage propagation, suitable failure criteria are needed. 
Since different damage modes result from different failure mechanisms, it is expected that different failure 
criteria must be used for the prediction of different damage modes. Thus, different composite systems may 
require different failure analysis methods. 

5.5.4.1 Laminates of unidirectional composites 

As discussed in Sect. 5.5.2.1, laminates of unidirectional composites have very clear failure modes: 
namely, intraply matrix cracking, delamination, and fiber breakage. For low-velocity impact, matrix crack- 
ing and delamination are of particular importance. The following failure criteria are for matrix failure and 
delamination failure. 
1. Matrix cracking-Many failure criteria have been proposed for predicting failure in a composite 

lamina (Nahas, 1986). The most commonly used failure criteria for matrix cracking in impact dynam- 
ics are the maximum stress failure criterion, the maximum strain failure criterion, and the Hashin fail- 
ure criterion. 

the fiber orientation and x2 and x3 be the transverse directions. The three failure criteria are stated as 
follows: 

A composite lamina is usually treated as a transversely isotropic material in plane stress. Let x1 be 
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Maximumstress 

Matrix tensile mode 
Matrix compressive mode 

(5.23) 
(5.24) 

where Y and Y’ are UTS and compressive strength for the lamina in the transverse direction. 
Maximumstrain 

Matrix tensile mode: 
Matrix compressive mode: 

(5.25) 
(5.26) 

where YE and Y’ are the ultimate tensile strain and compressive strains for the lamina in the 
transverse direcuon. 

The 3-D Hashin failure criterion is stated as follows: 

c 
Hashin 

Matrix tensile mode (022 + a33 > 0): 

Matrix compressive mode ( 022 + a33 < 0): 

1 - -  ([ ]z - ‘1 (a22 + “33) + 4s: (“22 + a 3 3 r  
Y 2s, 

(5.27) 

(5.28) 

where S ,  is the shear strength in the plane perpendicular to the fiber orientation, and Sa is the shear 
strength in the fiber plane. 

For the plane stress case, the Hashin failure criterion reduces to the following: 
Matrix tensile mode (022 > 0): 

(2$+[32) 2 2 1 .  

Matrix compressive mode (022 < 0): 

(5.29) 

(5.30) 

Hashin’s failure criterion has been extensively used in the prediction of matrix cracking in 
composite structures subjected to impact loading. Choi et al. (1991,1992) used this failure crite- 
rion to predict matrix cracking in a composite laminate subjected to a line impact load and point 
impact load. In their application, the ultimate strengths of the lamina Y, Y’, S,, and Sa were chosen 
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2. 

to be the in situ strength of the considered lamina, and the stress components used were the aver- 
age values along the thickness of the lamina. Wang and Yew (1990) also adopted the Hashin fail- 
ure criterion in their prediction of matrix cracking. 

Delamination-Prediction of delamination growth in composite laminates is the most important impact 
damage analysis. The occurrence of matrix cracks usually does not reduce the load-carrying capacity 
of the composite structure. However, the presence of delamination is a threat to the structural integrity 
of the composite laminate, especially under compression. Hence, a great deal of effort has been 
directed to predicting delamination in composite laminates. 

At present, there are two major approaches in predicting impact-induced delamination: the 
strength approach and the fracture mechanics approach. 

Strength approach 
In the strength approach, the stress field in the impacted composite is fnst calculated. Based 

on the strength of material theory, those stress components that would contribute to the growth of 
delamination are identified. Then a failure criterion including all these stress components is used 
to check the initiation and propagation of delamination. Choi and Chang (1992) used this approach 
to predict delamination. The failure criterion used by them is expressed as 

(5.31) 

where D, is an empirical constant that must be determined by experiment. The superscript n indi- 
cates the ply below the delamination and n + 1 is the ply above. In Eq. (5.31), the average stresses 
in the (n+l)th ply are defined as 

n + l K  
1J 

Y* = Y if 022 20, andY* = Y’if 022 < 0. 
This approach is simple to use because the failure criterion contains only the stress compo- 

nents that are directly obtainable through the finite element analysis. However, in order to success- 
fully apply this kind of failure criterion, stresses must be calculated accurately, which often 
prompts the use of 3-D finite elements as in Choi and Chang (1992). Moreover, the fact that 
stresses are singular at the delamination front also poses difficulties. 

Fracture mechanics approach 
A more rigorous and formal approach for delamination is the fracture mechanics approach. 

Strain energy release rate is used as a failure criterion that states that a delamination would grow if 

G 2 G c .  (5.32) 

If mixed modes are to be accounted for, some researchers have proposed the following fracture 
criterion 

(5.33) 

where % and 
indices m and p are usually chosen equal to 1. It should be noted that delamination cracks are often 

are strain energy release rates for Mode I and Mode 11, respectively, and the 
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interfacial cracks between different materials (because of different fiber orientation); GI and GII 
do not exist, as shown by Sun and Jih (1987). In using the finite element analysis to calculate GI 
and %, a finite crack extension is usually assumed. 

Salpekar (1993) also used the fracture mechanics approach in his investigation of impact-induced 
delamination. 

Two-dimensional models have been employed to predict delamination growth due to low- 
velocity impact. Jih and Sun (1993) used a beam model to predict delamination growth in a com- 
posite laminate subjected to low-velocity impacts with a cylindrical impactor. The delamination 
crack length vs the impact velocity from their prediction matched very well with the experimental 
results. Figure 5.19 shows the comparison in a [905/05/905] graphite-epoxy composite laminate 
obtained by Jih and Sun (1993). Sankar and Sonik (1994) proposed using plate theory to calculate 
strain energy release rate at the delamination front. Zheng and Sun (1994) used a double-plate 
finite element model to predict the delamination growth in a composite laminate subjected to low- 
velocity impact. In their double-plate model, they derived an expression for calculating the total 
strain energy release rate at the delamination kont and used Eq. (5.32) to predict delamination 
growth. The calculation of strain energy release rate for using the double-plate model is as follows. 

Liu (1993) used Eq. (5.33) with a 3-D finite element analysis to predict delamination. 
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Fig. 5.19. Crack length vs impact velocity for [905/05/905] laminate (Type Ia 
specimen) under drop-weight impact. 

Consider the delamination front c1c2c3 in Fig. 5.20. The energy released for a pair of nodes 
over a crack extension Aa is 

5 
1 = - I: (Fiui + FiuI) , (5.34) 

where i represents degree of freedom, and Fi, q, and F{ , uf are generalized forces and displace- 
ments at the bottom and top plates, respectively. 
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Fig. 5.20. Schematic double-plate model for delaminated plate. 

The total energy released for the delamination front extended from c1qq (and cicic;) to 
ele2e3 (and eieiej) is 

(5.35) 

- 
The corresponding area for this energy released is A = Aa x clc3; thus, the strain energy release 
rate at the crack front c lq  is 

G =  -. Wtotal 
A 

(5.36) 

Using Eqs. (5.32) and (5.36), Zheng and Sun (1994) predicted the delamination front in a 
composite laminate subjected to impact loading. The comparison between the experimental result 
and the prediction is presented in Fig. 5.21. 

Besides the two aforementioned approaches, Finn and Springer (1993) used the available 
strain energy density concept for delamination prediction. The available strain energy density is 
contributed to by only those stress components that would affect the development of delamination. 



96 

-2 

-4 

-6 

ORNL-DWG 95-2802 ETD 

- -  

-. 

-. 
e Predded LJ 

Fig. 5.21. Prediction of delamination front for [03/A/90d03] for maximum impact 
force of 1000 N (A-FM1000 adhesive film). Test data are plotted with error bar. 

5.5.4.2 SMC Composites 

Impact damage in SMC composites consists of numerous small cracks with no preferred orienta- 
tions. In the damage zone, the residual material properties may vary [Gu and Sun (1983)l. Nevertheless, it 
is of interest to be able to predict the damage region for a given impact condition. 

composites. They assumed that SMC composites might fail because of excessive deformation induced by 
impact. Further, they assumed that the dilatational strain energy U, and distortional strain energy Us make 
different contributions toward impact damage. If the Mindlin plate theory is used for the impact analysis, 
then 

Gu and Sun (1987b) proposed the use of strain energy density to predict impact damage in SMC 

u=u,+pus, 
where p is a weighting coefficient; and 

and 

l + v  
YY us = - 

6E 

(5.37) 

(5.38) 

(5.39) 

Note that in the original paper by Gu and Sun (1987a,b), the expressions of U, and Us were misprinted. 

they found that U, = 66 in.-lbhn? and p = 0.3. This indicates that the dilatational energy is more destruc- 
tive than the distortional energy. 

Failure was assumed to occur when U reached a critical value Ucr For an SMC-R5O composite, 
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5.5.5 Parameters Affecting Damage 

Kinetic energy of the impactor cannot be used as a sole parameter to gauge impact damage (Husman 
et al., 1975). Impactor velocity and mass cannot be used as independent impact parameters either, although 
they are still subjects of study (Robinson and Davies, 1992). Recently, contact force has been proposed as 
an impact response and damage parameter by Jackson and Poe (1992) and Lagace et al. (1992). As reported 
by Jackson and Poe (1992), for large mass impacts at a given kinetic energy, impact force can be used as a 
sole parameter to predict the maximum size of delamination. For small-mass (high-velocity) impacts, this 
conclusion is not valid. 

mechanics can be used to predict the size of delamination. The effects of stacking sequence, geometry, 
boundary conditions of the target structure, and contact force can be evaluated by using the fracture 
mechanics models discussed in Sect. 5.5.4. 

As far as delamination in composite laminates of unidirectional composites is concerned, fracture 

5.5.5.1 Effect of matrix properties 

Mauix cracking and delamination are governed by the toughness of the matrix material. It is concep- 
tually obvious that composites with tougher matrices would suffer less matrix cracking and delamination 
for the same impact condition. This subject has been investigated by many researchers. For example, Teh 
and Morton (1993) investigated nine composite material systems and found that brittle material systems 
have lower threshold velocities and higher damage area growth rates than toughened material systems. 
Dan-Jumbo et al. (1989) investigated four composites, including AS4REEK and AS4/BMI 24-ply d 4  
quasi-isotropic laminates. The impactor was a 7/8-in. steel ball. Figure 5.22 shows the longitudinal section 
of the AS4BMI specimen impacted at 21 d s .  Figure 5.23 shows the longitudinal section of the AS4/PEEK 
specimen impacted at 29 d s .  Although impacted at a lower velocity, the brittle AS4BMI composite exhib- 
ited much more extensive matrix cracking and delamination than AS4REEK. 

OWL-PHOTO 8093-95 
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Fig. 5.22. Damage in 24-ply AS4IBMI quasi-isotropic laminate subjected to impact of 7B-in. 
steel ball at 21 mls. 

Tough matrices have the ability to delay the initiation of matrix cracking and delamination. In other 
words, they have a higher threshold velocity below which little impact damage (and then little reduction in 
strength) would occur. However, Dan-Jumbo et al. (1989) found that at velocities greater than the threshold 
velocity, the composite with a tough matrix would suffer matrix cracking, delamination, and even fiber 
breakage. As a result, such a composite tends to lose its strength quickly as impact velocity increases. This 
behavior was also observed by Sun and Rechak (1988), who used thin adhesive films placed along the 
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Fig. 533. Damage in 24-ply ASWEEK quasi-isotropic laminate subjected to impact of 718-in. 
steel ball at 29 m/s. 

interfaces of composite laminates. Adhesive films were found to be effective in suppressing delamination. 
However, at higher impact velocities, the toughened laminates suffered a greater drop in both tensile and 
flexural strengths due to more severe fiber breakage. 

5.5.5.2 Reinforcement architecture 

The distinct layered construction of laminates of unidirectional composites allows extensive intraply 
matrix cracking along the fiber direction and delamination dong the interfaces. Changing the reinforcement 
architecture would modify this behavior. 

Woven fabrics of high-performance fibers are used as reinforcements to form composite laminates. 
Because of the intermingling of fibers, matrix cracks and delamination cracks are usually small. However, 
at higher impact velocities, woven fabric composite laminates tend to suffer more extensive fiber breakage 
than laminates of unidirectional composites. Figure 5.24 (by Dan-Jumbo et al., 1989) shows the impact 
damage in a composite with Amoco's Torlon matrix reinforced with AS4 woven carbon fabric. It is seen 
that the composite suffered massive fiber breakage, while matrix cracking and delamination were highly 
localized. 

Fig. 5.24. Fiber breakage in fabric composite. 
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Textile (including stitched) composites with other 2- or 3-D reinforcement architecture exhibit basi- 
cally behavior similar to that of fabric composites (Gause and AIper, 1987; KO and Hartman, 1986; and 
Gong and Sankar, 1989). These types of composites are more capable of containing the spreading of impact 
damage, especially delamination. Their ability to retain compressive strength after impact is good. How- 
ever, since the energy dissipation mechanisms in matrix cracking and delamination are significantly sup- 
pressed, fiber failure may become more severe than in unidirectional laminates. This is usually displayed as 
a steep drop in residual strength vs impact energy (Gong and Sankar, 1989). 

555.3 Rigidity of impactor 

Rigidity of the impactor affects the contact property and then the contact force response during 
impact, in particular, the contact area. Kumar and Rai (1993) found that for a given impactor kinetic 
energy, a steel impactor produced more damage than an aluminum impactor. 

In order to h t i c a l l y  enhance the effects of contact rigidity, Cox (1987) used an impactor consisting 
of a OS-in.-dm by OS-in.-long solid steel cylinder capped with a 05-in.diam. silicon rubber hemisphere. 
A 0.5-in. steel ball was also used as an impactor for the purpose of comparison. The mass of the silicon- 
rubber-capped impactor was about 1.5 times that of the steel ball. Beamlike [05/905/05] graphite-epoxy 
laminate specimens were impacted to determine the threshold impact velocities at which major matrix fail- 
ure modes occurred. The test results indicate that the threshold impact velocity for inducing bending cracks, 
transverse cracks, and delamination was about four times higher with the silicon-rubber-capped impactor 
than that with the steel ball even though the former had a larger mass. 

5.6 RESIDUAL PROPERTIES AFTER IMPACT DAMAGE 

Early attempts at predicting residual properties after impact damage included correlating impact 
kinetic energy with residual properties. Figure 5.25 shows the relation between residual tensile strength and 
impactor kinetic energy for different specimen sizes based on the test data obtained by Husman et al. 
(1975). It is easy to see that for the same impact kinetic energy, residual tensile strength varies with speci- 
men size. Thus, impactor kinetic energy alone is not the controlling parameter for residual strength. Test 
data on SMC by Chaturvedi and Sierakowski (1985) also indicated that overall impact damage area should 
not be taken as the only controlling parameter for residual tensile strength because the size (mass) of the 
impactor also affected the residual tensile strength (Fig. 5.26). 
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Fig. 5.25. Effect of specimen size on impact residual strength (A-S/4617 composite). 
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Fig. 5.26. Effect of impactor size on degree of damage at constant damage area. 

Impact damage usually reduces the load-carrying capacity of the composite structure. However, 
reductions in loadcarrying capacity are different for different loading cases. In this section, residual proper- 
ties after impact are addressed through the discussion of residual tensile strength and residual compression 
strength. 

5.6.1 Residual Tensile Strength 

To estimate the residual tensile strength of a laminate after impact, it was generally assumed that 
impact-induced damage introduces the same strength reduction as an equivalent hole or slit of a certain size 
(Husman et al., 1975; Lal, 1982). Since this approach does not usually consider the effect of delamination 
and its interaction with fiber breakage, a more rigorous approach is desirable. 

Recently Tian and Swanson (1992) used a 3-D finite element analysis to predict residual tensile 
strength after impact damage. In their model, both the surface crack and delamination were considered, 
while matrix cracks were assumed to be of negligible effect. The role of delamination in the overall tensile 
process was found to be important. Delamination reduced the ability of interlaminar shear stresses to trans- 
fer the load from plies with broken fibers to adjacent plies and decreased the laminate residual strength up 
to 45% (as compared with the result in which the effect of delamination is not considered). 

5.62 Residual Compression Strength 

Under in-plane compression, strength reductions are greatest for specimens with impact damage. 
Much effort has been directed toward understanding the behavior of impact damage specimens under 
compressive loading. It was found that compression-after-impact (CAI) strength can be significantly 
affected by the particular design of the test fwture (E'randy et al., 1991). For the same impact energy, dam- 
age is less extensive if the holding fixture is more flexible. Since the damage modes for CAI tests are local 
buckling (buckling of the sublaminates formed by impact damage), delamination growth, and global buck- 
ling (final failure), it was observed that stitching through the thickness can improve CAI strength (Pelstring, 
1989). 

years. Because of the aforementioned damage modes under compression, much attention has been focused 
Research in predicting residual compressive strength after impact damage has been conducted for 
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on delamination growth and instability under compression. Analyses were often performed with an embed- 
ded delamination. Whitcomb (1981 and 1992) used a 3-D finite element method to analyze the stability of a 
laminate with an embedded delamination. Strain energy release rate was used to predict delamination 
growth. Nilsson et al. (1993) used a 2-D plate finite element analysis to investigate the growth of circular 
delaminations for an isotropic and cross-ply laminate under compressive loading. Klug et al. (1994) also 
used a plate finite element to analyze delamination growth. Strain energy release rate along an embedded 
elliptic delamination front was calculated. Delamination growth was simulated when its strain energy 
release rate reached a critical value. Figure 5.27 shows the delamination growth contours obtained by Klug 
et al. (1994) for [(O/90)JD/9014/01~ graphite-epoxy composite under uniform unidirectional compression. 
(D indicates the location of the embedded delamination.) 
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Fig. 5.27. Delamination growth contours for [(0/90)S/D/9O1~/01~] cross-ply. D represents 
location of delamination. 
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6. ENVIRONMENTAL EFFECTS IN POLYMERIC COMPOSITES 

Y. Jack Weitsman 

6.1 INTRODUCTION 

The sorption of fluids in polymeric composites and their effects on Composites’ performance are 
highly complex issues. Their study involves, in the least, the disciplines of polymer science and applied 
mechanics, because the former focuses on molecular-level interactions and the latter is concerned with 
mechanical response. A comprehensive review of this subject is a formidable task that may require an 
interdisciplinary team effort rather than an individual undertaking. The current review is based upon infor- 
mation gleaned from several hundred articles, while it is safe to assume that the total number of papers 
related to the current subject runs into the thousands. 

What strikes the reader of articles related to fluid sorption and fluid effects in polymeric composites 
is the immense variety of materials and circumstances associated with these subjects. To begin with, poly- 
mers are highly complex materials that vary in structure and physicochemical properties, and polymeric 
composites adjoin an assortment of fibers with extremely intricate fibedmatrix interphases and interfacial 
bonding to an already knotty situation. The complexity is further compounded by the ingress of fluids of 
many kinds, which interact differently with the polymer, the fiber, and the interphase matters within the 
composite. 

The main issues associated with the mechanical performance of composites in the presence of fluid 
environments concern their dimensional stability, strength, fatigue response, and impact resistance. To a 
large degree these issues are only partially resolved at the present time even in the absence of fluids. Con- 
sequently, the best that can be expected from this review is the gaining of a certain insight into the various 
phenomena associated with fluids in composites and the derivation of some guidelines toward evaluating 
their effects. 

The kinetics of fluid sorption in polymers has been studied for about 150 years, perhaps beginning 
with Fick (1855). Among the review articles on the subject, one may cite several references (Rogers, 1965, 
1985; Crank and Park, 1968; Stannett and Hopfenberg, 1972; Frisch and Stem, 1983) as well as several 
books (Crank, 1975; Ghez, 1988; Shewmon, 1983). 

The effects of fluid environments on the creep response of polymers were studied intensively by 
several Russian researchers in the early 1970s. These studies are noted in a review article (Maksimov and 
Urzhumstev, 1977). 

the mid-1970s with the advent of polymeric composites. Information regarding these investigations can be 
found in review articles (DeIasi and Whiteside, 1978; Komorowski, 1983a, 19836,1983c, 1983d Marom, 
1989) as well as in three volumes of collected works (Springer, 1981,19846, 1988). Nevertheless, until 
recently the issue of fluid effects on composites has been considered of only secondary importance for the 
following reasons: at the “low-tech” end, glass fiber composites were utilized in the boating industry. While 
such composites exhibit substantial sensitivity to fluid environments, these effects were overcome rather 
simply by overdesign, with little concern for any possible waste in weight or performance. On the other 
hand, at the “high-tech” end, carbon fibers formed the mainstay component of polymeric composites that 
were utilized for aerospace applications. While tight performance and design requirements were imposed in 
this case, carbon fibers are largely immune to solvents, and the environmental exposures of practical con- 
cern were much less severe than those in the boating industry. 

It appears that the interest in environmental effects on composites may be rekindled due to new 
applications contemplated for these materials, which combine severe exposures and tighter design require- 
ments. These new applications occur in the offshore oil industry, in naval submersibles, and in the automo- 
tive industry. Since this overview focuses on concerns related to automotive applications, it is somewhat 
biased in that direction. For instance, it contains aspects of the corrosion stress cracking of glass and lists 

The interest in fluid sorption and fluid effects in polymers received a new impetus in the West during 
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information regarding the effects of fuels and motor oils but omits reference to kevlar composites or to the 
detrimental effects of thermal spiking, which are characteristic to other applications. 

6.2 SORPTION PROCESSES 

6.2.1 Basic Considerations: Linear, One-Dimensional, Fickian Diffusion 

The simplest model for the diffusion of a solvent into a solid is given by the linear Fick's Law 
(1855). Accordingly, the flux of the solvent, F, is proportional to the (negative of the mass) concentration 
gradient Vm. In the onedimensional (1-D) case we have 

where D is the diffusion coefficient. 

concentration regions. 
The negative sign in Eq. (6.1) indicates that the flux is directed from high-concentration to low- 

Conservation of mass states that 

am - aF 
at ax a 

Combining Eqs. (6.1) and (6.2), we obtain the well-known 1-D version of Fick's law: 

It should be noted that the above equations can be derived from the statistics of a random walk pro- 

The field equation (6.3) is accompanied by initial and boundary conditions, the simplest of which are 
cess (Ghez, 1988). 

and 

m ( S ,  t) = mb O < t < - ,  (6.5) 

which correspond to a constant initial concentration and a fixed boundary concentration, respectively, in a 
plate of thickness 2L. 

The solution of Eq. (6.3) with Eqs. (6.4) and (6.5) is well known (Crank, 1975) and is expressible in 
two well-known alternate forms (Crank, 1975), which can be written compactly. Accordingly (Weitsman, 
1981, 1991), the distribution m(x, t) is given by 

where 

C(X, t) 
or and f(x,t) = 

1 - E(x,t) 

1 - C(x,t) 
or 

E(x, t) 
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In Eqs. (6.6) and (6.7) 

m 

c(x,t) = 2 - cos(%) exp(-P:t*) , 
n=l 'n 

m 

E(x,t) = (-l)n+l 
n=l 

where Pn = (2n - 1)1r/2, erfc(z) = - I," - exp (s2)ds, and t* = Dtn2 is nondmensional time. 

The version that employs cosines, C(x, t), converges rapidly for long times, while the series contain- 
ing complementary error functions, E(x, t), converges rapidly for short times. 

For an initially dry plate exposed to a constant ambient boundary condition m & L ,  t) = 1, the distri- 

Id2 

bution m(x, t) vs the nondmensional distance x/L at various nondmensional times, t* = D t n  2 , is shown in 
Fig. 6.1. 

ORNL-DWG 95-2809 ETD 
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Fig. 6.1. Moisture distribution profiles predicted by Fick's Law at various values of 
nondimensional time t*. 

Extensions to the time-varying diffusion coefficient D, which occur due to fluctuating temperatures, 
and for time-varying boundary conditions can be constructed by straightforward superposition on the basis 
of Eqs. (6.6) and (6.7) due to the linearity of the problem (Weitsman, 1991). 

The total weight gain M(t) is given by 

M(t) = (6.10) 

The detailed expression (Crank, 1975) is omitted for the sake of brevity. The magnitude of M(t) is 
amenable to direct experimental measurement. 
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For initially dry plates with constant ambient conditions, the plot of relative weight gain M(t*)/M(.) 
vs @ is shown in Fig. 6.2 [t* = Dtn2 is the nondimensional time in Eqs. (6.8) and (6.9)]. The above plot 
serves as a “baseline” for comparison with actual data. 
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Fig. 6.2. Total weight gain M(t)/M(=) YS JI“ according to Fick’s Law, with locations where 
departures from straight lines exceed 1%. 

6.2.2 Weight-Gain and Diffusion Data for Polymers and Polymeric Composites 

It was noted that in many circumstances weight-gain data for the sorption and desorption of fluids 
by polymers do not concur with the predictions of linear Fickian diffusion shown in Fig. 6.2. Such 
“anomalies” are exhibited in Fig. 6.3 (Rogers, 1965). Some of the anomalies noted in Fig. 6.3 can be 
attributed to the inherent time-dependent response of polymers (Weitsman, 1990). On the other hand, mois- 
ture weight-gain data in polymeric composites exhibit departures from linear Fickian behavior (the curve 
denoted LF in Fig. 6.4, which reproduces the plot shown in Fig. 6.2) that are much more striking than those 
in Fig. 6.3. Such severe departures correspond to weight-gain data sketched by curves 3 and 4 in Fig. 6.4. 

Curve 1 in Fig. 6.4 resembles the “pseudo-Fickian” category in Fig. 6.3, and corresponds to the often 
encountered circumstance of a continuous gradual increase in weight gain-never attaining equilibrium 
(e.g., Grayson and Wolf, 1985). Curve 2 in Fig. 6.4 resembles the curve for “two-stage” diffusion in 
Fig. 6.3. However, curve 3 corresponds to a rapidly increasing moisture content within the composite, 
which is usually accompanied by large deformations, damage growth, material breakdown, andor mechan- 
ical failure. 

rial. Most commonly, weight losses occur in conjunction with hydrolysis the separation of side groups from 
the polymeric chains, or the dissociation of matter located at the vicinities of fibedmatrix interfaces. 

meric composite material systems, it is impossible to suggest specific causes for the disparate sorption pro- 
cesses typified by the five weight-gain plots shown in Fig. 6.4. However, a comprehensive review of many 
data suggests that curves 3 and 4 in Fig. 6.4 correspond most frequently to sorption processes that occur 
under severe circumstances, such as elevated temperatures, high external stresses, or exposure to high 
levels of ambient solvent concentrations. These types of weight-gain data are encountered much more fre- 
quently in composites than with “neat” polymers, except when the latter are undercured or contain non- 
stoichiometic amounts of curing agents. As noted earlier, weight-gain data that correspond to curve 3 in 
Fig. 6.4 are associated with substantial degradations in material properties (Springer et al., 1981). They also 
portend shortened lives and impending failure of the material system. Loss of material integrity is associ- 
ated with curve 4 in Fig. 6.4. 

Curve 4 accords with weight loss that is attributable to chemical or physical breakdown of a mate- 

Because of the wide variety of polymeric molecular structures and the large diversity in the poly- 
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Fig. 63. “Non-Fickian” or “anomalous” sorption and desorption curves compared with 
Fickian type curves. Source: Rogers, 1965. Reprinted with permission of John Wiley & Sons, Inc. 
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Fig. 6.4. Schematic curves representing four categories of recorded non-Fickian weight-gain 
sorption data in polymers and polymeric composites. The solid line, designated by LF, corresponds to 
linear Fickian diffusion. 
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Circumstances that correspond to weight-gain data categorized by curves 1 4  and LF in Fig. 6.4 are 
listed in Table 6.1. 

Table 6.1. Types of sorption data for various materials and exposures 

Type of weight gain 
data sketched in Material system Exposure Reference 

Fig. 6.4 

LF 

1 

1 and/or 2 

LF 

3 

1 or2 

LF 

LF 

2 

4 

4 

4 

1 

T300/5208 graphite-epoxy 

T300/5208 graphite-epoxy 

EPOXY and AS/3501-5 
graphite-epoxy 

T300/1034 
(graphite/pol ymer) 

T300/1034 
(graphite/polymer) 

SMC-25,SMC-65, 
SMC-30 EA 
glass/polyester 

SMC-25 

SMC-25, SMC-65, 
SMC-30 EA 

SMC-25 

SMC-25 

SMC-65 

SMC-30 EA 

SMC-25, SMC-65, 
SMC-30 EA 

T c 60°C 

T > 60°C 
Distilled water at 22°C- 

70°C; humid air and 
water immersion 

Distilled water at 22°C- 
70°C; humid air and 
water immersion 

Distilled water at 90°C 

100% RH, 32’C 

100% RH, 50°C 

40% RH, 65°C 

60% RH, 65°C 

100% RH, 65°C 

100% RH, 50°C and 65°C 
and 60% RH at 65°C 

100% RH, 50°C and 65°C 
and 60% RH at 65°C 

Distilled water at 23°C 

C. D. Shirrell, 1978 

C. D. Shirrell, 1978 

J. M. Whitney and C. E. 
Browning (1978) 

C. H. Shen and G. S. 
Springer, 1981b; and 
T. Mohlin, 1988 

T. Mohlin, 1988 

A. C. Loos, G. S .  
Springer, B. A. Sanders 
and R. W. Tung, 1981 

Springer, B. A. Sanders 
and R. W. Tung, 1981 

Springer, B. A. Sanders 
and R. W. Tung, 1981 

Springer, B. A. Sanders 
and R. W. Tung, 1981 

Springer, B. A. Sanders 
and R. W. Tung, 1981 

Springer, B. A. Sanders 
and R. W. Tung, 1981 

Springer, B. A. Sanders 
and R. W. Tung, 1981 

Springer, B. A. Sanders 
and R. W. Tung, 1981 

A. C. Loos, G. S .  

A. C. Loos, G. S .  

A. C. Loos, G. S .  

A. C. Loos, G. S .  

A. C. Loos, G. S .  

A. C. Loos, G. S .  

A. C. Loos, G. S .  
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Table 6.1. continued 

Type of weight gain 
data sketched in Material system Exposure 

Fig. 6.4 
LF 

4 

2 

1 

1 or2 

1 

1 

LF 

4 

LF 

2 

LF 

4 

SMC-25,SMC-65, 
SMC-30 EA 

SMC-25, SMC-65, 
SMC-30 EA 

SMC-25, SMC-65, 
SMC-30 EA 

SMC-25, SMC-65, 
SMC-30 EA 

SMC-25, SMC-65, 
SMC-30 EA 

SMC-25,SMC-65, 
SMC-30 EA 

SMC-25,SMC-65, 
SMC-30 EA 

SMC-R25 

SMC-R25 

SMC-R25 

SMC-R25 

SMC-R5O 

SMC-R5O 

Saltwater at 23'C 

Distilled water at 50°C 

Saltwater at 50°C 

Diesel fuel at 23°C and 
50°C 

Jet fuel at 23'C and 50°C 

Gasoline at 23°C 

Aviation oil at 23°C and 
50°C 

100% RH and saltwater at 
23°C 

100% RH at 93°C 

Diesel fuel at 23°C and at 
93'C; lubricating oil at 
23°C; antifreeze at 23°C 
and at 93°C 

Lubricating oil at 93'C 

50% RH at 23'C and at 
93°C and 100% RH at 
23°C 

100% RH at 93°C 

A. C. Loos, G. S. 
Springer, B. A. Sanders 
and R. W. Tung, 1981 

Springer, B. A. Sanders 
and R. W. Tung, 1981 

Springer, B. A. Sanders 
and R. W. Tung, 1981 

Springer, B. A. Sanders 
and R. W. Tung, 1981 

Springer, B. A. Sanders 
and R. W. Tung, 1981 

Springer, B. A. Sanders 
and R. W. Tung, 1981 

Springer, B. A. Sanders 
and R. W. Tung, 1981 

G. S. Springer, B. A. 
Sanders, and R. W. 
Tung, 1981 

G. S. Springer, B. A. 
Sanders, and R. W. 
Tung, 1981 

G. S. Springer, B. A. 
Sanders, and R. W. 
Tung, 1981 

A. C. Loos, G. S. 

A. C. Loos, G. S. 

A. C. Loos, G. S. 

A. C. Loos, G. S. 

A. C. Loos, G. S. 

A. C. Loos, G. S. 

G. S. Springer, B. A. 
Sanders, and R. W. 
Tung, 1981 

G. S. Springer, B. A. 
Sanders, and R. W. 
Tung, 1981 

G. S. Springer, B. A. 
Sanders, and R. W. 
Tung, 1981 
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Table 6.1. continued 

Type of weight gain 
data sketched in Material system 

Fig. 6.4 
Exposure Reference 

1 SMC-R5O 

4 SMC-RSO 

LF SMC-R5O 

1 or2  

4 

LF 

1 

4 

LF (?) 

4 

2 

LF 

1 

SMC-R5O 

SMC-RSO 

Glasdepoxy diamine 

Glasdepoxy dicyandi- 

Glass/epoxy anhydride 

XMC-3 adhesive 

hardener 

amide hardener 

hardener 

XMC-3 adhesive 

T300/914 

Cured or undercured 

Cured or undercured 
epoxy 

epoxy 

Cured or undercured 

S-glass-epox y 
epoxy 

Saltwater at 23°C 

Saltwater at 93°C 

Diesel fuel at 23°C; lubri- 
cating oil at 23°C and 
93°C 

Diesel fuel at 93’C; anti- 
freeze at 23°C 

Antifreeze at 93°C 

12-100% RH, 25-90°C 

28-100% RH, 25-9O’C 

52-100% RH, 90°C 

50% RH, water and 
saltwater at 23°C 

Water at 93°C 

70-98% RH at 50-70°C 

Water vapor at  low^' 
temperatures 

Water vapor at 
“intermediate” tempera- 
tures 

temperatures 

780°C 

Water vapor at “high” 

Distilled water at 30- 

G. S. Springer, B. A. 
Sanders, and R. W. 
Tung, 1981 

G. S. Springer, B. A. 
Sanders, and R. W. 
Tung, 1981 

G. S .  Springer, B. A. 
Sanders, and R. W. 
Tung, 1981 

G. S. Springer, B. A. 
Sanders, and R. W. 
Tung, 1981 

G. S. Springer, B. A. 
Sanders, and R. W. 
Tung, 1981 

P. Bonniau and A. R. 
Bunsell, 1984 

P. Bonniau and A. R. 
Bunsell, 1984 

P. Bonniau and A. R. 
Bunsell, 1984 

G. S. Springer, 1981 

G. S .  Springer, 1981 

M. Blikstad, 0. W. 
Sjoblom, and T. R. 
Johannesson, 1988 

V. B. Gupta, L. T. Drzal, 
and M. J. Rich, 1985 

V. B. Gupta, L. T. Drzal, 
and M. J. Rich, 1985 

V. B. Gupta, L. T. Drzal, 
and M. J. Rich, 1985 

A. Chateauminois, 
B . Chabert, J. P. 
Soulier, and L. Vincent, 
1991 
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Table 6.1. continued 

Type of weight gain 
data sketched in Material system Exposure Reference 

Fig. 6.4 
3 S-glass-epoxy Distilled water at 90°C A. Chateauminois. 

B. Chabert, J. P. 
Soulier, and L. Vincent, 
1991 

LF E-glass-epox y 

4 E-glass-epoxy 

1 EPOXY 

4 Glassepoxy and hybrid 

1 Vinylester 
glass-carbon epoxy 

4 

LF 

Vinylester 

S2 glass-epoxy 

S2 glass-epoxy 

Swirl mat glassPPS 

GraphitePPS 

APC-2 (graphitePEEK) 

CF/epox y 

Hybrid CFkevlar-epoxy 

Water at 22°C B. Dewimille, J. Thoris, 
R. Mailfert, and A. R. 
Bunsell, 1980 

Water at 80-100°C B. Dewimille, J. Thoris, 
R. Mailfert, and A. R. 
Bunsell, 1980 

Water at 22400°C B. Dewimille, J. Thoris, 
R. Mailfert, and A. R. 
Bunsell, 1980 

Water at 80°C H. Fukuda, 1986 

Water 

Saltwater 

H. Hojo, K. Tsuda, 
K. Ogasawara, and 
K. Mishima, 1982 

H. Hojo, K. Tsuda, 
K. Ogasawara, and 
K. Mishima, 1982 

75% RH at 75°C-frst S .  Y. Lo, H. T. Hahn, and 
exposure T. T. Chiao, 1982 

75% RH at 75"C-second S .  Y. Lo, H. T. Hahn, and 
and third exposures T. T. Chiao, 1982 

Hot water A. Y. Lou and T. P. 
Murtha, 1987 

Nonimpacted and pre- C.-C. M. Ma, Y. H. 
Huang, and M. J. impacted exposed to jet 

fuel chang, 1991 

Nonimpacted and pre- C.-C. M. Ma, Y. H. 
Huang, and M. J. impacted exposed to jet 

fuel chang, 1991 

Sea water L. M. Manocha, 0. P. 
Bahl, and R. K. Jain, 
1982 

Sea water L. M. Manocha, 0. P. 
Bahl, and R. K. Jain, 
1982 
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Table 6.1. continued 

Type of weight gain 
data sketched in Material system Exposure Reference 

Fin. 6.4 
LF GlassNP Distilled water at 23°C G. Menges and H.-W. 

Gitschner, 1980 

3 GlassNP Distilled water at 40°C G. Menges and H.-W. 
and 60"Ca Gitschner, 1980 

1 CF/epox y Water and saltwater at Y. Nakanishi and 
60°C A. Shindo, 1982 

1 Glass/polyester Water immersion at 60°C R. J. White and M. G. 
with s < 0.3 UTS 

3 Glasdpolyester Water immersion at 60°C R. J. White and M. G. 
with s = 0.6 UTS 

Phillips, 1985 

Phillips, 1985 

LF EPOXY 97% RH, RT with 
s < 0.45 UTS 

M. C. Henson and 
Y. Weitsman, 1986 

1 AS4/3502 graphite-epoxy 97% RH, RT with M. C. Henson and 

1 AF126-2 adhesive bond 75-90% RH, 1 W C  W. Althof, 1979 

1 FlvI73 adhesive bond line 75-90% RH, 1 W C  W. Althof, 1979 

1 GraphitelF155 95% RH at 49°C D. L. Clark, 1983 
LF GraphitelF185 95% RH at 49°C D. L. Clark, 1983 
1 GraphitelF155- 95% RH at 49°C D. L. Clark, 1983 

s c 0.45 UTS Y. Weitsman, 1986 

line 

graphitelF185 lay-up 

uDamage observed. 

Very few data are available regarding moisture distribution within polymers or polymeric compos- 
ites. Profiles were inferred from weight-gain measurements accompanying specimen sectionings (Althof, 
1979). Alternately, profiles of water within AS/3501-5 graphite-epoxy composites were recorded by radio- 
active measurements of D20 at several times during the diffusion process (Whiteside et al., 1984). Typical 
results of the latter technique are shown in Fig. 6.5, where recorded distributions are compared with predic- 
tions of linear Fickian diffusion. In spite of the scatter in the results shown in Fig. 6.5, they tend to corrobo- 
rate predictions that correspond to weight-gain data that follow curves 1 or 2 in Fig. 6.4 (Cai and Weitsman, 
1994). 

6.23 Causes and Models for Non-Fickian Diffusion 

There is a host of possible reasons for non-Fickian diffusion in polymers and yet additional probable 

The fact that glassy polymers, with their highly complex molecular configurations, exist in a non- 
causes when considering polymeric composites. 

equilibrium thermodynamic state accounts for their inherent time-dependent behavior. The time depen- 
dence is compounded by additional temporal phenomena such as aging (Struik, 1978; Adamson, 1980), 
ongoing chemical reactions (Maksimov and Urzhumstev, 1977), and advancing cure. The time dependence 
is accelerated by the fact that fluids tend to increase the free volume of polymers, thereby lowering their 
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T (a) 2 MONTHS 

t 

1.51 t 

02 

I 0.5 

(b) 8 MONTHS 

u* . .  + . -  ., , , 0 “ ” ’  

0 0.4 0.8 1.2 1.6 2.0 2.4 

DISTANCE FROM SURFACE (mm) DISTANCE FROM SURFACE (mm) 

Fig. 6.5. Recorded concentration values with distribution profiles predicted by Fick’s Law. 
Source: Whiteside, et al., 1984. Adapted with permission of American Society for Testing and 
Materials. Dots show average recorded concentrations of heavy water (D20) after 56-d exposure to a 
70% RH of D20 at 305 K (90°F), with vertical lines indicating statistical error. Cases (a), (b) and (c) 
refer to pre-exposure to hygrothermal cycles, after which all specimens were completely redried. 

glass transition temperature (DeIasi and Whiteside, 1978; McKague, 1978; Browning, 1978) (typically by 
10°C for each 1% solvent weight gained in the polymer). The increased mobility of the molecular chains 
and side groups is denoted as “plasticization.” This is an essentially reversible phenomenon that can be 
accounted for by means of the rime-dependent diffusion model discussed later. 

several review articles (Rogers, 1965,1985; Stannett and Hopfenberg, 1972; Hopfenberg and Stannett, 
1973; Frisch and Stem, 1983; Windle, 1985) and texts (such as Crank, 1975, Chaps. 7 and 11). 

mechanical response of polymers, namely creep and relaxation. Accordingly, the polymer requires time to 
approach its new equilibrium state commensurate with externally imposed boundary conditions (Crank, 
1953; Long and Richman, 1960; Frisch, 1964,1966; Crank and Park, 1968; Apicella et al., 1981). More 
recently, the foregoing circumstance was modeled on the basis of fundamental principles of irreversible 
thermodynamics and continuum mechanics (weitsman, 1990) to account for coupled moisture, thermal, 
and mechanical time-dependent behavior. 

Many of these above considerations, which fall within the realm of polymer science, are discussed in 

Consequently, the time-dependent diffusion process occurs conjointly with the time-dependent 
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Essentially, the source of the non-Fickian sorption noted in curves 1 and 2 in Fig. 6.4 was traced to a 
time-dependent boundary condition 

(6.1 1) 

which holds even under exposure to constant ambient conditions since the polymer cannot adapt instanta- 
neously to the imposed external environment. 

It has been shown (Weitsman, 1990; Cai and Weitsman, 1994) that solutions of Eq. (6.3) with initial 
condition [Eq. (6.4)l and boundary condition [Eq. (6.11)] [instead of pq. (6.511 can account for non- 
Fickian weight-gain data represented by curves 1 and 2 in Fig. 6.4 and correspond to non-Fickian distribu- 
tions such as those shown in Fig. 6.5. 

Another approach to account for non-Fickian behavior is offered by the “two-phase diffusion” model 
(Gurtin and Yatomi, 1979; Carter and Kibler, 1978; Bonniau and Bunsell, 1984, Weitsman, 1990). Accord- 
ingly, a portion n of the diffusing substance is entrapped within the polymeric molecules and becomes 
immobile, while a remaining part, m, remains mobile and continues to diffuse into the polymer. In analogy 
with the flux concentration gradient and conservation of mass Eqs. (6.1) and (6.2), one obtains 

(6.12) 

with the initial condition [Eq. (6.4)] imposed on (m + n) and the boundary condition [Eq. (6.5)] applying to 
the mobile portion m only. 

In addition, the rate of change of the immobile portion n is assumed to be governed by 

(6.13) 

It has been shown (Carter and Kibler, 1978; Bonniau and Bunsell, 1984) that the two-phase diffusion 

Another cause for non-Fickian diffusion is due to concentration-dependent diffusivity D = D(m), 

All three foregoing circumstances predict the occurrence of hysteresis loops when weight gain of ini- 

model predicts weight gains that correspond to curve 1 in Fig. 6.4. 

which would render Eq. (6.3) to be nonlinear. 

tially dry plates and weight loss of saturated specimens subjected to drying are plotted vs time (or 6). 
Such hysteresis loops were noted for absorption and desorption data of graphite-epoxy composites 
(Whitney and Browning, 1978; Shirrel, 1978; Henson and Weitsman, 1986) and to a lesser extent in “neat” 
epoxy (Henson and Weitsman, 1986). The hystereses loops become more pronounced as diffusion occurs 
under increasing amplitudes of applied loads. Usually, these loops indicate a desorption process that is ini- 
tially faster and subsequently slower than the absorption process-a circumstance that is conceptually con- 
sistent with the time-dependent response model (Weitsman, 1990). It may be worth noting that analogous 
hysteresis loops were noted in the rransverse strain of glass-epoxy composites subjected to cyclic environ- 
ment (Lo et al., 1982). 

A much more intricate sorption process occurs when diffusion is accompanied by a chemical reac- 
tion. The chemical reaction can introduce an inert substance into the host material, in which case solvent 
absorption is accompanied by an enhanced weight gain. On the other hand, the chemical reaction may 
involve dissociation of matter; thereby diffusion induces weight losses (Crank, 1975). 

A model for diffusion and chemical reaction that occurs at a moving front is represented by the 
thermal oxidation of silicon (Ghez, 1988) expressed by 

si + 0, + sio, . (6.14) 
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The distribution C(x, t) of the excess of 02 ,  when the moving oxidation ffont is located at x = L(t) is 
sketched in Fig. 6.6 (Ghez, 1988). In that figure C, and CL are the concentrations of 0 2  at the outer bound- 
ary and at the oxide/silicon front, respectively. Also, JO denotes the flux of 0 2  from the ambient into the 
oxide, and r is the rate of the reaction in Eq. (6.14). 

C t  
ORNL-DWG 95-2814 ET0 

I 

S i 0 2  

L ( t )  

Fig. 6.6. Three-phase oxidation system and excess 0 2  distribution in the oxide. Source: Ghez, 
1988. Reprinted with permission of John Wiley & Sons, Inc. 

Conservation of oxygen mass at x = L(t) gives 

D + r +  c,L = 0 .  
ax x=L 

Since the concentration of the oxide is evidently constant, say Ci, the reaction rate is 

r = c $  - 
Assuming that r is linear in the oxygen concentration CL, 

r = k C L .  

One obtains from Eqs. (6.15), (6.16), and (6.17) that 

L = kCL/Ci , 

and 

D S l  + 
x=L ax kCL(l + CL/Ci) = 0 .  

If one further assumes linear distribution .n x of C(x, t) jn-Fig. 6.6, then m.- some a1 litiOnS 

(6.15) 

(6.16) 

(6.17) 

(6.18) 

(6.19) 

approximations it follows that for sufficiently long times L - tIrL (Ghez, 1988). The above result can 
explain increasing weight gains for reactions that involve acquisition of matter as well as weight losses if 
reactions involve dissociation, with time. These weight changes occur in addition to what is attributable to 
diffusion and predict trends consistent with curves 3 and 4 in Fig. 6.4. 

c - 
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Moving fronts of chemically reacted matter were observed in the case of water-vapor-induced corro- 
sion of glass (Charles, 195th) and also in glass fibers exposed to hydrochloric and sulfuric acids as well as 
to distilled water (Ehrenstein and Spaude, 1984). The latter observations showed that the rate of etching 
depended on temperature, as may be expected for thermally activated processes. Similar fronts, which sepa- 
rate reacted and nonreacted matter, were noted in glass-reinforced polyester exposed to sulfur, chlorine, and 
other substances (Menges and Gitschner, 1980) and in neat APS/epoxy mixtures, with distinct APS 
(coupling agent)-toepoxy molar ratios, exposed to water (Hoh et al., 1990). 

Although none of the above observations of reaction fronts were accompanied by weight-gain or 
weight-loss data, such information is reported for the corrosion of glassfvinyl ester composites reacting 
with NaOH and HCI solutions (Hojo et al., 1982). The foregoing weight-loss data seem to confirm the sug- 
gestion that curve 4 in Fig. 6.4 corresponds to a dissociation of matter caused by chemical reactions. 

Unlike the reversible “plasticization” phenomenon that may be related to weight gains along 
curves 1,2, and LF in Fig. 6.4, chemical reactions may destroy the backbones of polymer chains and disso- 
ciate them into separate segments. This phenomenon, denoted as “hydrolysis,” is irreversible and would 
usually result in the leaching of matter and weight loss (curve 4 in Fig. 6.4). Alternately, hydrolysis may 
have the contrary effect of inducing microcracks within the composite and lead to excessive weight gains 
(curve 3 in Fig. 6.4). 

Though difficult to quantify, the severity of the hydrolysis process increases with temperature and 
solvent or fluid content (Chateauminois et al., 1993) and depends on the material system (Fukuda, 1986). It 
seems that the onset of hydrolysis may require some “incubation time” (Maksimov and Unhumstev, 1977), 
which also depends on the foregoing parameters. 

It is interesting to note that once a weight loss had occurred, the redried material absorbs ever- 
increasing amounts of solvents upon repeated exposures to ambient environments (Lo et al., 1982). This 
observation suggests the presence of irreversible damage within the material. 

als consist not only of fibrous and polymeric phases but also of fiber/matrix interfaces andor interphase 
regions. It has been argued (Drzal et al., 1982,1983,1985; Gupta et al., 1985; Rich and Drzal, 1988; Hoh 
et al., 1990) that interphase regions may differ from bulk polymers in their chemical composition as well as 
in the amount of curing agent that they contain. These differences may lead to substantial discrepancies in 
the amounts of solvent that are absorbed by the polymer and interphase, with larger absorption within the 
latter-especially if it is undercured (Gupta et al., 1985; Jones et al., 1986; Hoh et al., 1990). 

trations of solvent in the bulk polymer and interphase matter as caused by an osmosis phenomenon, with 
the polymer serving as a semipermeable membrane (Ashbee et al., 1967; Ashbee and Wyatt, 1969; Walter 
and Ashbee, 1982,1984). 

combine to weaken the interfacial strength and bring about interfacial cracking (Ashbee et al., 1967; 
Ashbee and Wyatt, 1969; Walter and Ashbee, 1984), which other investigators have observed as well 
(Menges and Gitschner, 1980; Fang, 1986; Weitsman, 1991). These interfacial cracks are sketched in 
Fig. 6.7. 

The effect of osmotic pressure may be compounded by the microlevel tensile stresses caused by the 
mismatch in mechanical and expansional properties of the resin and fiber materials (Tsotsis and Weitsman, 
1990). 

The formation of interfacial cracks, as well as voids, may be the primary cause for an increase in the 
amount of fluid absorbed by the composites, resulting in a transition from weight gain along curve 1 to 
weight gain along curve 3 in Fig. 6.4 (Menges and Gitschner, 1980). It is also interesting to note that cyclic 
exposure to weddry environments increased the extent and amount of interfacial fibedmatrix cracks, and 
drying seemingly contributed more intensively to crack formation (Weitsman, 1991). 

When transport phenomena in composites are considered, it is important to realize that those materi- 

These observations seem to confirm original, earlier interpretations that viewed the disparate concen- 

The increased content of fluid in the vicinity of the fiber/matrk interface and the osmotic pressure 
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Fig. 6.7. Schematic drawing of moisture-induced fibedmatrix interfacial cracks. 

6.3 MOISTURE-INDUCED SWELLING, TEMPERATURE DEPENDENCE, AND TIME SCALES 

Upon absorption, fluids induce expansional strains into the polymer that are akin to thermal expan- 
sions. Typically, the coefficient of moisture expansion in polymers, b, ranges between 2 x le3 and 5 x 
l e 3  per 1% weight gain (Adamson, 1980; Cairns and Adams, 1984). When it is compared with the coeffi- 
cient of thermal expansion, of typical value a - 2 x 10-5 &doc, we arrive at the rough estimate that the 
expansional strain due to 1% moisture weight gain is equivalent to the effect of about 100°C of thermal 
excursion. 

In many circumstances fluids induce swelliig only upon reaching some threshold value, say ml. 
Thus, the expansional strain is given by 

The coefficient of moisture diffusion D is extremely sensitive to temperature and may increase by 2 
orders of magnitude with a temperature rise of 1Oo'C (DeIasi and Whiteside, 1978; Shirrel, 1978; Loos and 
Springer, 1981; Grayson and Wolf, 1985; Harper and Weitsman, 1985). A typical value of D at room tem- 
perature is D = DR - le7 mm2/s. 

= p(m - ml). Typically ml= 0.1%. 

Temperature sensitivity can be expressed by an Arrhenius-type relation 

(6.20) 

The immediate consequence of the exceedingly small values of D is a very slow diffusion process. 
In fact, it may require several months to saturate polymeric or polymeric composite plates even as thin as 
1 mm. In accordance with Eq. (6.9) the time-to-saturation increases with the square of the thickness, 
tisaturation - L ~ *  

On the other hand, for polymeric materials the coefficient of thermal diffusion k - lW3 mm2/s. Con- 
sequently, heat conduction may be uncoupled from moisture diffusion, but moisture diffusion cannot dis- 
card temporal fluctuations in temperature in view of the extreme sensitivity of D to T. Moisture saturation 
levels depend on the ambient level of fluid (e.g., the relative humidity of water vapor) and to a lesser degree 
on temperature and mechanical stress. 

As will be discussed in more detail in the next section, the viscoelastic behavior of polymers depends 
on fluid content. Since typical time-spans for creep (which are also extremely sensitive to temperature) may 
extend up to several days, or even weeks and months, the viscoelastic response of polymers and polymeric 
composites is strongly coupled with the diffusion process (Weitsman, 1977,1979,1987,1990,1991; 
Douglas and Weitsman, 1980; Harper and Weitsman, 1985). 
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6.4 FLUID EFFECTS ON MECHANICAL RESPONSE AND MECHANICAL PROPERTIES 

6.4.1 Elastic Behavior 

The expansional strains that accompany the sorption of fluids induce residual stresses within com- 
posite materials, analogous to the thermal stresses that arise therein in the presence of geometrical con- 
straints. Essentially, these residual stresses develop on the microscale, due to the mismatch between the 
properties of the fiber and the matrix, as well as on the ply/laminate level due to the discrepancies between 
longitudinal and transverse ply properties. The formulation and solution of these stress fields in composite 
laminates for linear elastic behavior are given in standard texts (Jones, 1975; Agarwal and Boutman, 1980; 
Hull, 1981; Vinson and Sierakowski, 1986; Gibson, 1994) and will not be reproduced here. 

6.4.2 Viscoelastic Response 

Fluids accelerate the time-dependent response of polymers and polymeric composites in a manner 
that is analogous to the influence of temperature. The effect of moisture can be related by a “time-moisture 
superposition” (Mochalov et al., 1972; Maksimov et al., 1975,1976a, 1976b, 1972; Maksimov and 
Urzhumstev, 1977; Crossman et al., 1978; Renton and Ho, 1978; Ho and Schapery, 1981; Flaggs and 
Crossman, 1984; Harper and Weitsman, 1985) similar to the well-known time-temperature superposition in 
thermoviscoelasticity. Accordingly, the effect of moisture can be formulated by means of a moisture- 
dependent “shift factor” aH(m), which is coupled with the temperature-dependent shift am. Though, in 
principle, the combined effects of moisture and temperature require a shift-factor function of the form 
aTH(T,m). in many circumstances it was possible to coalesce creep data into a “master curve” by the more 
convenient product form aTH(T,m) = adT) aH(m) (Maksimov et al., 1972; Renton and Ho, 1978; Ho and 
Schapery, 1981; Harper and Weitsman, 1985). 

Typical moisture- and temperature-affected creep data for [k45”]2~ AS/3502 graphite-epoxy com- 
posites are shown in Fig. 6.8. These data were shifted to form the master curves depicted in Fig. 6.9 with 
the aid of the shift-factor functions drawn in Fig. 6.10. 

I I  

(b) 751RH 
-7.0 

-7.1 

-7.2 

-7.3 

0 1 2  
log t 

Fig. 6.8. Creep compliance S,, as recorded at various temperatures and RHs, for [k45I2, 
A93502 composite specimens with (a) RH = 0%, (b) RH = 75%, and (c) RH = 95%. Source: Kibler, 
1980. 
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Fig. 6.9. ‘Master curves” for the transverse compliance ST, as inferred from data for S, 
shown in Fig. 6.8, for AW3502 composite. Curves obtained by horizontal shifts (parallel to the log t 
axis) of isothermal data. For (a) “dryyy and (b) “wetyy cases. Source: Harper, 1983. 
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Fig. 6.10. Combined shift factor obtained from samples exposed at various temperatures. 
Circles indicate data inferred (Komorowski, 1983a-d), while full lines are based on aTH = aTaH. 
(a) RH = 75% and (b) RH = 95%. Source: Harper, 1983. 

For the circumstances shown in Figs. 6.8-6.10 the moisture and temperature shift factors are 
expressed by adT) = exp(B - T/A) and aH(m) = exp(-% m + K1) with B = 45.81, A = 6.258, 
and K, = 0.26, where T is in degrees Kelvin and m in percent weight gain. 

1979; Douglas and Weitsman, 1980; Flaggs and Crossman, 1984, Harper and Weitsman, 1985) 

= 5.2, 

Several viscoelastic solutions that account for moisture and temperature effects (Weitsman, 1977, 

.. --. , _ _  ,, _- . . . . . . . ” . . . ._ 
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demonstrate that viscoelastic relaxation accounts for a behavior that differs qualitatively from an elastically 
predicted response. Specifically, upon subjecting a viscoelastic material to a humid environment, and sub- 
sequently to a dry ambient, the swelling strains introduced during moisture absorption-which tend to 
induce compression within the polymer-are followed by shrinkage caused by fluid withdrawal during the 
drying stage and a reversal in the stress amplitudes. However, since shrinkage is superimposed on the 
relaxed effect of the earlier swelling, the resulting reversal in stresses will overcompensate the relaxed 
levels of the previously imparted compression and yield a net tensile outcome. Such results explain the 
emergence of tensile cracks upon drying of previously saturated resins (Browning, 1978) and composites 
(Jackson, 1984; Fang, 1986; Weitsman, 1991). 

The foregoing viscoelastic formulations and solutions are useful for analyzing stresses and, particu- 
larly, for determining dimensional changes due to creep in polymeric composites. On the other hand, it is 
important to recognize that the above methodology is restricted to linear viscoelastic response and applies 
to a limited range of stresses, temperatures, and moisture content (Maksimov and Urzhumstev, 1977). More 
significantly, linear hygrothermal viscoelasticity does not apply in circumstances that involve chemical 
reactions and does not account for damage (Hull and Hogg, 1980). It would therefore be incorrect to utilize 
that theory in circumstances in which solvent weight-gain data follow curves 3 or 4 in Fig. 6.4. 

1991). This correlation may also be inferred by comparisons of weight-gain data (Springer et al., 1981) and 
creep data (Springer, 1984~). 

noted on several occasions (Jain et al., 1979; Jain and Asthana, 1980; Menges and Gitschner, 1980) that the 
creep response of wet composites may accord with linear hygrothermal viscoelasticity for a limited duration 
to be followed by a noticeable upsurge in deformation, as sketched in Fig. 6.11. It seems that the increase in 
creep strains occurs after certain incubation times required for the inception of additional mechanisms or 
reactions within the polymeric composite. 

The latter weight gains are associated with excessive creep and early failures (Chateauminois et al., 

Another important observation concerns the long-term creep of polymeric composites. It has been 
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Fig. 6.11. “Two-stage” creep under extended exposure to environment. 

6.4.3 Strength and Durability 

It was already noted that fluids introduce residual stresses into polymeric composites and affect the 
mechanical fields by enhancing the creep and relaxation processes. In addition, it was remarked that sol- 
vents may degrade polymers and fiberlmatrix interfaces by hydrolysis and chemical attack, induce osmotic 
pressure within interphase regions that contributes to the weakening of the fibedmatrix bond, and chemi- 
cally decompose the fibers themselves-especially glass fibers. 
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These effects are reflected in significant reductions in the strength of such polymers as epoxy and in 
the transverse and shear strengths of midirectionally reinforced polymeric composites (Hertz, 1973; 
Kaminski, 1973; Hofer et al., 1974,1975; Verette, 1975; Browning et al., 1976; Human, 1976; Dewimille 
et al., 1980; Shen and Springer, 1981a). 

Typically, one observes degradations of between 25% and 80% in the strength of epoxies and reduc- 
tions between 50% and 80% in the transverse strength of fibrous composites attributable to the effects of 
various fluids. The above range in the reduced values corresponds to an increasing amplitude of 
temperature. 

Lesser reductions were observed in quasi-isotropic laminates, and no diminutions occurred in the 
longitudinal properties of carbon fiber composites. 

It is illuminating to note that in some circumstances strength reductions in E-glass/polyester SMCs 
(SMC-R5O) correlated with moisture weight losses, which accord with curve 4 in Fig. 6.4 (Springer et al., 
1981). 

Though no information is available about the detailed nature of degradation mechanisms in 
SMC-R5O caused by water, it is interesting to note that distinct degradation mechanisms were observed in 
E-glass/poIyester SMC composites exposed to chemical solutions. Acids induced stress-corrosion cracking 
within the fibers (Somiya and Morishita, 1993a), while alkalines degraded the fiberhesin interface (Somiya 
and Morishita, 1993b). The latter circumstance resulted in a more severe reduction in the fracture toughness 
of the composite. 

attack by water, acids, and alkaline solutions (Aveston et al., 1980; Bailey et al., 1980; Dewimille et al., 
1980; Aveston and Sillwood, 1982; Jones et al., 1982; Hsu and Chou, 1985; Sheard and Jones, 1986). This 
susceptibility is noted by the formation of pits on the surface of glass fibers immersed in water (Ashbee and 
Wyatt, 1969) and in sea water (White and Phillips, 1985) and by the progression of stress-corrosion crack- 
ing that leads to significant reduction in durability, as reflected by time-to-failure in static fatigue under 
exposure to water and acids (Charles, 1958a, 1958b; Aveston et al., 1980,1982; Bailey et al., 1980; 
Dewimille et al., 1980; Kelly and McCartney, 1981; Aveston and Sillwood, 1982; Jones et al., 1982; Hsu 
and Chou, 1985; Sheard and Jones, 1986; Castaing et al., 1993; Chateauminois et al., 1993). As stated ear- 
lier, the corrosion of glass fibers is delineated by a sharp front that sepmtes the yet intact core from an 
outer, corroded, concentrically cylindrical region. Reductions in the strength of glass fibers and their com- 
posites can be correlated with the advance of the above corrosion process (Ehrenstein and Spaude, 1984). It 
is worth noting that times-to-failure under static fatigue of polyester/glass composites immersed in sea 
water suggest the existence of two-stage mechanisms (White and Phillips, 1985), as depicted in Fig. 6.12, 

While carbon fibers are largely immune to solvents, glass fibers are highly susceptible to chemical 
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Fig. 6.12. A semilogarithmic plot of load P vs failure time tf in static fatigue tests of 
glasdpolyester composites in sea water. 
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which resemble the incubation times required for the stepping-up in creep response (Jain et al., 1979; Jain 
and Asthana, 1980; Menges and Gitschner, 1980). 

The foregoing two-stage mechanisms in the evolution of failure under static fatigue were observed 
also in R-glass-epoxy specimens exposed to distilled water (Chateauminois et al., 1993). These mechanisms 
were interpreted in the context of Talreja’s (1981) fatigue life diagram, which was shown in Fig. 3.1 of 
Chap. 3. Accordingly, the shorter lives at elevated stress are due to the incidence of random fiber failures 
attributed to the statistical distribution of the initial flaw population. The subsequent gradual increase in 
times to failure under lower levels of external loads is deemed to reflect the progressive failure within the 
composite as broken fibers transfer their loads to intact neighboring fibers. This interpretation may differ 
from the aforementioned incubation-time suggestion. 

For glass-fiber composites, static fatigue limits correspond to about 50% of 3heir “instan’taneous” 
static strength (Aveston et al., 1980; Chateauminois et al., 1993). Obviously, the durability of polymeric 
composites exposed to fluids is affected by temperature (Charles, 1958b), since it is governed by thermally 
activated processes. 

Swirl mat and chopped mat glass fiber composites exhibit weight losses when exposed to hot water 
above 90°C. These weight losses correlate with reduction of up to 50% in their strength and stiffness (Lou 
and Murtha, 1987). 

Basic considerations of crack growth at various stages of the stress-corrosion cracking process 
(Evans, 1972) suggest that chemical reactions control crack growth at low load levels, whereas the diffu- 
sion of corrosive substance governs the failure process under higher loads. At yet higher stress levels crack 
growth is dominated by stress-assisted corrosion. 

Upon drying, composites regain a portion or the entire value of their original strength (Phillips et a]., 
1978; Dewimille et al., 1980; Springer et al., 1981; Manocha et al., 1982; Drzal et al., 1985). The amount of 
recovery depends on the extent and kind of irreversible damage caused by the prior exposure to solvents. 

corrosion (Sandifer, 1982; Fujii et al., 1993). This enhancement is most likely due to mechanical damage 
caused by prestressing, which facilitates the subsequent penetration of solvent through capillary action 
(Ehrenstein and Spaude, 1984). 

Though generalizations are risky and unreliable, it seems that in many circumstances water (distilled 
or salty) causes more significant reductions in the strength of composites than fuels or motor oils (Sandifer, 
1982; Blicblau et al., 1993). In some cases an increase in water salinity tends to intensify the losses in com- 
posites’ properties (Nakanishi and Shindo, 1982). 

Prestressing of composites prior to their exposure to solvents may accelerate the solvent-induced 

6.4.4 Solvent Effects on the Fracture Toughness, Fatigue Response, and Impact Resistance of 
Polymeric Composites 

The fracture toughness of composite materials depends on the combined interplay of energy- 
absorbing micromechanisms in the vicinity of a crack tip (Jordan, 1985). These mechanisms include the 
ductilities of the resin and the interphase material and the fibedmatrix interfacial bond. It is important to 
recognize that the capacity of the resin and the interphase matter to undergo ductile deformation is 
restricted by the confining effects of the stiffer and more brittle fibers. 

Fluids enhance the ductility of polymers through plasticization, which should increase the toughness 
of composites. However, solvents tend to weaken the fibedmatrix interfacial bond and induce osmotic pres- 
sures that may assist in the activation of crack growth, thereby diminishing the toughness of composites. 
The interplay among the foregoing competing effects is difficult to quantify. These contradictory effects 
may cancel each other, as evidenced by the insensitivity of the extent of edge delaminations in cross-ply 
glass-epoxy laminates to the presence or absence of water (Yang et al., 1992). Similar insensitivity was 
observed in the growth of edge delamination in cross-ply graphite-epoxy laminates immersed in sea water, 
in spite of some differences in detail when compared with dry circumstances (Chiou and Bradley, 1993). 

However, in some specific circumstances the presence of fluids may dramatically increase the frac- 
ture toughness of composites, as occurs for mode I delamination of unidirectionally reinforced graphite- 
epoxy double-cantilever beam specimens immersed in sea water (Sloan and Seymour, 1992). The reason 
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for this seemingly surprising result is that the extended weakening of the fibedmatrix interfaces caused by 
sea water activated a phenomenon of fiber bridging across the crack surfaces. 

fatigue response is characterized by the familiar S-N diagrams, except that composites exhibit larger data 
scatter than metals. The S-N data are described by empirical expressions, and attempted predictions and 
reliability assessments are based on statistical consideration (Sendeckyj, 1990; Talreja, 1990). 

A rational, though still qualitative, approach to fatigue in composites was proposed by Talreja 
(1981), where S-N data were converted fiom stress space to strain space, namely into E vs N diagrams, as 
was shown in Fig. 3.1. The selection of E ranging over E, < E < E, (where E, and E, denote the fatigue limit 
strain and static failure strain of the composite, respectively) was motivated by the fact that during fatigue 
the various phases (and plies) within a composite are subjected to common strains but to disparate stresses. 
If failure of a composite can be prescribed by means of a strain criterion, then E - N diagrams would 
account more closely for its fatigue response. The foregoing selection seems natural in accounting for envi- 
ronmental effects in cases in which the major role of the fluid is confined to enhancing the resin’s ductility 
by plasticization. In addition, it is reasonable to expect that, in the least, the fatigue limit corresponds to a 
physically meaningful value of E,. 

The horizontal band about E, in Fig. 3.1 represents failure strains that are independent of the number 
of fatigue cycles N. These failures are attributable to the random distribution of initial flaw sizes within the 
composite. At lower strain levels, the sloping band of failure strains E vs N corresponds to a progressive 
failure process within the composite where the weakening caused by localized failures is taken up by intact 
regions until the interaction and coalescence of growing cracks reach critical levels that result in failure 
after N fatigue cycles. The lower horizontal band about E = E, in Fig. 3.1 corresponds to a sufficiently low 
strain level, possibly a matrix property, which is commensurate with the fatigue limit. 

In a variety of circumstances it was observed that fluids shorten the fatigue life of glass fiber 
(Phillips et al., 1978; Aveston et al., 1980; Dewimille et al., 1980; Lou and Murtha, 1987; Yang et al., 
1992) and carbon fiber (Sumison, 1976; Morton et al., 1988) composites and that the extent of their effects 
depends on both fluid type and material system (Sandifer, 1982). In addition, the presence of water may 
affect the failure mechanisms that evolve during the fatigue process (Morton et al., 1988). 

It is reasonable to assume that all the aforementioned fluid-induced mechanisms that degrade the 
strength of composites operate also to shorten the fatigue life of those materials. Nevertheless, there exist 
two additional degradation mechanisms that are specific to fatigue. The first involves the synergistic inter- 
action between the fluid sorption process and fatigue-induced damage; namely, a profusion of microcracks 
that opens capillary paths for fluid ingress (Jones et al., 1984). This mode of fluid penetration is order of 
magnitudes faster than the diffusion process and subjects the composite to accelerated degradation (Kosuri 
and Weitsman). The second mechanism involves the synergistic destruction of interfacial fibedmatrix 
bonds caused by their cyclic rubbing under fatigue loading. The introduction of fluids into the composite 
enhances the above phenomenon, since fluids act as lubricants (Jones et al., 1984). Evidence for the 
smoothing and polishing of fibedmatrix interfaces due to moisture abound in the literature, but only cir- 
cumstantial evidence exists at the present time, which implies that the same effect occurs during fatigue 
(Aveston and Sillwood, 1982; Galea and Saunders, 1993). 

exposure to solvents. An ongoing study (Kosuri and Weitsman) on the effects of sea water on the fatigue of 
cross-ply graphite-epoxy composites indicates that significant reductions in fatigue life occur especially 
under immersed conditions, when capillary action is highly accentuated. 

The effects of fluids on the impact resistance of composites contain the contradictory aspects that 
hold for fracture toughness. In view of the fluid-induced weakening of the fibedmatrix interfacial strength, 
the impacting object may engage a larger volume of fibers in the absorption of the impact energy, thus 
resulting in improved impact resistance (Strait et al., 1992; Lin, 1993). In addition, the plasticization and 
enhanced ductility of the wet polymer may explain the observed reduction in the peak amplitudes of the 
contact pressures during impact (Strait et al., 1992; Lin, 1993). On the other hand, impact-induced damage 
may enhance the amounts of absorbed fluids within the composite under subsequent exposures and lead to 
long-term degradations in residual mechanical properties (Ma et al., 1991). 

Fatigue of composite materials is the subject of much ongoing research (Sendeckyj, 1990). The 

All the “wet fatigue’’ data noted thus far were obtained for specimens with prior, but not concurrent, 
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6 5  CONCLUDING REMARKS 

Good basic understandings, accompanied by adequate predictive methodologies, are available to 
account for sorption mechanisms that are akin to linear Fickian diffusion and for the incorporation of fluid 
effects within the scope of elastic and linearly viscoelastic material response. Unfortunately, those under- 
standings are inadequate for predicting the more intricate, yet crucially important, matters of durability and 
strength of composites, since no comprehensive formalism is available to account quantitatively for the 
multitude of materials and circumstances in a manner that may be applied to a specific case of interest. 

What emerges from this review is the realization that practical design considerations must derive 
from an adequate data base specific to each composite material system. An assessment of the significance 
of fluid effects can be obtained by recording their weight gain within the composites. Signifcant departures 
from linear Fickian predictions portend serious degradation in mechanical properties and should become 
the subject of detailed study and microscopic examination. Furthermore, careful consideration should be 
given to circumstances when mechanical loads, temperature, and solvents interact synergistically to 
degrade properties of the composites. To some extent, such considerations may be guided by fundamental 
concepts of polymer science and applied mechanics. They may also benefit from familiarity with existing 
knowledge that, at least to a limited extent, was summarized in the present review. 
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7. ULTRASONIC TECHNIQUES FOR THE NONDESTRUCTIVE 
EVALUATION OF SWIRL MAT COMPOSITES 

W. A. Simpson, Jr. 

7.1 INTRODUCTION 

Advanced composite structures, because of their superior strength-to-weight ratios and resistance to 
corrosion, are finding application in many structural areas traditionally reserved for metals. Unlike their 
metallic counterparts, however, the fracture properties, modes of failure, etc., of composite materials are 
much less well known; this promotes overly conservative design by structural engineers and partly offsets 
the weight advantages enjoyed by composites. One striking example of the differing response of metals and 
composites to the presence of flaws is that, for thelatter, there is generally no critical flaw size that, if pre- 
sent, will lead to catastrophic failure of the part. Indeed, failure in composites often occurs in regions for 
which no demonstrable initiating flaw can be found, while areas with known discontinuities may survive. 
Thus, the defmition of what constitutes a flaw may be radically different for the two materials, and the frac- 
ture mechanics models that have been so successful in predicting service life for structural metals are not 
applicable to composites. To offset this disadvantage of the latter materials, phenomenological models, 
often based on observed correlations between composite behavior under stress and some measurable 
property of the structure, have been developed. 

which such critical parameters as flaw size and shape, crack-opening displacement, and the stress intensity 
factor have been determined. To gain more insight into the possibility of assessing the integrity of compos- 
ite structures, therefore, several NDE techniques have been applied to various fiber-reinforced matrices. 
Unfortunately, the applicability of traditional NDE techniques to such materials depends very strongly on 
the design of the particular composite, as well as on the fiber and matrix selected. For example, whisker- 
reinforced ceramics tend to behave like isotropic, homogeneous materials for ultrasonic evaluation when 
the wavelength of the interrogating energy is large compared to the whisker diameter. Even at high fie- 
quencies, when the ultrasonic wavelength becomes comparable to whisker size, such materials tend to , 

appear locally inhomogeneous but isotropic. A more common design for composites, however, is the 
structure consisting of one or more plies of a matrix into which have been dispersed unidirectionally or ran- 
domly oriented reinforcing fibers. Early designs consisting of single plies of unidirectionally oriented 
fibers, which generally exhibit poor cross-fiber strength, have been largely supplanted by various types of 
layups consisting of stacks of plies having some prescribed rotation of the fiber orientation from ply to ply 
or by designs containing randomly oriented fibers, as in swirl mat composites. These arrangements typi- 
cally yield a transversely isotropic structure whose plane of isotropy is the plane in which the anticipated 
stress will act. Unfortunately, the intentional misalignment of structures whose intrinsic elastic symmetry is 
typically orthotropic, or even of structures whose symmetry is transversely isotropic, produces a product 
that, from the standpoint of an elastic wave used to probe the composite, is hombly inhomogeneous. This, 
in turn, means that traditional methods of NDE cannot generally be applied with reasonable success to the 
evaluation of composite materials. 

with respect to the wavelength of the probing elastic wave, the material can be adequately represented as 
anisotropic rather than inhomogeneous, and the former characteristic can be treated rather easily. The low 
frequencies required to ensure the elastic conditions described above, however, lead once again to numer- 
ous problems, chief among them resolution, when traditional methods of NDE are employed. 

Because of the unique problems presented by the NDE of composites, mitigated by the recognition 
of their enormous potential and many advantages in lightweight, high-strength applications, there has been 
intense effort in the last decade to develop new and more promising methods of assessing the integrity of 
these advanced materials nondestructively. It has quickly become apparent that no panacea will be . 

In quantifying the failure predictions for metals, NDE techniques have been the primary tools by 

Fortunately, for discrete but uniform variations in the elastic properties of a medium on a scale small 
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universally applicable to all composite designs. The literature already reflects a schism between techniques 
for “thick” (i.e., on the scale of a wavelength) composites and those for which the ply-or total-thickness 
is comparable to or smaller than a wavelength. Within each subdivision, the development of new composite 
materials generally demands new research to ascertain, or develop, the most effective nondestructive tech- 
nique for assuring the integrity of the structure. 

For virtually all types of advanced composites, it has been recognized that the properties of the fiber- 
matrix interface are critical in determining the response of the structure to applied stress or in predicting 
remnant life. Paradoxically, perfect bonding between fiber and matrix may not represent the most desirable 
material state. In brittle matrix composites (e.g., whisker-toughened ceramics), the strength of the material 
will fall if the reinforcing fiber becomes perfectly bonded to the matrix. An excellent example is that of 
Sic-Sic (silicon carbide whiskers dispersed in a silicon carbide matrix) composites. The reason for this 
counterintuitive anomaly is that, when perfectly bonded, the fiber is broken quickly by the energy released 
during crack growth in the matrix. On the other hand, if the fiber is totally disbonded from the matrix, then 
the former absorbs no crack propagation energy and the strength falls to that of the matrix alone. Maximum 
strength is reached when part of the crack propagation energy is dissipated in breaking the fiber-matrix 
bond. For these materials, therefore, the ultimate strength of the composite is very strongly dependent on 
the properties of the fiber-matrix interface. On the other hand, total separation of the fiber content from the 
matrix will clearly prejudice the strength of all types of composites. Nondestructive techniques developed 
to monitor or assess the state of the fiber-matrix bond will thus have two goals. In order of increasing diffi- 
culty of implementation, they are to (1) indicate, either through appropriate modeling techniques or through 
empirically developed relationships, the correlation between fiber disbond fraction and some measurable 
response of the material to NDE and-(2) demonstrate the ability to assess-and perhaps predict-strength 
and remnant life nondestructively by detecting changes in the fiber-matrix bond conditions, including 
changes that do not necessarily include complete separation of the fiber. The latter condition is particularly 
challenging since weak, but continuous, bonding between fiber and matrix is difficult to distinguish from 
strong bonding by conventional nondestructive techniques. Which of the two goals just described is most 
important, or adequate, for a given composite depends on the nature of the structure. For typical fiber-resin 
composites, determination of the fiber disbond fraction may be sufficient. In brittle matrix composites, on 
the other hand, the ultimate goal should be to determine nondestructively the strength of the fiber-matrix 
bond, not just the presence or absence of bonding. 

Of concern in all types of composites is the detection and quantification of damage. Like many other 
aspects of composites, damage can assume several forms. In some applications, impact damage may be the 
primary method of material degradation. In others, chemical or environmental damage may predominate. In 
still others, for example, in the case of composites used as the external covering for aircraft, heat damage is 
the method of attack that is of principle concern. Each of these types of damage produces a characteristic 
alteration in the properties of the composite and may be most amenable to detection by a particular NDE 
technique. For example, impact damage is usually localized in area but often distributed throughout the 
thickness of a composite. Consequently, it may often be detected by fairly conventional NDE approaches, 
namely, C-scans. Chemical and environmental damage may be distributed in area but be either confined to 
the surface or penetrate very little into the structure. Since such damage is not sharply differentiated from 
the surrounding undamaged material and because the effect of such damage may involve only subtle 
changes in the properties of the composite, detection is usually more difficult and often intractable to con- 
ventional methods of NDE. Heat damage, particularly in the early stages before delamination occurs, is 
confined to the surface and characteristically produces little change in the elastic behavior of the composite, 
though the strength is compromised. Finally, if the damage occurs principally through cyclic fatigue or 
creep, then the changes in the composite are manifested through matrix cracking and fiber-matrix debond- 
ing, which may or may not be readily detectable by conventional NDE techniques but which typically pro- 
duces a demonstrable change in the elastic wave attenuation or scattering behavior. For all of these reasons, 
the investigator must have a panoply of tools available to intelligently and effectively assess the integrity of 
advanced composite materials. 

Not surprisingly, the development of NDE techniques for composite materials has concentrated pri- 
marily on reliable methods for detection of damage. The vast body of work has been concerned with devel- 
opment or adaptation of linear techniques for composite evaluation, but recent efforts have begun to 
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establish the potential of the nonlinear response of the sample as a sensitive indicator of the global state of 
the fiber-matrix bond integrity. This later work has begun to change the role of NDE in composite evalua- 
tion from that of a tool merely to detect and image internal damage to one that is much more quantitative 
and that can provide valuable input to models of composite failure designed to predict failure andlor rem- 
nant life. A review of the work that has been done in achieving this goal, including a description of the 
various techniques that have been used or developed for composites, is in order. 

7.2 LINEAR TECHNIQUES 

Elastic waves propagating in a composite structure will interact with changes or discontinuities in the 
local elastic properties, thereby revealing the latter. This interaction can be described to a high degree of 
accuracy by linear theory, and a great deal of work has been performed to develop techniques for applying 
elastic wave propagation to the evaluation of materials. These techniques range from simple, purely empiri- 
cal approaches to complex techniques requiring considerable computational power before the information 
sought can be extracted. In addition to the interaction with discontinuities in the elastic properties, it should 
be noted that the propagation behavior of elastic waves in any material can yield, nondestructively, infor- 
mation about the elastic properties of the medium that could be attained only with difficulty, or not at all, 
by conventional mechanical properties testing. As an example, the thin nature of many composites means 
that only the in-plane moduli can be obtained by tensile testing. On the other hand, the propagation of an 
elastic wave through the thickness of such a sample yields directly the out-of-plane or through-thickness 
values, thus complementing the tensile test results very nicely. In addition, techniques now exist to deter- 
mine all of the elastic properties, in-plane as well as out-of-plane, from nondestructive measurements per- 
formed from a single surface of the sample or from both surfaces*. These techniques, which arise from lin- 
ear theory, often involve generation of types of ultrasonic waves [e.g., surface acoustic and Lamb waves (to 
be described shortly)] other than the familiar bulk waves. 

mechanical property testing, consider the case of the urethane swirl mat composites described above. Ten- 
sile testing has provided estimates of the in-plane elastic constants, but no estimate of the through-thickness 
properties can be obtained in this manner. On the other hand, ultrasonic waves can be propagated in the 
through-thickness direction with ease. Both compressional and transversely polarized shear waves can be 
generated in the sample. In the case of an isotropic medium, there is a very simple relationship connecting 
the velocities of these two types of waves and the engineering constants (Kraumer and Krauwiimer, 
1990): 

As a very simple example of the utility of nondestructive techniques to complement conventional 

v t = t ,  VI=/?, cr= 1 - 2y2 ’ 

2 - 2y2 ’ 

E =  2p(1+ 0) , 

where Vt is the measured shear wave velocity, VI is the compressional wave velocity, p is the materia: den- 
sity, p is the first Lam6 constant (also known as the shear modulus), h is the second Lam6 constant, o is 
Poisson’s ratio, y is the ratio of shear wave to compressional wave velocities, and E is the Young’s modu- 
lus. If one measures the two wave velocities Vt and VI, the complete elastic behavior of the material is 
known, provided the material density is also available. 

fice to characterize its elastic properties. Assuming that the fiber orientation is essentially random, the 
The swirl mat composite is not isotropic, however, and the simple model just described will not suf- 

*Bar-Cohen and Mal (1990). Chu and Rohklin (1994). Chu et al. (1994). Dayal and Kinra (1989). Fitting et al. 
(1989), Hosten (1991). Hosten and Castaings (1993), Karim et al. (1990). Kline and Chen (1988), Kline et al. (1991). 
Kline and Sahay (1992). Mal et al. (1992.1993, 1994). Nayfeh and Chimenti (19886), Rohklin and Wang (1989), 
Rohklin et al. (1990), Rohklin and Chimenti (1990). Rose et al. (1987). Thompson et al. (1975). Wooh and Daniel 
(1991). 
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material should exhibit transversely isotropic behavior, with the plane of isotropy corresponding to the 
sample plane. This assumption can also be checked nondestructively. For such symmetry, the velocity of 
the shear wave along the symmetry axis (through-thickness) is independent of wave polarization. Hence, 
rotation of the transducer while observing the transit time of the wave will reveal no change with polariza- 
tion. For orthotropic (or other) symmetry, however, the wave velocity will vary as the transducer is rotated. 
For all of the samples available to us, no variation in the wave velocity with polarization was noted. Hence, 
the assumption of transverse isotropy seems justified. For this symmetry, five constants are necessary to 
characterize the elastic behavior fully. The full elastic stiffness manix with the relationships for the engi- 
neering constants follows: 
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Cll + c12 
s33 = C3,(C,, + CI2) - 2c;3 ’ 

where Sij is the compliance matrix, the inverse of the stiffness matrix, Cij. The through-thickness Young’s 
modulus, E3, thus requires S33, which in turn requires Cll, C12, C13, and C33. In measuring the ultrasonic 
velocities in the through-thickness direction, we obtain C33 (and C d  directly. At this point two options 
exist: (1) measure nondestructively the remaining constants, including the in-plane values, using the tech- 
niques described in the group of references cited earlier or (2) use the in-plane values determined by tensile 
testing to provide the other stiffnesses needed to determine S33, and thus %. In the present case, C11 was 
available but not the off-diagonal terms. If we simply employ the isotropic model described earlier, that is, 
if we neglect the anisotropy of the sample, we can determine an approximate value for the through-plane 
Young’s modulus. Table 7.1 shows the results obtained on two samples. 

Table 7.1. Elastic constant results 

VI vt P Shear modulus Poisson’s Young’s modulus 
W S )  W S )  (g/cm3> (GW ratio (GW 
2.49 1.21 1.51 2.22 0.34 5.96 
2.5 1 1.43 1.48 3.02 0.26 7.61 

The values for the first sample should be considered more accurate than the second because of the 
methods employed to measure velocity. Nevertheless, the variation in Young’s modulus between these two 
samples amounts to almost 28%, although part of this difference is undoubtedly attributable to errors in 
measuring the shear wave velocity in the second sample. (Note that the variation in this quantity is about 
18%.) We then measured the other samples using the more accurate technique, and the results yielded an 
average Young’s modulus of about 6 GPa. This is comparable to, but slightly lower than, the values 
obtained from tensile testing for the in-plane modulus. 
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7.2.1 C-Scan 

Probably the simplest NDE technique for examining composite structures is the ultrasonic C-scan. In 
this approach, elastic waves are propagated through the sample under investigation, and the amplitude of 
the transmitted signal is digitized and recorded as a given gray-scale level or color. One advantage of this 
approach is that the resulting display produces an actual image of the composite, which requires minimal 
training to interpret. Regions of localized changes in the elastic properties will appear well differentiated 
from the surrounding areas, and damaged regions can be seen directly. In its original concept, C-scanning 
was strictly an amplitude-based technique. In recent years, however, it has been recognized that changes in 
the modulus of the sample will affect the velocity of the elastic wave more strongly than the amplitude, and 
the presence of damage at different depths within a composite can be distinguished if time-sensitive rather 
than amplitude-sensitive techniques are applied. Hence, it is becoming commonplace to acquire and digitize 
the timeof-flight of the transmitted signal as well as its amplitude. Interestingly, composites are one class 
of material for which the presence of damage may often produce a change in modulus. In metals, “damage” 
is most often associated with cracking, which has no effect on elastic wave velocity (neglecting the stress 
fields produced, which do affect the velocity, albeit very weakly). For many composites, therefore, a map 
of velocity vs position produces a more noticeable indication of damage than the conventional map of 
amplitude vs position. 

The use of ultrasonic C-scan technology has a long and extensive history. Many of the more recent 
examples of this approach utilize computer control of the scan process and analysis of the resulting data to 
extract the maximum amount of information from the acquired signal.* To illustrate this approach, we 
examined several samples of isocyanurate swirl mat composite. In evaluating these samples, we used a two- 
uansducer, through-transmission arrangement in which one transducer acts as transmitter and the second, 
positioned on the other side of the sample, as receiver. The elastic wave thus makes a single pass through 
the specimen. Figure 7.1 shows the results obtained acquiring the amplitude of the signal. (Note: the orig- 
inal data were depicted in color, which enhances the differentiation between regions of differing attenuation 
or velocity. For this report, this and all other figures are depicted in gray scale.) The sample is about 33 mm 
wide by 150 mm long, and the bright, circular area near the left is a manufacturing mark, apparently a mold 
mark. This area appears brighter (greater transmission) for two reasons: the sample thickness is slightly less 
in this region, which means that less material must be traversed by the elastic wave, and the surface is 
smoother here, which reduces the scattering losses from the surface. The variations seen throughout the 
length of the sample are typical of composites, which are notoriously heterogeneous. 

Figure 7.2 shows the results obtained when time-of-flight (velocity) is acquired rather than ampli- 
tude. The mold mark is seen much more readily, and the sample appears much more homogeneous than 
when amplitude is acquired. This is also typical; small variations in the fiber-resin ratio will have much less 
effect on velocity than on attenuation, which is strongly dependent on the fiber fraction encountered. 

bright strip running along the bottom edge of the sample. Visual examination revealed that there was a 
noticeable reduction in the fiber content of this region; hence, the amplitude of the elastic wave was much 
greater here. On the other hand, while the velocity map did detect the resin-rich area, theBults were far 
less dramatic. The percentage change in velocity in the anomalous region was considerably less than was 
the percentage change in transmission amplitude. 

The examples given previously did not involve actual damage to the specimen. The molding mark 
was detectable simply because it was a region that was slightly thinner and much smoother than the adja- 
cent, as-fabricated areas, and the resin-rich area, while probably prejudicial to the integrity of the specimen, 
did not represent damage. We had available, however, another specimen that had been damaged by impact 
with a ball-peen hammer. The damage produced was detectable visually, but it was not great. No demon- 
strable change in the specimen thickness in the impact area was noted, but some broken fibers could be 

Figure 7.3 shows an amplitude map of a second specimen. Here the most notabIe feature is a very 

*Bar-Cohen et al. (1993), Bashyam (1990). Blodgett and Ruddell(1992), Buynak and Moran (1987), Buynak et 
al. (1989). Daniel et al. (1987), Daniel and Wooh (1989, 1990), Frock et al. (1988), Ruber et al. (1988), Martin and 
Chimenti (1990). Michaels et al. (1993). Murphy et al. (1990), Murri et al. (1987). Rogovsky (1991). Simpson and 
McClung (1984). Steiner and Lindsay (1994). Thomas and Odegard (1988). Wooh and Daniel (1990). 
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PHOTO YP20694 

Fig. 7.1. Through-transmission ultrasonic C-scan image (amplitude) of piece of urethane swirl 
mat composite showing molding mark (bright circle at left of image). 

PHOTO YP20698 

Fig. 7.2. Through-transmission ultrasonic C-scan image (velocity) of piece of urethane swirl 
mat composite showing molding mark (brighter circular area at left of image). 
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Fig. 73. Through-transmission ultrasonic C-scan image (amplitude) of piece of urethane swirl 
mat composite showing fiber-poor region (bright strip along bottom edge of sample). 

seen. Because this material is sufficiently thin (-3 mm) to transmit some light, holding the specimen up to a 
strong light revealed more extensive internal damage that was not visible in reflection. 

The specimen was fxst examined ulmonically in through-transmission mode, and the damaged area 
was located, although the resulting image contained other indications that were very nearly as large in 
amplitude as the damage. In other words, the discrimination between damage and normal material hetero- 
geneity was poor. We therefore switched to a pulse-echo mode of examination in which a single transducer 
was used to insonify the specimen and to detect the energy reflected from the back surface of the sample. In 
this configuration, the elastic wave passes twice through the damaged region, thereby enhancing the effect 
of the damage on transmission. Because the acoustic impedance of this particular swirl mat composite is 
only about 2.5 times larger than that of water, more than 80% of the incident energy would pass through the 
sample and be lost if the examination were conducted with the specimen immersed in water, which is the 
most convenient and common arrangement for ultrasonic C-scans. Hence, we sealed a portion of one sur- 
face of the sample, in effect backing the sample with air. This ensures that 100% of the energy striking the 
back surface of the sample will be reflected back toward the receiving transducer. This arrangement also 
simulates the type of inspection that would be required in-service; that is, access to only one side of the 
sample is available. In addition, we found that damping of the broadband ultrasonic transducer, which 
enhances the higher-frequency content of the spectrum at the expense of lower frequencies, increased the 
discrimination between damage and n o d  heterogeneity, as was expected. With these changes, we 
scanned the impact sample a second time, and Fig. 7.4 shows the results when the transmitted signal ampli- 
tude was acquired. The circular area is the region that was sealed to provide air-backing, and the damage is 
the dark indication near the center of the sample. The dark circle near the 10 o’clock position in the image 
is another sprue or molding mark. 

The discrimination between damage and sample heterogeneity was quite good in this examination, 
but the amplitude image did not reveal the true extent of the subsurface damage. Accordingly, we also 
acquired the velocity data on this sample, and the result is shown in Fig. 7.5. The full extent of the damaged 
area, corresponding well to what could be seen visually when the specimen was illuminated from behind by 
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PHOTO YP21001 

Fig. 7.4. Pulse-echo ultrasonic C-scan image (amplitude) of piece of urethane swirl mat 
composite showing detection of impact damage (near center) and mold mark (10 o’clock position). 

PHOTO YP21000 

Fig. 7.5 Pulse-echo ultrasonic C-scan image (velocity) of piece of urethane swirl mat composite 
showing detection of impact damage (arrow, near center) and mold mark (brightest indication, near 
10 o’clock position). 
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strong lighting, is revealed. (Indications outside the circular air-backed area arise from a different source 
than damage and are not significant.) Since the sample thickness did not appear to change in the impact 
region, a reasonable conclusion is that the varying depth of the damage produces a greater contrast in the 
velocity map than in the amplitude map or that the effective modulus of the sample (and therefore the elas- 
tic wave velocity) is altered by impact. The first of these conclusions is supported by observation of the 
behavior of the transmitted signal in the affected area. When the transducer was passing over the damaged 
region, the signal was seen to shift in time as well as distort in form, due both to the distribution of damage 
with depth and to multiple scattering from matrix cracks formed at the impact site. In this material, as in 
many composites, velocity mapping appears to yield better results than conventional amplitude maps. 

7.22 Frequency-Dependent Attenuation or Velocity 

As a composite material undergoes fatigue, more and more fiber-matrix bonds will be broken. 
Depending on the ultrasonic frequency and the properties of the composite, a probing elastic wave may 
interact strongly with these broken bonds, undergoing more severe attenuation as damage accumulates. In 
this manner the effect of increasing damage may be monitored. In addition, the velocity of the wave may 
undergo change as well because of multiple scattering (Varadan, 1985) or because of actual changes in the 
modulus of the material. By monitoring both velocity and attenuation, it may be possible to establish a cor- 
relation between fatigue damage and a measurable property of the composite. 

Simpson (1984) has described such a correlation for an S2 glass-epoxy composite. The material was 
developed for use in an energy-storage flywheel for alternate power automobiles. The flywheel was com- 
posed of layers of staggered orthotropic plies in an alpha-ply arrangement, which yielded a structure that 
was transversely isotropic macroscopically. The flywheels were subjected to high-speed (up to 43,000-rpm) 
rotation in a staged sequence for which the maximum rotational rate was slowly increased. After each 
increase, the wheels were evaluated nondestructively, and the velocity and attenuation of elastic waves 
were determined at numerous points on the wheel. 

For an unconstrained rotating disk, it can be easily shown that the stress varies quadratically with 
radius. This was confirmed by the ultrasonic results. Figure 7.6 shows the variation in longitudinal wave 
velocity as a function of radius after fatigue testing. The solid curve is a least-squares fit to the data and 
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Fig. 7.6. Variation in longitudinal wave velocity as function of radius in S2 glass-epoxy 
flywheel subject to spin-induced fatigue. 
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agrees well with the predicted quadratic distribution of stress along the radius. The ordinate gives the per- 
centage change in ultrasonic velocity referenced to the zero-stress values measured before spin testing 
began. Note that the velocity changed by almost 6.5% near the hub of the wheel, where the stress is highest. 

The single-frequency attenuation data, acquired at a relatively low frequency of 1.5 MHz, also 
reflected the accumulation of damage radially. Table 7.2 shows the results obtained at each of the four 
radial measurement positions (averaged over 12 circumferential positions for each radius) as a function of 
test cycles. A cycle included a spin-up from zero to some lower rotational rate, a holding time at that lower 
rate followed by spin-up to a higher rotation rate, another holding time at maximum revolutions per 
minute, then return to the lower rate. The cycle numbers given in the table are the total number of such 
acceleratioddeceleration cycles. The maximum rotational rate was held constant throughout the tests so 
that the flywheel saw an unvarying maximum stress. 

Table 7.2. Attenuation (dB) 

Average values for each ring 

Cycles 1 2 3 4 

0 44.7 f 1.1 44.8 f 1.0 45.5 f 0.8 46.2 f 1.6 
909 48.5 f 1.2 48.0 f 1.0 47.3 f 0.8 46.8 f 2.7 

2,500 48.8 f 1.6 48.4 f 1.6 47.9 f 1.2 47.2 f 2.7 
5,000 51.7 f 2.5 50.6 f 1.4 49.3 f 1.5 48.9 f 5.0 
7,235 53.7 f 3.1 51.8 f 2.0 53.5 f 1.9 48.2 f 6.1 

10,000 53.9 f 3.3 50.2 f 1.9 49.6 f 1.7 49.3 f 4.1 

In ring 1, the ring closest to the hub and therefore subject to the greatest stress, the single-frequency attenu- 
ation increased by 9 dB as the testing progressed, while the outermost ring experienced only a 3-dB 
increase in elastic wave attenuation. 

with ultrasonic velocity. At higher frequencies, however, an entirely different phenomenon was noted. 
According to theory, there is a critical radius outside of which the stress is too low to initiate cracking in the 
epoxy matrix (however, some damage will still occur even in low stress areas because of flaws and irregu- 
larities present during fabrication). When the flywheels were examined with higher frequency waves, the 
sharp delineation between lower and higher regions of attenuation became much more pronounced. This is 
attributable to the higher-frequency components, which are much more strongly affected by matrix crack- 
ing, in the spectrum of the wideband ultrasonic transducer. Figure 7.7 shows the results. The dark area at 
the upper edge of the figure was traced to a resin-rich area in this flywheel. The radius at which the attenua- 
tion changes from a relatively lower attenuation regime to a much higher one agreed well with the design 
calculations for the critical radius to initiate matrix cracking. 

These results just described were illustrative but not very quantitative. A more useful result is 
obtained if absolute attenuation is measured. Unfortunately, this is difficult in ultrasonics because many 
things that contribute to the total attenuation are not related to the sample. For example, diffraction, or 
beamspread, causes an apparent frequency-dependent attenuation of the beam even in the absence of a 
sample. Another source of error is the loss on entry to, and exit from, the sample due to acoustic impedance 
differences between the sample and the water medium in which the sample is immersed. Another loss is 
absorption in the coupling fluid itself. Thanks to a closed-form solution for transducer diffraction losses 
(Rogers and Van Buren, 1974), all of these losses can now be handled analytically, and it has become pos- 
sible to eliminate the sample-independent sources of attenuation, thereby obtaining a true material signature 
(Simpson and McClung, 1991), which is the frequency-dependent attenuation characteristic (or transfer 
curve) of that material. This signature is independent of sample length and depends only on the internal 
state (microstructure, bonded fiber fraction, etc.) of the specimen. It can be very useful for detecting subtle 
changes in discontinuities in a material or in revealing damage. 

At the relatively low frequency of 1.5 MHz, the attenuation essentially mirrored the results obtained 
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Fig. 78. Transfer curve of S2 glass-epoxy composite before (solid curve) and after (dashed 
curve) application of 2.1 % uniaxial strain. 

\ 

These results show that both the frequency-dependent attenuation and change in velocity are useful 
for assessing the state of damage in composites. Neither appears to be a predictor of incipient failure, but 
both correlate well with damage andor strain history, information which is not obtainable from simple 
c-scans. 

723 Backscattering 

In traditional ultrasonic testing, the incident energy is introduced into the sample at normal inci- 
dence. When non-normal angles of incidence were used, it was typically done to excite a mode-converted 
shear wave, which would then interact with internal defects-voids, cracks, etc.-at normal incidence. 
However, because discrete flaws or a distribution of flaws scatter energy in all directions, it was recognized 
many years ago that introducing acoustic energy to a specimen at n o n - n o d  angles of incidence (to 
reduce the very large specular reflection from the surface at n o d  incidence) and investigating the small 
signal originating from scattering from ensembles of voids could yield information about the void fraction 
of the sample. Because a single transducer is most often used, this technique has come to be known as 
backscattering, and it has proved to be very useful for determining quantitatively the void fraction in metals 
and other generally homogeneous media. 

tributed peaks in the backscattering response that complicate the analysis but that provide considerable 
information about fiber orientation (or misorientation) and fiber-matrix interface conditions. Depending on 
the nature of the composite and the frequency of the incident energy, Bragg diffraction and Brillouin scat- 
tering have been observed in composites. 

In the case of composites, the presence of layers and of aligned fiber bundles creates angularly dis- 
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Perhaps the fmt systematic study of the backscattering from fiber-reinforced composites was con- 
ducted by Bar-Cohen and Crane (1982). By observing the backscattered energy from various unidirectional 
and quasi-isotropic specimens of glass-epoxy and graphite-epoxy composites, Bar-Cohen was able to detect 
both fiber misalignment and oriented cracking in these samples. These results were quickly noted by others 
and applied to additional composite materials, leading to a fairly extensive body of reference material on 
backscattering in advanced materials.* 

&45O,  90” glass-epoxy composite. The “spokes” are indications obtained when the fibers in a given layer 
are perpendicular to the propagation direction of the elastic wave. The eight-fold symmetry of the pattern is 
typical of this type of layup, and the intensity of the indications increases as the material undergoes fatigue 
damage, providing a quantitative technique for determining the degree of fiber-matrix bond breaking. Note 
also the indication just to the right of the vertical “spoke” near the bottom of the figure. This feature was 
present in all the scans on this sample and was probably caused by localized porosity in the matrix. The 
high contrast of this image shows that backscattering results may reveal local anomalies in the composite 
without responding to the high degree of material inhomogeneity that is so strongly detected by conven- 
tional ultrasonic testing. 

The results revealed by polar backscattering can be seen in Fig. 7.9. The material under test is a Oo, 

*Achenbach and Qu (1986); Blodgett. Miller, and Freeman (1986); Blodgett, Thomas, and Miller (1986); Hsu 
(1984); Johnston et al. (1994); Martin and Andrews (1986); Qu and Achenbach (1988); Roberts (1987, 1988, 1989); 
Simpson and McClung (1984); Sullivan et al. (1994); Thomas et al. (1982); Yuhas et al. (1986). 

ORNL-PHOTO 0574-83 

Fig. 7.9. Polar backscattering results on quasi-isotropic (transversely isotropic) glass-epoxy 
composite that has been subjected to fatigue. 
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In swirl mat composites, for which the fiber orientation is not uniform, polar backscattering would 
probably be of little use in revealing fiber-matrix debonding. However, the integrated direction-independent 
backscattered intensity would very likely correlate with the degree of fiber-matrix separation and micro- 
cracking within the matrix. 

72.4 Lamb Waves 

When elastic waves propagate in a material that is thin (Le., comparable to a few wavelengths or 
less), the waves will interact with both surfaces simultaneously, and the infinite-medium assumption of 
conventional ultrasonic evaluation is no longer valid. Under these conditions, nondispersive bulk-wave 
propagation is replaced by a fundamentally different form of elastic guided-wave propagation, that is, by 
Lamb wave propagation, so named because the behavior of these waves was first elucidated by Lamb 
(1917). Unlike the familiar bulk waves, Lamb waves are highly dispersive, and the group velocity of the 
wave may be very different from the phase velocity. This fact, together with the fact that both velocities 
vary with frequency, complicates the interpretation of Lamb wave inspection results considerably. In many 
ways the behavior of Lamb waves parallels that of guided electromagnetic waves. Both exhibit a high 
degree of dispersion, and both display “cutoff” frequencies below which a typical mode cannot propagate. 

In thin composite sheets, the severe attenuation of the structure for elastic waves requires that rela- 
tively low frequencies be used for evaluation, and this often means that the generation of Lamb waves is 
unavoidable. Fortunately, however, Lamb waves have recently been shown to provide greater signal-te 
noise detection and imaging of defects in composites than bulk waves under certain conditions. For this 
reason, Lamb wave inspection of composite plates has now become perhaps the most common evaluation 
of these materials after conventional ultrasonic C-scanning. 

A theoretical treatment of Lamb wave generation and propagation is beyond the scope of this review, 
but Achenbach (1973) has presented such a treatment, and Simpson and McGuire (1994) recently gave a 
generalized derivation of both group and phase velocities for Lamb waves. Both of these analyses are valid 
only for isotropic media, however, and the typical composite is strongly anisotropic. Analyses for this class 
of materials have been given by Chiienti and Nayfeh (l985,1988u, 1990), Dattaet al. (1988), Dayal and 
Kinra (1989), and Nayfeh and Chimenti (1988~). With this theoretical base to guide the analysis of data 
interpretation, many workers have applied Lamb wave inspection to the evaluation of composite materials.* 

Strictly speaking, the waves generated when the ultrasonic energy is introduced into the thin com- 
posite from water are known as “leaky” Lamb waves because they continually “leak” energy into the fluid 
and are therefore attenuated continuously as they propagate. When the acoustic impedances of the sample 
and the surrounding fluid are very different, the distinction between true Lamb waves and leaky Lamb 
waves is insignificant, but the dispersion curves become increasingly distorted because of the fluid loading 
when the properties of the sample and the fluid are similar (Chimenti and Rohklin, 1991). For comparison 
with the theoretical Lamb modes of a composite plate, this effect must be considered. In many cases, how- 
ever, the leaky Lamb mode behavior can be examined experimentally, particularly in the frequency regime 
well above the low-frequency asymptotic limit of the mode. 

In applying Lamb wave inspection to a material, one begins most conveniently with the dispersion 
curves for that material. The curves consist of two sets of modes, known as symmetric and antisymmetric 
because of the distortions produced in the plate as the waves propagate. Figure 7.10 shows the distinction 
between these two sets of modes. The operating frequency is then chosen to excite a given mode or modes, 
and this choice fixes the critical angle in the fluid medium for exciting the choice(s). Examples of the dis- 
persion curves for both iridium and alumina have been given by Simpson and McGuire (1994) and 
Simpson and McClung (1987). Knowledge of the dispersion curve behavior also allows one to predict 
which modes will be excited when broadband excitation is used. For example, Figs. 7.11 and 7.12 show the 
theoretical symmetric and antisymmetric dispersion curves for a particular thickness of alumina. The 

*Balasubramanian and Rose (1990). Bar-Cohen and Chimenti (1984.1986). Bar-Cohen and Mal (1989,1991). 
Bratton and Datta (1991). Chimenti and Nayfeh (1986). de Billy and Adler (1984), Frame et al. (1990). Guo and 
Crawley (1992), Kundu and Blodgett (1994), Mal and Bar-Cohen (1989). Mal et al. (1991), Martin and Chimenti 
(1989), Nagy et al. (1988,1989), Seale et al. (1994), Tang and Henneke (1989). 
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Fig. 7.10. Diagram showing transducer configuration for excitation and detection of Lamb 
waves and distortions produced in specimen by two classes of waves. 
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Fig. 7.11. Dispersion curves for symmetric Lamb wave modes in alumina. 
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Fig. 7.12. Dispersion curves for antisymmetric Lamb wave modes in alumina. 

ordinate gives the phase velocity of the Lamb wave normalized to that of a shear wave in alumina (Cd. If a 
normalized phase velocity of 1.25 is chosen (corresponding to an excitation angle of about 11' in water) 
and a broadband 5-MHz ultrasonic transducer is used to excite the spectrum, one can predict the Occurrence 
of five modes. This is confirmed by experiment, where Fig. 7.13 shows the spectrum obtained and the 
identification of the five modes. The agreement between theory and experiment on the frequency of each 
mode is quite good. 
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Fig. 7.13. Experimentally obtained spectrum of Lamb wave modes in alumina coupon. 
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The question naturally arises as to which mode or modes might be more useful in detecting damage 
in composites. The amplitude distribution for the different modes varies radically throughout the thickness 
of the specimen (symmetric modes exhibit nodes of vertical particle displacement at the center of the speci- 
men, and antisymmetric modes produce nodes of horizontal particle displacement). It has also been noted 
that a given defect responds differently to various Lamb modes (Alers and Thompson, 1976; Budenkov 
et al., 1977; Pilarski et al., 1987). Generally speaking, the selection is most easily effected empirically, that 
is, by exciting various modes and noting the response of each to a given defect. 

mode structure experimentally. This is efficiently done using the double-transmission arrangement (Nagy et 
al., 1987) shown in Fig. 7.14. This configuration both simplifies the alignment process and enhances the 
Lamb mode resonances. In addition, the polar response of the composite structure can be obtained by rotat- 
ing the sample about any axis normal to the plane of the laminate. If a broadband transducer is used to 
excite the structure and the resulting echo train is analyzed in the frequency domain, it is possible to detect 
all Lamb waves excited within the bandpass of the transducer simultaneously. This approach is much sim- 
pler and yields a higher signal-to-noise ratio than conventional single-sided evaluation of the composite. 

When the full elastic matrix of the composite is not known, one has no recourse but to examine the 
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Fig. 7.14. Double-transmission method for generating and detecting Lamb waves in composite 

laminates. 

This technique was used to examine the Lamb wave mode structm of an alpha-ply graphiteepoxy 
composite (Frame et al., 1990). A strong resonance was found at about 1.5 MHz in the transmitted spec- 
trum. Figure 7.15 shows the spectral content of the double-transmitted signal, while Fig. 7.16 gives the 
response of the transducer used in the experiments. Note that all spectra are normalized in amplitude; thus, 
the resonance near 1.5 MHz in Fig. 7.16 actually occurs near the low-frequency limit of the transducer 
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Fig. 7.15. Spectrum of double-transmitted wave in graphite-epoxy composite showing 
excitation of Lamb wave near 1.5 MHz 
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Fig. 7.16. Spectral content of 5-MHz transducer used in Lamb wave studies in graphite-epoxy 
composite. 
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shown in Fig. 7.16. The secondary maximum near 0.9 MHz in Fig. 7.15 is caused by random interference 
from material inhomogeneities; it tended to disappear with a slight displacement of the transducer. 

Once the proper angle for generating a Lamb wave resonance in the composite structure was found, 
it was possible to produce a Lamb wave C-scan map of.the structure. Two simulated impact damage 
defects, one circular and the other square, were placed in the specimen and the sample scanned. Figure 7.17 
shows the result obtained. Both simulated defects were detected and imaged easily. Note that neither of 
these “defects” could be detected using conventional C-scan techniques because of the high degree of mate- 
rial inhomogeneity, which generates many false signals. The relatively noise-free results depicted in Fig. 
7.17 show that the Lamb waves were highly sensitive to the simulated defects (which were planar in nature 
and several wavelengths wide) and almost unresponsive to the material inhomogeneity. It is for this reason 
that Lamb wave inspection holds great promise for composite evaluation. 

ORNL-DWG 89-12940 

Fig. 7.17. Lamb wave C-scan map of graphite-epoxy composite panel showing image of two 
simulated impact damage areas. 

We also examined a swirl mat composite panel for evidence of Lamb wave excitation using the 
doubletransmission arrangement of Fig. 7.14. However, the transducers initially used were 5-MHz center- 
frequency broadband units, and this frequency band (-2 to 8 MHz) was too high for the composite. Subse- 
quent examinations using 1-MHz transducers produced an obvious Lamb wave at about 0.8 MHz for all 
angles of incidence above about 45’. The group velocity of this wave increased as the angle of incidence 
decreased. At an angle of incidence around 4 5 O ,  a second mode with a still higher group velocity appeared, 
then a thiid as the angle continued to decrease. The waves excited were clearly Lamb modes, and the 
behavior of the group velocities was at least qualitatively consistent (no theoretical estimates were 
attempted) with the Ao, So, and A, Lamb modes. 

The above results indicate that Lamb waves can indeed be excited in the isocyanurate swirl mat 
composite, but no attempt was undertaken to produce images of the impact-damaged specimen using these 
modes. This remains a promising avenue of investigation, however, and Lamb wave images of this and 
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other specimens will be pursued. Based on our experience with other composite materials, Lamb wave 
evaluation may well provide the most useful indication of delaminations and impact damage. 

7.25 Acousto-Ultrasonics 

Occasionally in nondestructive testing a symbiosis of two established techniques is found to provide 
information that neither approach alone can offer. One such hybridization is acousto-ultrasonics, a marriage 
of conventional ultrasonic techniques and acoustic emission technology. Introduced by Vary (1976,1978) 
and Vary and Bowles (1978), this approach has been extensively developed and applied to a variety of 
materials, particularly composites. The theory and applications of the acousto-ultrasonic technique have 
also been reviewed in depth (Duke, 1988). Thus, only a brief overview is given here. 

In the implementation of acousto-ultrasonics, a stress wave is generated in the sample under investi- 
gation by an ultrasonic transducer. The signals generated by the interaction of this wave with the micro- 
structure of the specimen are then received by a second transducer. What distinguishes the technique from 
conventional ultrasonic testing is that the receiving transducer is placed in a manner to preclude reception 
of the direct bulk waves, and the data analysis usually involves monitoring such properties of the received 
wave as the decay rate of the envelope, number of zero crossings of the waveform, etc., properties that are 
generally associated with acoustic emission testing. In this case, however, the “emission” signals are gener- 
ated by the initial stress wave, not by failure mechanisms occurring in the specimen. The technique is thus 
nondestructive, but many researchers have found good correlation between the acousto-ultrasonic signature, 
often called the stress-wave factor, and true damage in the sample. 

Acousto-ultrasonics has perhaps found its widest application in the evaluation of composites. Duke 
et al. (1989) have given an excellent treatment of their work. Others have presented results detecting dam- 
age in graphite-epoxy composites (Talreja et al., 1984), ceramic composites (Lott and Kunnerth, 19901, and 
metal matrix composites (Kautz and Lerch, 1991). Particularly for impact damage and fiber-matrix debond 
degradation, acousto-ultrasonics show considerable potential as a rapid, quantitative evaluation tool for 
assessing the state of composite integrity. 

I 

73 NONLINEAR TECHNIQUES 

The usual descriptions (KrauWbner and KrauWher, 1990) of elastic wave propagation in materi- 
als are based on a linearized theory in which it is assumed that the strain is linearly proportional to the 
derivative of the material displacement. This approximation arises when higher order terms in the expres- 
sion for strain are neglected. Specifically, if s is the displacement, then it is easy to show (Simpson, 1969) 
that 

where 
neglected, and the strain is usually approximated by 

is the strain tensor and xi is a material coordinate. In the linearized theory, cross terms are 

(7.1) 

(7.2) 

This simplification leads to the familiar equations for bulk-wave propagation in solids. Likewise the stress 
tensor bij is usually assumed to be linearly related to strain: 

(7.3) 
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where the Ciju are the familiar second-order elastic constants (simply related to the shear modulus and 
Young’s modulus for an isotropic solid). When the strain energy function is expanded in a Taylor series 
(Cantrell, 1982), however, higher order terms lead to expressions for the third-order elastic constants, 
fourth-order, etc. For much of the history of ultrasonic testing, the lowest order (second-order) elastic con- 
stants admirably described the measurable properties of the wave behavior, and the nonlinear terms, which 
introduced considerable complication to the solution of elastic wave propagation, were neglected. In recent 
years, however, it has been noted that the weak, though detectable, acoustic nonlinearity of materials is 
amazingly sensitive to very subtle changes in the internal state of the specimen, even to changes very small 
on the scale of a wavelength. For this reason, evaluation of the anharmonic response of structural materials, 
particularly composites, holds great promise for the quantitative assessment of damage and material state. 

73.1 Acousto-Elastic Effect 

Because all materials are inherently nonlinear to some degree, the presence of higher order elastic 
constants means that the elastic wave velocity in the specimen will be a function of stress. The change is 
slight, but it has been used for several years to gage nondestructively the residual stress in structural 
materials.* Of more interest than residual stress determination to composite research, however, is the use of 
acousto-elasticity to monitor the accumulation of damage in materials. Nagy and Adler (1992) have used 
the second-order acoustoelastic effect to measure the onset and growth of cracking in plastics. In this study 
the sample was cyclically fatigued and the change in elastic wave velocity monitored. The nonlinear behav- 
ior increased smoothly and dramatically prior to failure. 

While the acousto-elastic effect appears to have some application to composites for detection and 
quantification of fatigue damage, the requirement for making measurements under load renders the tech- 
nique less attractive than other, purely nondestructive measurement techniques. Chief among these is the 
recognition that acoustic anharmonicity requires that a portion of the energy of a propagating, initially 
monochromatic wave be converted into second-order and higher order harmonics of the fundamental, and 
this effect provides an excellent approach for assessing material nonlinearity. 

73.2 Harmonic Generation 

In addition to producing changes in the elastic wave propagation velocity, material nonlinearity also 
causes harmonics of an initially monochromatic wave to be generated. The degree to which harmonic gen- 
eration is manifest depends on the material, and it also appears to depend very sensitively on the presence 
of dislocations, voids, flaws, etc., which may be very small with respect to the acoustic wavelength. The 
questions then arise as to how one might relate the degree of anharmonicity to the elastic properties of the 
medium and how the effect of harmonic generation might be maximized. It is possible to proceed in an 
entirely empirical manner, but a much better approach would be to analyze the problem theoretically and 
use this result to guide the experiment. 

Many people have studied the very difficult problem of nonlinear wave propagation in a generalized 
anisotropic medium. Two excellent overviews of these developments have been given by Breazeale (1990) 
and by Cantrell and Yost (1990). Breazeale points out that a perturbation solution of the nonlinear wave 
equation yields the following form for the particle displacement in a nonlinear medium: 

t=Alsin(kx-wt)-  COS2(kx - wt) + ... , (7.4) 

where 5 is the particle displacement, k is the wave vector of the disturbance, w is the angular frequency, x is 
the propagation distance, and K2 and K3 are combinations of the second-order and third-order elastic con- 

*Chen and He (1994), Dike et al. (1989). Heyman and Chem (1982), Lee et al. (1986). MacLauchlan and Alers 
(1987), Mase et al. (1989). Toupin and Bernstein (1961). Wong and Johnson (1988). Yen and Chatterjee (1988). 
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stants, respectively, of the medium. The term -(K3/K2 + 3) is known as the nonlinearity parameter, p, of 
the medium and is dimensionless. The displacement amplitude thus consists of a fundamental component, 
the initial wave, and harmonics of all orders. 

This equation has several interesting points. First, we note that the amplitude of the second harmonic 
wave increases quadratically with both fundamental amplitude and frequency and linearly with propagation 
distance. Second-harmonic generation is thus enhanced by using as high a driving (fundamental) amplitude 
as possible and as high a frequency as practicable. Second, if we denote the terms in front of the cosine 
term by A,, the amplitude of the second harmonic, we can solve forb in terms of the amplitudes of the fun- 
damental and second-harmonic waves: 

The nonlinearity parameter can thus be determined from knowledge of the amplitudes of the fundamental 
and second-harmonic amplitudes. The utility of this parameter is that it is a pure number associated with a 
particular material, and with a particular material state. It is extremely sensitive, as several researchers have 
now established, to the presence of contaminants, precipitates, dislocation density, and aging.* 

Once we have settled on the nonlinearity parameter as the figure of merit for acoustic anharmonicity, 
the problem reduces to one of measuring this parameter. As the equation above shows, we basically must 
determine the ratio A /A2. This can be estimated in the following manner. In the absence of external 
forces, the stress induced in a piezoelectric transducer by an applied voltage is given by: 1. 

t) + 
S = D * E ,  

where ?? is the strain dyadic, 
stant tensor. For a typical piezoelectric transducer material such as LiNbO,, the d33 element of D is the 
quantity of interest and is equal to about 6 x 
voltage of 250 V, the displacement amplitude of the crystal is about 15 A. Assuming this to be the funda- 
mental wave amplitude in the sample (a liberal estimate; several factors would reduce this value), the 
second-harmonic amplitude will typically be 2 to 3 orders of magnitude smaller, depending on the material, 
or 0.015 to 0.15 A. Clearly, absolute measurement of displacement amplitude in this range is beyond the 
sensitivity even of optical techniques. 

The most commonly used detector for harmonic amplitude measurement is the capacitive detector 
(Gauster and Breazeale, 1966). The requisite sensitivity is available, but the technology is expensive and 
requires extremely precise sample surface preparation. However, the sensitivity of piezoelectric sensors is 
certainly adequate for this task. For example, the voltage produced by the Lm03 transducer described 
above can be estimated from the inverse piezoelectric constitutive relationships. Assuming no external elec- 
trical fields, the relationship between applied stress and generated electric field is: 

is the electric field vector, and D is the third-rank piezoelectric strain con- 

coulombM. At a frequency of 10 MHz and at an applied 

+ t) 

E = G * T ,  (7.7) 

where G is the third-rank piezoelectric voltage tensor tft and is the stress dyadic. Again, the salient compo- 
nent of G is G33, whose value is about 0.023 m2/coulomb for LiNbO3. Now, the relation between particle 
displacement and acoustic pressure (stress) is given by (Krautkrtimer and Krautkrtimer, 1990): 

*Braeale and Philip (1984), Cantrell et al. (1986). Cantrell and Yost (1993). Dace et al. (1991,1992). Li 
(1985), Mohrbacher et al. (1991), Wu and Prosser (1991), Yost and Cantrell(1990.1993). 
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where p is the acoustic pressure, p is the material density, c is the compressional wave velocity, o is the 
angular frequency, and 5 is the particle displacement. Assuming the larger value of 0.15 A for 4 and the 
properties to be those of the swirl mat composite given earlier, the induced second-harmonic voltage in a 
10-MHz receiving transducer would be about 28 mV, which is easily detectable with conventional piezo- 
electrics. These calculations assume no conversion, matching, or material losses, which would further 
reduce the detected signal, but the voltage available with our newer hardware is also much higher, about 

Because it would appear that conventional piezoelectric detection has adequate sensitivity for the 
detection of harmonics in materials, the question naturally arises regarding why they have not been widely 
used for this purpose. The reason is that absolute measurements of the fundamental and harmonic wave 
amplitudes are necessary (more precisely, the ratio A, /AT ), and this requires a rather involved calibration 
procedure as well as assurance that reciprocity holds for the transducer/couplant system. Recently, how- 
ever, Dace et al. (1991,1992) have shown that this is indeed the case and have given a procedure for 
obtaining the necessary calibration. Their work, which involved simple piezoelectric elements and water 
coupling, has placed the measurement of the nonlinear behavior of materials on a footing comparable to 
that underpinning conventional ultrasonic testing. 

already obtained have emphasized the extreme sensitivity of the technique to variations or anomalies that 
are small on the scale of the acoustic wavelength, even down to the scale of lattice deformations. In addi- 
tion, the changes induced by defects and fatigue in the nonlinearity of materials are often several hundred 
percent, in contrast to the fractions of a percent to a few percent typical of changes in the linear response 
induced by these same material degradations. In particular, the nonlinear response of composite materials 
seems to be extremely sensitive to changes in the fiber-matrix bond integrity and thereby promises to pro- 
vide a technique for quantifying globally the debonding induced by fatigue in advanced structural materials. 

1200 v p-p. 

In summary, the measurement of the nonlinear response of materials is in its infancy, but the results 
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8. CONCLUSIONS AND RECOMMENDATIONS 

J. M. Corum 

8.1 DAMAGE AND FAILURE MECHANISM DETERMINATION 

The ability to detect and quantify the initiation and growth of damage, to correlate the damage with 
loading history and environmental effects, and to understand the events leading to failure are key needs of 
the Durability of Lightweight Composite Structures Project. Since the determination of damage and failure 
mechanisms is a crucial part of resolving all of the durability issues-fatigue, creep, impact, and environ- 
mental effects-it is addressed first in this chapter. 

initiating events during the various types of durability tests. This should be augmented by postmortem 
examinations of the failed specimens by optical microscopy and scanning electron microscopy.* Based on 
the preliminary ultrasonic C-scan results for the isocyanurate CSM reference material discussed in Chaps. 2 
and 7, this method should be initially used for detecting the distribution and magnitude of damage. Follow- 
ing the work of Karger-Kocsis, reported in Chap. 2, the C-scans should be augmented with some simulta- 
neous in-situ acoustic emission, thermography, and optical microscopy monitoring to identify how dis- 
tributed damage ultimately leads to failure-initiating events and what those events are. 

It is likely that an NDE method having higher resolution than the basic ultrasonic C-scan will ulti- 
mately be needed to discriminate between types of damage. Based on the discussion in Chap. 7, three NDE 
techniques appear to be particularly promising. For distributed damage, for example, for the fiber-matrix 
interface damage occurring as a result of fatigue, the nonlinear and acousto-ultrasonic responses of test 
specimens would appear to be promising. Both have been demonstrated to correlate well with fatigue dam- 
age, and the nonlinear behavior has, in those composites for which it has been studied, increased by several 
hundred percent with increasing bond damage. Acousto-ultrasonics has the added potential advantage of 
allowing some degree of continuous monitoring during a test, or even during the life of an actual compo- 
nent. In the case of impact damage, which is a localized phenomenon, both acousto-ultrasonic and Lamb 
wave techniques hold considerable promise for detecting the subtle changes occurring when CSM compos- 
ites are subjected to impact. Both techniques are suitable for generating images of the damaged areas, and 
both have demonstrated the requisite sensitivity in many other types of composites. 

In general, the approach should be to monitor, at least periodically, damage development and failure- 

8.2 FATIGUE 

As reviewed in Chap. 3, the mechanisms of fatigue in polymeric composites are complex, even in 
the absence of environmental effects. Consequently, modeling of fatigue has met with only limited success, 
even for materials with oriented microstructures such as laminates. The challenge will be even greater in 
swirl mat composites. Nonetheless, interpretation and understanding of fatigue test results and mechanisms 
will be very important to the success of the Durability of Lightweight Composite Structures Project. Such 
an understanding and interpretation will help first to characterize the synergistic effects of creep, impact, 
and environment together with fatigue on strength and stiffness. Second, it will aid in characterizing cumu- 
lative fatigue damage for design.t 

roles of the various mechanistic features and their associated ranges of operation. A key goal should be to 
answer the following four basic questions raised in Chap. 3. 

The fatigue life diagram, discussed in Chap. 3, should be used as an aid to sorting out the relative 

*Since the failure mechanisms in CSM composites act on a relatively large scale, light microscopy will likely be 
the most revealing. Scanning electron microscopy can provide supplementary information at the very localized level 
(fiber surfaces, interfaces, etc.). 

?It seems unlikely that Miner’s rule (x!$,, = 1) will be valid or usable even as an approximate design rule. 
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1. What are the microstructural changes in going from the virgin state to the first maximum load in a 
fatigue test? 

2. What are the irreversible changes on unloading? 
3. What are the consequences of the irreversible changes (stiffness change, strength change)? 
4. What is the critical state of the material causing failure and how do the progressive microstructural 

changes from cycle to cycle reach this state? 
To answer these questions, the issue of the scale at which damage descriptors must be described will have 
to be answered as well. 

As a first step toward characterizing durability under fatigue loadings, a data base (at room tempera- 
ture in air) should be generated. Some block loading tests should be included to examine cumulative dam- 
age. The data base should include both modulus of elasticity and Poisson’s ratio degradation with cycles. 
Both stiffness quantities should be measured because they reflect different degrees of damage. Strain gages 
or extensometers of different lengths should be used to help identify the minimum representative volume 
for describing damage. The specimens should be periodically subjected to NDE (i.e., ultrasound, thermo- 
graphy, acoustic emission, light microscopy) to characterize the distributed damage and failure mecha- 
nisms, which should then be correlated with stiffness degradation. Particular attention should be paid to the 
first cycle, so that the failure data can be presented in a fatigue life diagram. 

Later, when phenomenological models and an understanding of the damage mechanisms have been 
developed, the interactive effects of temperature, creep, and fluid environments should be addressed. 

In developing and transferring the fatigue findings into design guidance, it will be important to 
define “failure” with ACC; what constitutes loss of usable life? This definition will help focus the charac- 
terization and modeling effort. 

8.3 CREEP 

In contrast to fatigue failure modeling, efforts to model and predict creep deformation have met with 
more success. The variety of models that have been used were reviewed in Chap. 4. Thus, it is recom- 
mended that an effort be made to develop a damage-based, time-dependent model describing creep, recov- 
ery, and modulus degradation. The model will need to be based on a well-conceived data base. Creep- 
rupture or static fatigue failures are, as in the case of fatigue, likely to be much more random and probably 
not amenable to basic modeling. Thus, a more phenomenologically based approach is recommended for 
failure. 

Activities of the Durability of Lightweight Composite Structures Project in the creep area should 
consist of two parts: (1) a test program to characterize the time-dependent deformation and failure response 
and identify the fundamental behavioral features and (2) a modeling effort. Tests to characterize the mate- 
rial behavior will necessarily be fairly extensive and time-consuming. They should include 

room-temperature creep and creep-rupture tests over a range of stress levels, including the low levels 
germane to design; 
tests at several temperatures over the range from -40 to 25OoF; 
tensile tests (strength and stiffness) of creep-damaged specimens; and 
creep and creep-rupture tests in automotive fluid environments. 

Selected creep tests should be monitored for damage development and failure initiation using ultrasonics, 
light microscopy, acoustic emission, etc. Failed specimens should be examined by both light and scanning 
electron microscopy. 

These basic characterization tests should be augmented with more specialized tests to aid the model- 
ing effort. For example, both short- and long-time creep recovery tests should be performed. Step-load 
creep tests and cyclic creep tests will shed light on creep hardening or softening, cumulative creep damage, 
and time-dependent fatigue. Long-term constant strain rate tests should be performed to examine the limits 
of linear creep, as explained in Chap. 4. Finally, since neat resin properties are important to the modeling 
effort, these should be studied if they are not available. 
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The tests and NDE studies recommended previously should reveal the fundamental features of creep 
behavior and provide a sound basis for model development. Work on the damage-based, time-dependent 
deformation model should focus first on room-temperature creep and recovery. Temperature effects should 
be added next, followed by cyclic loading response, and finally the effects of automotive fluid 
environments. 

8.4 IMPACT 

The goal of impact studies in the Durability of Lightweight Composite Structures Project should be 
to (1) identify the impact damage modes in the automotive structural composites of interest and how they 
interact with the damage produced by fatigue, creep, and environment and (2) characterize property degra- 
dation in terms of appropriate impact parameters. Since the focus is on the material response, a single 
impact specimen geometry should be used. Experimental and analytical techniques should be combined to 
characterize the contact force vs time and the specimen dynamic structural response. Ultrasonics and other 
possible nondestructive techniques should be used to characterize the damage zone and, in the case of 
repeated impacts, its growth. Postmortem tests of specimens containing the damage zone should be used to 
characterize stiffness and strength degradation. Sectioned parts of the damaged specimens should be exam- 
ined using both light and scanning electron microscopy to help identify the actual impact damage 
mechanisms. 

For the SRIM CSM reference material, it is recommended that a 9-in.-square plate, clamped along an 
8-in.diam. circle, be used for all tests. This plate diameter should be sufficiently large ( in terms of 
diameter-to-thickness ratio) to allow the effects of impacts to propagate freely thiough flexure. On the other 
hand, the plate should be sufficiently stiff to limit the contact area and rigidity between the impactor and 
plate (these considerations were discussed in Chap. 5). 

Since the main impact threats to automotive composite structures are (1) tool drops and other low- 
velocity impacts during assembly and maintenance and (2) higher velocity kickups of roadway rocks and 
other debris, two impact test set-ups are recommended (1) a pendulum device for large masses at low 
velocity and (2) a gas gun for lower masses at higher velocities. The specimen should be the same in both 
cases, and the impactor should, at least initially, have a hemispherical face and be made of a hardened steel. 
In both cases, velocity of the impactor should be measured using an interrupted light beam and photosen- 
sors. In the case of the gas gun setup, the force-time history will have to be inferred from specimen strain 
gages and dynamic structural analyses. For the pendulum, a small load cell can be incorporated into the 
impactor to measure the force-time history. The measurements should still be correlated with strain gage 
and structural analysis results. The changing force-time diagrams from repeated impacts should be used to 
correlate with cumulative impact damage and property degradation. 

As input to the structural analyses, the contact behavior must first be modeled. The indentation test 
method described in Chap. 5 for establishing a load-indentation relation is recommended. The classical 
Hertzian contact law with a power of 3/2 is usually adequate to describe the experimental data. The test 
data are then used to determine the remaining parameter, the contact rigidity. 

It will provide the contact force history and the stresses and strains outside the contact zone. 

ters, and masses should be studied. Multiple impacts should also be examined to see how damage effects 
accumulate. A few specimens should be tested statically to determine if the low-velocity impact tests pro- 
duce the same failure modes as are produced undsr static conditions. Eventually, predamaged impact speci- 
mens (with damage from prior loadings or environmental exposure) should be tested. 

tensile and fatigue testing to establish strength, stiffness, and fatigue life degradation. For this purpose, the 
impact plate specimens should be square, even though they are clamped on a circle. The square plate will 
allow a series of side-by-side specimens to be cut from across the plate, thus providing data from the central 
impact zone outward. These tensile specimens should be as narrow as possible (limited by the size of a 
representative volume element) in order to capture the expected large property variations. By relating the 

A 2-D thick-plate theory analysis (one that accounts for transverse shear effects) should be adequate. 

In both the low- and high-velocity tests, a range of impact energy levels, velocities, impactor diame- 

Mechanical property test specimens should be cut from the impacted specimens and subjected to 
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property degradation to the appropriate impact damage and failure mode parameters, design guidance to 
account for the deleterious effects of impacts can be established. 

8 5  ENVIRONMENTAL EFFECTS 

As described in Chap. 6, the effects of sorption of liquid into polymeric composites can be nmer- 
ous. In addition to weight gain, swelling can occur beyond some threshold. Osmotic pressures can cause 
internal residual stresses, as well as microcracking and fiber-matrix debonds, thus degrading strength and 
stiffness. The presence of fluid within the materials can accelerate time-dependent response. Chemical and 
physical changes of the constituent composite materials can lead to weight loss. Even distilled water can 
chemically react with the glass fibers, producing corrosion or etching. Most of these processes are ther- 
mally activated, so temperature has a significant effect. The presence of stress and cyclic loadings can also 
accelerate the processes. 

In terms of composite durability, there are two concerns. First, as shown in Chap. 2 for the reference 
isocyanurate CSM composite, fluid exposure can degrade properties. Second, the various processes and 
effects described above can interact synergistically with the damage and failure mechanisms of cyclic, 
long-term, and impact loadings. Thus, the goal of the Durability of Lightweight Composite Structures 
Project should be (1) to characterize the effects of fluid sorption on composite dimensional stability and 
tensile property degradation and (2) to understand the mechanisms and damage and how they interact with 
fatigue, impact, and creep loadings to alter their effects. A significant data base will be required to sort out 
and characterize these various effects. 

The scoping environmental exposure tests described in Chap. 2 for the reference isocyanurate CSM 
composite should be repeated for much longer exposure periods, the full range of temperatures of interest, 
and using a more statistically valid number of test specimens. In addition to determining stiffness and 
strength degradation, weight gain data should be assessed to determine the limits for Fickian behavior and 
to relate the subsequent departure from Fickian behavior to damage and property degradation. 

Likewise, creep and fatigue tests of immersed specimens should be conducted. Damage and weight 
gain should be monitored with time or cycles and related to property degradation and ultimate creep and 
fatigue failure. 

failed specimens should be examined for corrosion and other physical changes (reaction products, interfa- 
cial damage, etc.). Matrix digestion techniques should be explored for viewing fiber integrity. 

Finally, the interaction of fluid sorption with impact damage accumulation should be evaluated. On 
the one hand, the presence of sorption damage (weakened bonds and interfaces) might serve to spread out 
the absorption of impact energy, thus making the material more resistant to impact effects. On the other 
hand, however, the presence of impact damage may enhance sorption. Thus, impact specimens pre-exposed 
to fluids should be tested, and impact-damaged material samples should be subsequently used in fluid 
exposure weight gain tests. 

In addition to the nondestructive and postmortem evaluation methods described in previous sections, 
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