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PREFACE 

This interpretive, state-of-the-art report is the result of one of the initial tasks of the Oak Ridge 
National Labomtory ( O m )  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 struclural 
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 
irnpacts. 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 Tdreja, 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 (USCAK). 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 ai 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. K. Baxter, who prcpared the final manuscript. 

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

The Dumbility of Lightweight Composite Structures Project at ORNL is part of a cooperative effort 
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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 
cycIic loadings, creep, automotive fluid environments, and low-energy impacts have on dimensional stahil- 
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 mdterials €or automotive structural applications-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 
isues. 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 Encrgy 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 cfTicient automobiles of the future will require increased use of lightweight 
structural niakrials, such as polymer matrix composites (PMCs). To be acceplable, however, structural 
composite pals 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 (R&D) partnership betwcen Chrysler, Ford, 
and Gcneral Motors. 

very rapidly. In part, this is because of the unanswered questions related LO the high-volume, low-cost 
manufacture of components with consistent part-to-part propcrties and known durability. Answering these 
questions is a key goal of ACC {Dearlove et al., 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 Statcs 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 automotivc structures, was initiated by 
DOE at Oak Ridge National Laboratory {QRNL) 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 aummotive composite slructures and to demonstrate their applicability to representative 
lightweight manufacturable automotive smctures under represcntative 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 
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Fig. 1.1. Automobile front structure built of PMCs. 
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and siiffness 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 validatc 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 recogniLed 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 
reconmendations 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 (SRIN) 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 addresscd in Chap. 4, preparedl by Y. Jack 
Weitsman of ORNL and The University of Tennessee/Knoxville. That chapter discusses typical observcd 
behavior and modeling approaches. Chapter 5 ,  by C. T. Sun of Purdue University, discusses impact testing 
and modeling appioaches that have been successfully employed. Chapter 6 ,  prepared also by Weitsman, 
discusses sorption processes and effccts of fluid environments on mechanical properties. Chapter 7, pre- 
pared by W. A. Simpson, Jr., of ORNL, reviews ultrasonic techniques for nonctestmctive 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 pcrtinent rcferenccs. 

The final chapter, Chap. 8, provides conclusions and recommendations dmwn from the previous 
chaptcrs 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 Raniesh Talreja of the Georgia Institute of Technology, covers fatigue of 

REFERENCE 

Dearlove, T. J., et al. 1994. “Development of Standardized Tests for an Automotive Structural Composites 
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2. BACKGROUND 

2.1 DURABI1,T'I'Y ISSUES 

r 

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 slructural 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 joinis will likely be involved. 

Vehicle structures will be subjected to both steady aid cyclic loadings. Also, they will be exposed to 
a variety of environments. P m  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, andfreeze, gasoline, brake fluid, and motor oil. Tool d rop  and other low- 
velocity impacts during manufacturing and maintenance, as well as higher velocity impacts from rwks and 
pebbles kicked up from roadways, could produce invisible damage. These load, temperature, a id  environ- 
mental factors could individually or synergistically have a significant adverse effect on diinensiorial stabil- 
ity, strength, and stiffness of the coinposite 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 slability is important. While the short-term dimensional stability of composites is considered to 
be typically bctter than that for metals, it is also more crilical due to the inability to deform (reshape) a 
composite to fiiial tolerances as is currently the practice for sheet metals. Long-term creep could lead to 
interference of parts, for example, where door, h d ,  .and fender coinponents may be joined to underlying 
structures. C m p  could also lead to an undesired bolt load relaxation in bolted joints. 

The goal of the Durability of Lighlweight Composite Structures Project at ORNL is to chmcterize 
and provide an uriderstanding of the long-tenn durability of composite structures and to then work with 
ACC to develop appropriate design allowables and reduction factors to assure that tlie degrading effects of 
cyclic and creep loadings, low-encrgy impacts, and environments are accounted for and that lighlweight 
composite structures in future automobiles have adequate long-teim (15-year) durability. 

2.2 MATERIALS OF WTEREST 

As mentioned in Chap. 1, liquid molding using glass reinforcement is ACC's preferred processing 
method. The current referelice material is an SRIM isocyanurate reinforced with contiriuous strand, swirl 
mat, E glass. The ORNL Durability Project is focusing initially on this material. Other promising pssibili- 
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 t&: part, is 
particularly attractive because no prefonned 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 
obtzined, were all from a single batch of SRIM isocyanurale reinforced with continuous strand mat (CSM) 
E glass. Figure 2.1 shows one of the 0.125-in.-thick plaques together with a small piece of the swirl mat 
reinforcement. l'he two components of the isocyanurate matrix are an isocyanate and a polyol. Wilh 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-W-diam (0.0007-in.) monolti1,ments 
are used. The filaments have a reported strength of 250 h i  and a modulus of 10 x lo6 psi. Sizing (<OS% 
by weight) is applied to improve adhesion to the matrix. Binder is applicd to hold the mat together (8% by 
weight). According to the manufacturer, the mat should be lransversely isotropic to wirhin 20%. 
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ORNL-PHOTO 8000-95 

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 

2.3.1 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 cIosely. 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 
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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 (1990a-d) 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 
ln-in.-wide tensile test strips from the sheets and measuring the modulus every 1/2 in. along the strips with 
a ln-in. gage length extensometer, he found that the modulus values could vary by a factor of 2 from the 
In-in. square to the adjacent In-in. 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 (Nyrimt3) 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 Unifilo U816 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: 

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. 

Karger-Kocsis and coworkers [Karger-Kocsis (1990, 1991, 1992a.b); Karger-Kocsis and Czigany 

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

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

2.32 Isacyanurate/CSM 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. 

23.2.1 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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0.00 0.01 0.02 0.03 0.04 
STRAIN (InAn.) 

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. 

23.2.2 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 coniposite 

Tensile Modulus 
strength (hi) (106 psi) 

0" 9oo 0" 90" - 
All five plaques 

Average 20.7 25.4 1.34 1 S8 
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 

OAML-DWG 95-2723 U D  

100000 

1000 

CYCLES TO FAILURE 

Fig. 2.3. Room-temperature fatigue test results. 

maximum stress), and maximum stresses of 80,60,40, and 20% of the ultimate tensile strength (UrS) were 
used. Tlie two run-out points in Fig. 2.3 are at 20% of UTS. 'rhese 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 ksi) for the 0" direction and 55% 
(from 25.4 to 11.5 ksi) 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 IO6 psi) for the 90" direc- 
tion. Dearlove et al. (1994) showed ACC modulus data on this same inaterial system indicating that the 
modulus dccreases linearly throughout a fatigue tcst 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 thc specimens 
were tensile tested to failure. The data shown in Fig. 2.4(a) are for cycling at a maximum stress of 40% of 
the average UTS, and the points in Fig. 2.4(6) are for 60% of UTS.  In each plot the tensile data pints  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 rcsults 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 
occumrig in the range between 50 and 80% of the fatigue life is negligible. 

2.3.2.3 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 mom 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 unlo,ading, 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 rest 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 f i i  conclusions, they do illustrate the kinds of tests that will be needed to 
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(not 
Fig. 2.6. Typical room-temperature creep strain response at stress of 14.5 b i .  Loading strain 

shown) was 1.10%. 
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Fig. 2.7. Creep strain recovery for specimen that had previously accumulated 0.105% creep 
strain at 16.2 h i .  
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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. N1>E 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-temperature 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 theilnally 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 
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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. 

2.3.2.4 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% NaCl), 
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) wen: 
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 coniinon 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. 2.1 1. 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 4 0 % .  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 4 0 7 ~ m u c h  larger than the effect shown in Fig. 2.1 1. 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 stres.sed 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 glycoVSO% water solution and in windshield washer fluid failed in just a few hours. 
Early creep tests in fluid environments are under way at ORNL. Room-temperature tests at 14.5 ksi 

2.3.2.5 Impact behavior 

No controlled impact tests have been performed yet at ORNL on the reference isocyanuratc CSM 
composite. However, Dearlove et al. (1994) presented pelhinary 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 deay, 
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 
fuiiction of impact energy. 
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Fig. 2.10. Weight gain vs square-root of time for specimens soaked in eight different automo- 
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Fig. 2.11. Fluid effects on strength and stiffness (modullus of elasticity) for specimens soaked 
for 1080 h. 

2.3.2.6 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 failcd 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 diffcrence between images for tensile and fatigue specimens; the distributed 
damage appears to be lower in a failed fatigue specimen. 

14 
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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. TaIreja 
Georgia Institute of Techmlogy 

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 
conceptud fr‘mework for inteqx-e&ation of composite fatigue data was developed earlier by this author. 

data for long, continuous, fiber-reinforced PMCs are assessed with this framework, and the effects of 
matrix ductility and fiber stiffness arc explained. llie role of fiber architecture in affecting fatigue proper- 
ties i s  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. 

work, in the form of fatigue life diagrams, is described, md its basis is explained. Fatigue life 

3.1 INTRODUCTION 

Composite materials providc combinations of properties hat arc 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. ‘l’he mul- 
tiplicity of cracking inodes at the microlevel, the local load sharing and transfer mung 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 iiot available and would probably 
be unreasonablc 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 io the fatigue 
behavior of a given class of composites and to understand how these are affected by syskmatic variation of 
parameters such as constituent properties and geometrical descriptors of microstruelure. 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 (‘t’alreja, 1981). These diagrams do not quantila- 
tively predict fatigue life but provide useful insight for selection of constituents and for developiug efficient 
predictive models. In what follows, a thorough exposition of the fatigue life diagrams will he presented. 
Certain usefu’ul 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 supplemenlal information see Bollcr, 1969; Hahn, 1979; Harris, 1986; arid 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. IIowever, some systems developed for automotive 
applications (e.g., SMCs and other short-fiber composites) will he 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 faligue 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 froni the 
initial to the instant when the first maxunum load i s  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 
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maximum load i s  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 inaterials as well 
as in developing niethodologics for life prediction. In composites with two distinct constituents and the 
associated interfacial region, tlie 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 othcr 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 arc identified. 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 unidircctional composites parallel to fibers (Fig. 3.1). 

In a study directed at PMCs, whcre these four questions were addressed, a conceptual framework 
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Fig. 3.1. Fatigue life diagram of unidirectional composite loaded in cyclic tension parallel to 
fibers. Source: Reprinted from R. Talreja, Fatigue of Composite MatericlE, Chap. 2 (Fig. 2). 
OTechnomic Publishing Company, Tnc., 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. 

2. 

3. 

The failure in the fust 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 fixed for a 
given composite with a givcn Lype of fibers. 
l b c  fatigue limit of a composite is a matrix-governed property (as will be discussed below). Since the 
matrix undergoes swain-controlled fatigue within the composite, the proper way to indicate the fatigue 
limit of the composite i s  in terms of strain. 
Since the two extremes of the fatigue life are bcst expressed in terms of swain, there is no compelling 

reason for not having strain as a variable between these. Additionally, the maximum strain reached in 
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the first cycle is indicative of the attained state of damage in the ~ o ~ ~ o s i t e ~  which determines iLs fur- 
ther progression in subsequent cycles. 

LRt us consider a compxite in which the fibers are elastic until faiilrue and the rnalrix bas an ellahc 
limit beyond whicb it behaves inelastically. To understand llae construction of the fatigue life diagram, a n -  
sider first a load cycle in which the inaxhum strain achieved is within the scatterbmd of the composite 
faillare strain (which i s  %Is0 the fiber failure strain), At the nnaximum load in this cycle a certain numbcr of 
fibers will be expected to fail (Fig. 3.2). IU the regions wound the broken fibers the matrix will suffer 
etlhxicecl slresses causiiig it to deform further into the inelastic range. On unloadiiig to the initid load the 
matrix in the= regions will not return to its initial state due to irreversibility of the inelastic strain. On 
reloading to the previous nlaximurn load the stress state in the vicinity of the previously broken fibers will 
be diferent from the one that existed at the previous m i m u m  load. Also, due the exen&d plow of ale 
matrix at the maximum load, in the vicinity of the previously broken fibers, rime fibers than previously 
will he subjected to enhanced stresses. As a con of this, a fiber (or fibers) in the d f e c t d  zcsnc that 
did not break previously could break during the 
statistical because (1) the strength of fibers is s a large scatter and (2) a match between the renewed 
stress in a fiber in the affected zone <and its strength must bc found for fiber fai1ut-c to 

application. This process of €iiber faillires i s  highly 

N = I  
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Fig. 3.2. Mechanism of fiber failure in Region I. SQWCE: Reprinted with ~~~~~~~~~~ of VCH 
Publishers, Inc. 

For the composite failure to occur, a certain number of fibers in XI affected zone must fail to form ;a 
core of fiber failures connected by tlie cracked matrix such that the crack front thus foimed 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 impomnt i s  the fact that the prsgres- 
siveness of this process, which may be described by a rate equation, i s  questionable. In other words the 
number of cycles to failure associatcd 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 ai infinite number of cycles. This implies that if a load cycle that gives the fflaximum 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 fist application gives a maximurn strain less than the lower 
limit of the composite failure scalterband (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 rmtrix behavior. The matrix, on the other hand, undergoes a 
strain-controlled cycling that would cause fatigue crack initiation and growth in much the sane way as in 
an unreinforced matrix subjected to those cycles. Consequently, the mw-ix would crack at random sites 
within the composite volume. When such cracks meet fibers, further growth would depend on how effec- 
tively he m c k  fronts overcome these obstacles. At lower qplicd 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 
dhmcters, 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 fibcr would be dcbonded at the crack planes, as the matrix crack would 
grow around the fiber by dcbouding the interface. The cross-scctional view in Fig. 3.3 illustrates how the 
front of a fiber-bridged matrix crack could appear at various load cyclcs, indicating the lack of self- 
similarity in the crack front sllape. Also shown in that figure is the unstable (Le., uncontrolled) growth of 
the crack at certain load cycles, leading to the f ind  failure. 
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Fiber - bridged matrix crack 
Fig. 3.3. Mechanisnm of fiber-bridged matrix cracking in Region 11. Source: Reprinted with 

permission of VCH Publishers, Inc. 

In the fatigue life diagram (Fig. 3.1), Region I1 represents the rnanifestation of the fibcr-bridged 
matrix cracking mechanism. The sloping scatterband reflects the fact that as the maxkiim 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 lo7 cycles. The maximum strain in this region is too low 
Region III 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 illustxaiecl by 
Fig. 3.4. 
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Fig. 3.4. Mechanism of matrix cracking between fibers in Region 1x1. Sorrrce: Reprinted with 
permission of VCH Pul~lishers, Inc, 

The boundary between Region XI and Region IT1 i s  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, becau,se no fatigue of the composite can be expected if the matrix is not cracked. Thus, if the libers 
are of vanishing stiffness, the fatigue limit of the composite will tend to the fatigue limit of the niatrix, 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 rhe IBtigue himit of the composite. 

tension loading parallel to iibers just deschibed is based on tbe predominant (Le., governing) mcchanisnns 
operating in the regions. Other events would also be occurring alongside ehcse mechanisms but are not 
eonsidered to have significant effects on fatigue failure. As an example, matrix fatigue cracking would also 
occur in Region I but is no& expected to influence the failure of the composite. 

Fcatures in the coinposite fatigue behavior that can bc interpreted with the framework just described 
are as follows. 

1. Eflect ofjiher failure struin-As can be observed €om the faiigue life diagram (Fig. 3. I), reduc- 
ing the composite failure swain by selecting fibers of lower strain to failure would reduce the nauge of strain 
over which Region 11 extends. Indced, (an mazing result c<m be obtained if the fiber failure strain becomes 
less than the fatigue limit of the inatrix. 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 faillire strain. This effect will he i1lustr;Sted 'below by considering actual fatigue 
data. 

2. Eflect ofjiher sliflaess-Siiice Region TI of the fatigue life diagram is governed by thc fiber- 
bridged niatrix cracking mcchanism, thc fiber stiffness will have a pronounced effect on this region. 
Assuming that the rate of growth of the fiber-bridged crack i s  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 coniposites under tension- 
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power), it can be seen that Region I1 will appear as illustrated in Fig. 3.5, Thus, the slope of Region II will 
be increasingly steeper with increasing fiber stiffness. Also, since tfie magnitude of thc closing pressure on 
the matrix fatigue cracks depends on the fiber stiffness, their suppression to &he nonpropagating state, 
Region 111, is also gaverncd by the fiber stiffness. Therefore, the enhancement of the composite fatigue 
limit from the matrix fatigue limit OCCUTS illustrated in Fig. 3.5. 
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Fig. 3.5. Trends in fatigue life diagram induced by fiber stiffness and matrix ductility. 

3. Efect of nzntrh ductilify-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 wiU thus be subjected to increased strain, which will cause earlier failure of fibers than 
othenvise. 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 considcring 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 accountcd for in the Durability of 
Light-Weight Composite Structures Project. 
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Fig. 3.6. Matrix flow ab crack tip that muses crack-lip blunting, I 
separation, and fiber failure. 

3.3 FATIGUE DATA ANALYSIS 

In the following sections a large nunibcr of fatigue data collected from the literature will be analyzed 
using the fatigue life diagram concept. Tension-tension cyclic loading of unidirectional composites dong 
the fiber direction will be considered fist to illusme the use of the fatigue life diagrams. Effects of con- 
stituent propertics on the fatigue behavior will thereby he ckuifaed. A treatment of fiber architecture will be 
conducted by first considering the fatigue behavior under loading inclined to the fiber axis. Various lami- 
nate con~gurations-angle-ply, cross-ply, and combinations of the-will then bc ueated for further 
apprcciation of the fiber architecturc effects. ‘The class of woven fabric composiks, which i s  of pat ticular 
interest in repair and joining of automotive components, will be considered at the end of this section. 

3.3.1 Unidirectional Composites 

33.1.1 Loading parallel to fibers 

To illuslrate the significance of fiber stiffness (and the resultiog failurr: s~iain) on fatigue behavior, 
data for a glass-epoxy are shown iii Fig. 3.7. Note first that fatigue lives for composites of three different 
volume fractions fall within die same scatterband, while three different and separate scatterbands result 
when the usual suess-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 die 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, thc fatigue life diagram takes the shape shown in 
Fig. 3.8. The sloping scaiterband of progressive matrix and intcrfacial damage disappears, as the fatigue 
limit of the resin becomes unreachable. Thus, a logical interpretation of the fatigue diunage tolerance of 
ultra-high modulus graphite fiber campsites emerges. 
Figure 3.9 shows the fatigue life diagram of a high m ulus graphite-epoxy composite. The horizonhl 
scatterband (limited by 5% arid 95% failure probability levels) i s  unusually wide here, presumably due to 
poor quality of fibers andor composite, and the fatigue limit is  once again sct 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 i s  further out to die right than that for glass-epoxy conips- 
ites (Fig. 3.7). This i s  due to more effective fiber-bridging action by graphite fibers than i s  possible by the 
less stiff glass fibers. 

Data for a lower modulus graphite-epoxy corriposite are shown phlotted 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 Materials, 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 Composite Materia&, 
Chap. 2 (Fig. 6). OTechnonlic Publishing Company, Inc., 1987. 
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Fig. 3.9. Fatigue life diagram of high tnodulus graphite-epoxy under loading parallel to fibers; 
data froni Awerbuch and Hahn, 1977. Source: Reprinted from R. Talreja, F d g u e  of Composite 
Materials, Chap. 2 (Fig. 7). OTechnomic Publishing Company, Inc., 1987. 
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Fig. 3-10. Fatigue life diagram of lower niodulus graphite-epoxy under loading parallel ta 
fibers; data from Curtis, 1987. Source: Reprinted with permission of Elsevier Science, lnc. 

3.3.1.2 Loading inclined to fibers 

When loading is not parallel to fibers the fiberhatfix interface is subjected to normal and shear 
stresses. The interfacial region (interphase) initiates cracks under these stresses that tlien grow on repeated 
load application aided by irreversible dissipative processes at crack fronts. The mixed-mode crack growth 
in interfacial regions bCCQmes the primary progressive fatigue & m g e  mechanism. 

The role of fibers under loading inclined m tibers i s  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. 3.1 1. 
The fatigue life diagram for inclination angle 8 = 0" (Le., 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, Ihe mechanism for delaying the pro- 
gressive damage is also not effective. In the liniiling 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. 3.1 1. 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 VCN 
Pul)lishers, Inc. 

Test data for a glass-epoxy unidirectional composite subjected to tension-tension fatigue at various 
inclination angles have been reported by Hashin and Rotcm (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 Dharan 
(1975), is shown as a reference fatigue limit for 0 = 0". The fatigue l i t  for transverse fiber debonding was 
reported by Owcn and Rose (1970) for various composites of reinforced polyestcr 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 
an: 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, thar is, 0 = 0" and 0 = 90". 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 Rotenq 1973. Source: Reprinted from R. Talreja, Fatigue of Composite 
Materials, Chap. 2 (Fig. 11). OTechnomic Publishing Company, Inc., 1987. 
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Rotem, 1973. Source: Reprinted From R. Talreja, Fatigue of Coinposite Maferiak, Chap. 2 wig. 12). 
OTechnomic Publishing Company, Tnc., 1987. 

Fig. 3.13. Variation of Fatigue limit with inclination angle, €I, based on data of Haslnin and 
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3.33, Laminates 

A priinary motivation for constructing laminates is to achieve a desired combination and distribution 
of proprties. As far as the elastic response is concerned, well-established plate theories exist for making 
asscssmcnt 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 kninate configuration on the 
basis of fatigue pcrfonnance cannot yet be made. The design approach, instead, has been to select laminate 
configurations on the basis of stiffness and strength considerations and hen to ensure that these properties 
do not degrade unacceptably under fatigue. 

generate basic understanding of the h n a g e  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, laminatcs 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 

3.3.2.1 Angle-ply laminates 

This class of laminates [i.e. (H) orientation] is  widely used in filament-wound smctures. It is also 
suited for systematic studies of the “constraint effect” in kmiuates. For illustration of this effect, consider 
the fatigue damage of unidirectional composites under loading inclined to fibers. As discussed prcviously, 
the prcdominaiit 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 considcr 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 hcre. 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 (i.e., 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 distarice 
from thc 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 orientatioii 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 orienlcliions 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 undcr 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 inualaminar 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 clacking. The associated local delamination process is also affected by 
the ply constraint since the surface displacements of the intraply cracks arc 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 anglc-ply laminates. Fatiguc life data for angle-ply laminates of glass-epoxy with the off-axis angle 
(denoted by 8 in Fig. 3.14) of various values betwccn 30” and 60” were reported by Rotem and 

Under cyclic tensile loads of a constant amplirude, 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 niechanisms in unidirectional arid angle-ply 

laminates: (u) cracking from initiai flaw in unidirectional ply under loading inclined to fibers and 
(b) multiple matrix cracking in one ply of angle-ply laminate under canstraint of adjacent ply of 
opposite orientation. The intraply cracks cause delaminations along crack fronts. Source: Reprinted 
with permission of VCN Publishers, Inc. 
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Hashin (1976). The fatigue limits taken from their &ita 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 thc two sets of data gives a good illusIration of the constraint effect discussed previ- 
ously. A significant improvemcnt in the fatigue perfomice due to the constraint effect (or simply the fiber 
architccturc) 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 magnilude). 
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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 €or unidirectional composites (Fig. 3.12). Source: Reprinted from R. Talreja, Fatigue of 
Coniposite Muteriuls, Chap. 2 (Fig. 13). OTechnoniic Publishing Company, Inc., 1987. 

3.3.2.2 Cross-ply laminates 

This class of laminates [i.e. (ODO) orientiilion], 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 msverse 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 
thickiicss 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; the development (Le,, 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 I-Iahn (1989). Most studies reviewcd there have treated monotonic tensile slressing 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 danlage in (0, t)s laminate of graphite-epoxy reflected as Sbges I, 
11, and I11 in mod1.11~~ reduction curve. Source: Jamison et al., 1984. Reprinted with permission of 
.4merican Society of Testing and Materials. 

applied until a fairly constant spacing between cracks i s  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 horizonhl lines are the 
transverse cracks in 90" plies, an3 the vertical lines represent longitudinal cracks between fibers in 0" plies. 
These crxks initiate in Stage I but are fewer in number and shorter in lerrigth. l'hc 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 trrinsverse crack density and modulus under fatigue of (0, 90dS 
graphite-epoxy laminate. Source: Janlison et al., 1984. Reprinted with pernlission of Ainerican 
Society of Testing and Materiab. 
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Fig. 3.18. X-ray radiograph showing transverse cracks (horizontal lines), longitudinal cracks 
(vertical lines), and local delanlinations (shadowlike zones) in (0, 902)s graphite-epoxy laminate under 
Fatigue, Stage II. Source: Jamison et al., 1984. Reprinted with perrni.sion of American Society of 
Testing and Materials. 

roughly elliptical shape were found located around the crossover points of the two sets of cracks. 'Iliese 
delaminations appear as shadowlike regions in the X-ray radiographs (e.& 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 111 of damage was found 
to be dominated by growth and coalesecnce 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 f '1 ure. 

given cross-ply laminate does not exceed the threshold strain for multiple transverse crdcking, 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 h e  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 (Le., strain to rnultiple 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 YS 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 ~ r ~ ~ h ~ ~ e - e p ~ ~ y ~  data from Grimes, 
1977. Source: Reprinted from R. Talreja, Fatigue of CoinposiC Materials, Chap. 2 (Fig. 14). 
OTechnomk Publishing Company, he. ,  1987. 

mechanism discussed above in connection with tensile fatigue of unidirectional composites under loading 
parallel to fibcrs. In a cross-ply laminate this mechanism will also exist due to the prcsence of the 0" plies 
stresscd 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 (1 983). 
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 inmply cracking 
process in individual plies has been found to lead to a cracking state that is a generic property of she 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 teminatioii of the initial stage of damage 
development. Further damage on continued cycling occurs by local dcbonding 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 danage developments lcading Lo final failure. 

the rates of thc process. A pragmatic approach at present is, therefore, to search for trends in the €atigue 
lives induced by changes of ply orientations from a basic configuration. As an example of this consider 
three laminate configurations: a unidirectional; (0, +-4S),; and (0, +45, 90)s 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 havc been plotted together on axes of the maximuin 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 featurcs of the diagram discussed above are present. It is of interest to 
see that fatigue lives for (0, f45), and (0, &45,90), laminates fall within the lower part of the sloping 
scatterband of the unidirectional composite. This suggests that at relatively low slrains the progressive 

The complexity of the damage development process has not yet allowed a quantitative description of 
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Fig. 3.20. Development of damage in composite laminates. Source: Reifsnider et a1 (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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v)  

damage mechanism of maSrix cracking and the associated inlerlacial failure in unidirectional composites 
dominates and govcrns the fatigue life. At higher strains the deviation in fatigue lives of the two laminates 
from the sloping scatterband of the unidirectional composite may now be interpreled as due to the delami- 
nation growth in the laminates causing enhanced stresses in the 0" plies and the consequent lower fatigue 
lives. 

- \  Delamination at interlaced regions 0 
I 
I 

3.33 Woven Fahric Composites 

Woven fabric cotnposites are a useful class of composites, in particular for structures with large 
thickness. Little work on fatigue behavior of these composiles 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 GI1 fibers LYOSS over the warp tlbers. The crack dcnsilies increased with 
load cycling, and a uniformly dislribuled pattern of orthogonal crdcks appeared to develop. On further 
cycling, delaminalions 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 kminate 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, arid Chou (1987) tested an eight-hamess satin weave of graphite fibers impregnated 

The development of damage in the initial stage showed basically the same ffiitures 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 longitudiiial Young's modulus of woven fabric composite and cross-ply 
laminate of graphite-epoxy under fatigue; data from Scliulte et al., 1987. Source: Adapted with 
permksion of Elsevier Science, Inc. 
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The fatigue limit of the woven fabric kuninatr: was found at 0.62% strain as against the value of 
0.85% for the straight fiber cross-ply laminate. Although the reasons for this difference have riot been 
explored, i t  i s  likely that the cause lies in the reduced constraint to traiisverse cracking provided by the 
cwved fibers in the wovcn fabric camnposire. 

3.4 SHORT FlBEX COMPOSITES 

A substantial amount of work on fatigue of shopped-slrand inat reinforced polyester was reported by 
Owen and associates from 1967 to 1979 a id  has been summarized by Owen (1982). The material consisted 
of 50-mm glass multifilment strands randomly arranged in a plane and surrounded by a polyester resin. 
Flat plates of the composite werc made with a wet lay-up technique. Fiber straids could be observed by 
optical microscopy witiil transmitted light in thin plates. Combining this w i b  observations of polishcd edges 
of specimens the mechanisms of debonding and resin cracking were detected. Debonding of strands fro~n 
the matrix was the first rnechanisni observed in static as wcll as fatigue loading. The first group of strands 
to deboiid had fiber axes approximately normal ta the applied load direction. With increased load level or 
number of cycles of a maximum load, dehonding of strands deviating from the noimal to the load axis 
occurred. The debond cracks extended into rcsio-rich areas, causing resin cracking that grew with further 
load cycling, Figurc 3.23 shows when debonding, cracking, and separation of the specimen occurred at 
various stress amplitudes in a cyclic loading with zero mean strcss (Owen, Smith, and Dukes, 1969). It is 
noted that the stress threshold below which no debonding occurs may be Hsable as a conservative cstimatc 
of the fatigue limit. 

Fig. 3.23. Stress amplitude vs cycles for polyester-resin reinforced with chopped stranid mats 
of glass indicating onset of debonding and cracking under cyclic loading with zero mean stress. 
Source: Owen et a!", 1969. Used with pernlission of the Plastics Institute. 
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It was thought that improvement in the polyester resin ductility might &lay the onset and develop- 
ment of fatigue damage in the reinforced resin. A flexihilizing agent wils added to the resin to increase its 
strain to failure. The static suain 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 decrcase. However, it turned out that tlie strain for onset of 
debonding remained unaffected at about 0.3 % under static loading irrespective of the flexibilizer conlent. 
More importantly, the stress-cycle plols for onset of debonding (e.g.. that in Fig. 3.23) for all composites 
tested, with varying conteiits of flexibilizer in resin, collapsed in a single curve (or barid) 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 chapped strand mats and with hbric. Source: Owen and Rose (1970). 
Reprinted with special permission of Modern Plastics, 0 1970, McGraw-Hill, hc., 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 liber debonding. 

An investigation of fatigue damage in SMCs, was reported by Wang, Chini, and Suemasu (1986) 
[see also Wmg, Suemasu, ‘and Chim (1987)l. The material investigated is denoted as SMC-RSO and 
consists of chopped glass fibers of length 25.4 mm, calcium carbonate filler, and polyester resin. The fibers 
are raiidoinly oriented in the plane of lhe dicct 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 half as long here and 
arc more evenly spread rather than being clumped together as thick s~ands. enations of darnage 
were made by taking replicas of the specimen surface periodically during the cyclic tensile loading. The 
rcplicas were sputtered and examined in a scanning electxon microscope. 

tion. In a fiber-dominant region with fibers aligned with the loading direction, cracks appeared between 
fibers, also n o m d  to the loading directiou, md were limited io length by the interfiber spacing. De 
of fiber strands roughly normal to the loading axis was also seen. Typical micrographs showing thc cracks 
are reproduced in Fig. 3.25. All crack hypes were grouped together: for the purpose of statistical descrip- 
tions. This was achieved by a crack sanipling procedure where emcks 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 thc sampling statistics, distributions of the two parameters were derived assuming 
Weibull-type functions. The curnulative distribution function for crack length, denoted Fc(c), and its den- 
sity function fc(c) xe 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 oricn- 
tation, Ge(@ and ge(8). respectively, are shown in Fig. 3.28. The main observations of interest concerning 

Observations showed that in a resin-rich area microcrack formed nearly nonnal to the loading direc- 
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Fig. 3.25. Microcracking in short fiber reinfarced SMC-K50 composite: (a) cracks in resin- 
rich region and (ZJ) cracks In fiber-dominant region with fibers oriented at angle to loading direction, 
Source: Wang et al., 1987. Reprinted with permission fro 
and Associated Anisotropic Elastic Property ]Degradation ina K a ~ ~ ~ ~  Short-Fiber Composite,” 
J.  C O I ~ .  Mats. 2l,1084-1105 wig. 2). OTechiiamic Puhlishirig Company, Inc., 1987. 

“Analysis of Fatigue Damage Evolution 
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Fig. 3.26. Specimen of short f i lm composite with sampling line of length I parallel to axial 

direction. A crack intersecting the sampling line is described by length 2c and angle 8. 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 (Fig. 1). OTechnomic Publishing Company, Inc., 1987. 
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Fig. 3.27, Cumadative distribution function F,(c) and density function f,(c) of crack length at 
various cycles with ~~x~~~~~ stress of 60% of ultimate tensile stress for short fiber SMG-RSO 
coraiposite. Source: Wang et al., 1987. Reprinted with permission from "Analysis of Fatigue Damage 
Evolution and Associated Anisotropic EhsQic Property Degradation in 
Compo~ite,'~ J .  C o i p .  Mats. ;kl, 1Q84-llQ5 pigs. 4 and 5). OTechnomic Publishing Company, IIIC., 

~~~~~ Short-FibeP 

1987. 
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Fig. 3.28. Cumulative distribution function Go@) and density function ge(l3) of crack 
orientation at various cycles with maximum stress of 60% of ultimate tensile stress for short fiher 
SMC-HSO 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. Cump. Mats. 2J,10&1-1105 (Figs. 9 and 10). OTechnomic Publishing 
Company, Inc., 1987. 
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the microcrack geometry axe that most cracks remain <1 mm in length during fatigue <and that their orient,?- 
tions are mainly within 30” of the norrnal 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-consistcnt 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 
const;lllts than those needed to characterize the virgin state of the nraterials. 
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Fig. 3.29. Change in longitudinal YOUIP~’S modulus of short fiber SMC-RSQ composite under 

fatigue at maxiinurn stress of 60% of the ultimate tealsile stress. Source: Wang et al., 1987. Reprinted 
with permission from “Analysis af Fatigue Danlage Evolution and Associated Anisotropic Elastic 
Property Degradation in Random Short-Fiber Composite,” J.  Comp. MatsS. 2J, 1084-1 105 (Fig. 13). 
OTechnornic Publishing Company, Ine., 1987. 

Studies relatcd to fatigue of injection-molded reinforced tixrmoplastics have been reported by 
Mandell, Huang, arid McGany (1982) and by Mandell, McG‘my, and Li (1985). These autho~s have stud- 
ied growth of a precut crack under cyclic tensile loading. The plane of the precut crack was normal to the 
dominant fibcr direction, which was also the direction of loading. The materials tested were commercial 
injection molding cornponnds containing 30 to 40% by weight of glass or graphite fibers. ‘rbe matrix mate- 
rials were engineering thennoplastics, including semicrystalline Nylon 66, amorphous polycarbonate, poly- 
sulfone, morphous polyamide, and semicrys&lline yolypheaylene sulfide. The fibers were reported to 
seldom exceed 1 niin 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 dewribed as a fiber avoidance mode. Although differences were found from material to material, the 
dominant feature of the crack grow(h process was dcscribcd as a main crack growing in a zigzag pattern 
that avoided cutting through fibers and instead found local yalhs of lowcr resistance along the fibers and 
between the fibers. Local failurc zones wcre fomd ahead of the main crack tip. Thesc zoncs contained 
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isolated crazes or isolated shear yielding. It was thought that these zones coalesce and merge into the nlain 
crack. ‘he schematic in Fig. 3.30 depicts the fiber avoidance mode of crack growth with local failure zones 
ahead of the crack. The barid of width (or height) h about the crack plane is suggested by the authors to be 
characteristic of the inaterial microstructure and independent of the loading mode. ’The authors further 
suggest that only processes within this band govern crack growth (Le., a plastic zoiielike 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 permhion of American Society of Testing and Materials. 

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

da - = I\Km 
dN lnax ’ (3.1) 

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

For a zigzagging crack the measurement of crack length is not simple. The zigzag pattern observed 
an 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 my case, their crack growth data are reproduced in Figs. 3.3 1 and 
3.32. It is noted Uiat tile cnck 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 intcgraling Eq. (3.1). The slope of the S-N line on a log-log scale would then be &he inverse of 
the cxponent in the Paris law. Figure 3.33 shows the S-N data for unreitiforced aid reinforced polysulfone 
with the corresponding slopes indicated. ‘l’he deviation at high stresses is atlributed 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 libers 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 uItimate tensile 
strength (UTS) of a composite, deterrnincd by the tjber strength, geometry and volume fraction, determines 
also the fatigue streugth. The schematic of the relationship between fatigue crack growth and fatigue life, 
suggested by Mandell, M~Garry, 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 bean specimeiis of a thermoplastic Bisphenol A- 
terephalate/isophthalate copolyester, filled with a fly-ash filler with mean &meter 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, i t  may be 

The difficulties related to characterization of fatigue crack growth data in conlposites are illusIrated 
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Fig. 3.32. Fatigue crack growth data for unreiiiforced and injection-molded fiber-reinforced 
nylon 65. Source: Mandell et al., 1985, Reprinted with permission of American Society of Testing and 
Materials. 
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Fig. 3.37. Fatigue crack growth data for resin with 20% by weight filler. Source: Gadkarec 
and Salee, 1983. Reprinted with permission of Society of Plastics Engineers. 
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Fatigue crack growth data for resin with 30% by weight filler. Source: Gadkaree 
Reprinted with permission of Society of Plastics Engineers. 
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also affect this variation. The question is: what is the size of a representative volume elanent (RVE) within 
which the fiber distribution may be regarded as  atis is tic ally homogeneous? Even harder questions arise 
when darnage initiates and evolves under cyclic loading: what is the scale at which statistical descriptors of 
damage (e.& crack density) should be described and how do loc-al damage mechanisms affect the RVE 
size? Only through revisiting the basic concepts in association with systematic studies of microstructural 
damage-its initiation and evolotion-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 
arid a methodology for life prediction developed. 

3.6 MODELS FOR LIFE PREDIC'I'ION 

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 mechaiiisms and the associated ranges of operation. To quxititatively model the 
development of the mechanisms, appropriate mechanics of defoimation 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 noiitoughened epoxy). A model for this phenomenon 
is difficult to construct due to insufiicient understanding of the governing parameters of the stochastic pro- 
cess. An approach to sucli modeling belongs to the field of fist-passage problems (see, e.g., Crandall et al., 
1966). It may be recallcd 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 I1 

The underlying mechanism in this region is fiber-bridged matrix cracking. The essential parameters 
that should he included in any model of this mechanism are the rnatrix plasticity (or viscoplasticily at high 
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temperatures), the fiber elastic moduli and strength, the fikdmatrix interfacial characteristics related to 
debonding, and die residual stress state. Most previous efforts directed at modeling of the fiber-bridged 
matrix cracking have been motivated by the behavior of ceramic matrix composiks (Marshall et al,, 1985; 
Budiansky et ai., 1986; and McCarlney, 1987). There are significant differences between ceramic matrix 
composites and polymer matrix composites with regard io the matrix deformation, in particular the cyclic 
deformation and the interfacial debonding. 

3.6.3 Region 111 

This region is of interest for design of components for applications where fatigue damage Cannot be 
tolerated. ‘ h e  boundary of this region with Region XI provides the fatigue I h i t  beyond which failure can 
occur in what is considercd to be a finite life. The stniin values for the fatigue limit of the systems 
discussed above are in the range of 0.1 to 0.6%. These low values suggcst the need to investigate the means 
of iniproving this property. ‘his can conceivably be achieved if models are developed for the mechanism in 
Region 111. As disciissed above, etais mechanism appears to be inatrix cracking prevented by fibers growing 
to an unstable sme. The fatigue limit of the matrix material would thus be the lowcr bound to the fatigue 
limit of the composite. The fiber stiffness i s  a possible means of improving the cornlwsite fatigue limit, as 
discussed abnvc. 

3.7 CONCLUDING REMARKS 

This exposition has reviewed the fatigue behavior of PMCs with rcinforcernent in the form of long, 
continuous fibers in unidirectional and laminated configuralions, as woven fabrics, and as short fibers. A 
systeinatic schcme based on the underlying mechanisms of damage, which takes the form of fatigue life 
diagrams, has k e n  described for a consistent iiilerpretation of the fatigue data. The effects of fiber stiffness, 
riiauix ductility, and fiber architecture have been clarified and illustrated by interpreting fatigue data in 
acc~rdzmce with the fatigue life diagrams. For each region of the fatigue life diagram for the basic coiifigu- 
ration of a unidirectional composite9 modeling concepts have b e u  discussed. For shori fiber composites, 
the f r ac tu re -mcchan ic~-~a~~~  approach to fatigue has been discussed and scrutinized, and limitations of this 
approach have bccn noted. For composites of intercst in automotive applications, namely with CSMs of 
swirled fibers, the need to clarify the issues related to a e  relatioriship between local and global properties 
has beer1 discussed. It is expected that ~iiost methods applicable to homogeneous materials and to materials 
with oriented microstructures such as laminates would not apply to compositcs wilh swbrl mat 
rcinforccmenb. 
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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 micromcking. 
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 processcs and time- 
dependent, damage mechanisms to recorded, overall creep daia. 

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 rhe 
subject of ongoing research and is riddled with controversy. Furthermore, only tentative progress has been 
achieved in Ihe modeling of dunage in composite materials, even upon assuming linear-briltlc behavior. 
The major hurdle, which impedes meaningful progress in the latter endeavor, seems to be an inliercnt 
inability to establish physically meaningful damage evolution relations. 

meric composites stems to be hindercd 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 (I-Ialpin, 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 m e p  in polymeric composites pertain to laminates that consist of 
plies reinforced by unidirectional fibers, with much of the remainder devoted lo parliculate 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 arid relaxation response of Polymers within the lincar range of behavior was modcled with 

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

4.2 BASIC CONSIDERATIONS 

The diennomechanical response of polymers is understood in terms of and correlated with dieir 
molecular architecture. Polymers consist of long-chain molecules whose “backbones” are held togcther by 
strong chemical bonds. The individual long chains are joined by much weaker bonds to form tlie bulk 
polymeric mater. In addition, most polymers contain side groups made of shorter molecular segments. 
Unlike crystalline structures (as in metals) the polymeric molecules are not amayed in orderly fxhions and 
are therefore not tightly packcd, 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 sustaind mechanical loads, though more substantial creep occurs in therrnoplastics 
tlian in thermosets. 

The underlying creep mechanisms in polymers differ from those in metals. While nietal creep is 
dominated by dislocation motions and even& 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 enhanccd by die relative slippage beiween neighboring molecules. 

In all circumstances creep is greatly accelerated by temperature. The main causes for the above 
acceleration are a thermally induccd increasc in the free volume, which affords more space for molecular 
motions, accompanied by a rise in die agitationd energy for molecular vibrations and relxtive motions. 

53 
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A most dramatic increase in the creep response of polymers occurs around the “glass transition tem- 
perature,” T,, where the weak intemolwular bonds break down or h e  physical enmglernents among adja- 
ceue long-chain rnolccules loosen up, freeing the bulk polymer to sustain large configurational changes 
under relatively small. loads. Less significant transitions (denoted as “p’* md ‘Y’ tr;?nsitions, in contrast with 
the spectacular ‘W transition at Tg) occur at temperatures below Tg, when sufficient incrcments in the free 
volume allow less restricted motions of the side groups. 

PEEK resin and for a uniaxially reinforced graphitePEER composite loaded transversely to the fiber direc- 
tion, respectively. ‘l’he data are represented as creep compliance, which is the time-dependent aecp swain 
divided by the coristant applied suess. Note the sixfold increasc 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 rhrcefold 
incrcase 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 swains 
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Fig. 4.1. Temperature dependence of creep compliance of PEEK. Source: Xiao, 1987, p. 83, 
Adapted with pernrission 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 constmt 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. Bob Figs. 4.3 aid 4.4 me reproduced from an engineering 
text (Ashby and Jones, 1986). 

and relaxation of polynlers. Th is  phenomenon, denoted as the “lime-temperature analogy,” suggests a pos- 
sibility for accelerated testing of creep behavior. If the foregoing analogy accounts for the entire influence 
of ternpcrature, it implies that the time-dependent molecular processes at any specified (fixed) temperature 
level are identical to those at another temperature Icvel, 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 a.l-(T). 

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. 4.3. Modulus diagram for PMMA showing the glassy regime, the glass-rubber transition, 
rubbery regime, and regime of viscous flow. The cliagrarn is typical of linear-amorphous polymers, 
Source: Ashby and Jones, 1986. Reprinted with permission of Butterworth-seineanan, Ltd. 
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... 

However, in most realistic circumstances, temperature tends to cause modulus softening, in addition 
to the aforementioned acceleration of the titne 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 suess 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 A X - 2  (graphite/PEEK) composite (Xiao, 1987). 
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Fig. 4.5. Aging effects on creep response of polymers. Source: Struik, 1978, p. 33. Redrawn 
with author’s permission. 
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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 stif€ and elastic fibers the creep of the com- 
positc is controlled by the creep of the polymer. However, in the case of glass and Kevlar fibers (e.g., 
Charles, 1958a,b), which are themselves susceptible eo creep, the he-dependent bchavior of the composite 
encompasses the temporal responses of both fibrous and matrix phases. It should be recognized that the 
fibers would cause spatial nonunifonnity in the stress fields within the resin, activating nonlinearity at 
lower nominal levcls of applied stresses. 

In addition, as noted in Scct 4.1, the prescnce of fibers i s  most likely associated with the existence of 
a complex internal flaw structure that evolves according to its own time-dependent mcchanistic 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 necesmry to employ a “rheologically complex” con- 
stitu tive relation when attempting to relate concurrent he-dependent processes. 

4.3 MODELS FOR CREEP 

4.3.1 ViscoeBasticity~enersl Background 

The fiinckmental concepts that underlie the models for creep irn polymeric composiks derive from 
statistical considerations of configurations of long-chain segmcnts (Billmeyer, 19711; Rudin, 1982; Alkalis 
and MacKnight, 1983) as well as from nonequilihrium thermodynamics (Frigogine, 1967; deCroot and 
Mazur, 1984). 

models that corresponded to the mechanical rcsponse of series and parallel assemblages of springs and 
dash-pots. Subsequcntly, tliese models were reestablished from derivations based upon che syskmatic 
rncthodology of continuum mechanics (Biot, 1954, 1958; Schapery, 1964, 1966, 1969). The lattcr works by 
Schapery appcar to present a e  most useful linear and nonlinear viscoelastic modcl to date for a wide range 
of polymeric materials ‘and polymeric composites. 

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

The above concepts were rccast (Rouse, 1953; Bueche, 1954; Zlmm, 1956) into makinatical 

4.3.2 Linear Viscoelasticity 

Let {I) denote an input history and R (  I )  be the response to that input. Linear behavior is character- 
izcd by 

and 

R(c1) = cR{I) , constautc . 

Specifically, denote by D(t) the strain-response to a unit-step strcss input, nainely 

E{O 7 H(t)) = D(t) ; 

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

B{E :z II(t)} = E(t) . (4.4) 
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Then the linear viscoelastic response to general, time-varying strain or stress inputs E = ~ ( t )  or CJ = o(t) is 
expressed by the convolution integrals 

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

As mentioned in Sect. 4.2, “thermorheologically simple” behavior is featwed by a teinperature- 
compliance ;uld 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 Eys. (4.5) and (4.6) should be rewrittcn in tenns of “reduced times” 5 inslead of real 
time t. For the circumstances of fluctuating temperatures, T = T(t), this is accomplished by evaluating the 
reduced times 5 and 4 according to 

arid acknowledging the presence of thennal strains Et&). 

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

and inversely 

(4.7) 

(4.8) 

(4.9) 

In Eqs. (4.8) and (4.9) &th is the strain due to free tbernial expansion. In principle, this strain is also 
given by a convolution integral involving the history-dependent coefficient of thermal expansion 0: and the 
temperature input. However, in most circumstances 01 does not depend on lime, 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)b(S>=l . (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.& 
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 i s  worth mentioning 



viscoelastic boundary value problems. This method applies to most polymeric materials arid circumvents 
the need to perform Laplace Uansform inversion that, at least formally, i s  necessitated by the more general 
Correspondence Principle approach (TRc,  1955). 

According Eo the quasi-elastic approximation, denote the supposedly known linear elastic solution to 
a spccified boundary value problem with a unit-step input, IH? byRh(IH.Cij where Cij are the time- 
independent elastic moduli; then the solution to the same boun&uy value pro in linear viscoelasticity is 
given by R F .  = RFI [111,Cu(t)], where Ci.(t) are the corresponding the-dependent moduli. 

those in Eqs. (4.5) and (4.6). Note that the validity uf the quaqi-elastic approximation i s  restricted to inputs 
with limited fluctuations. 

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

The solution to fluctuating inputs foliows from R;ri”’ by means of suysrposition integrals akin IO 

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

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

then the corresponding viscoelastic composite quantity is givcn by 

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

tic responsc of the bulk polymcr does nor 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, thennorheologically complcx viscoelastic response is expressed by modifying Eqs. (4.5) and 

and 

(4.13) 

(4.14) 

respectively. 
The temperature-dependent functions b?(T) and gr-(?’) are denoted as “vertical-shift” fiinctions. 
Significant mathenlatical simplifications occur for creep compliancxes expressed by a power-law 

fonn, namely 

D(t)=D,-t-D, t” , (4.15) 

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

E* 

(A + t)“ 

E(t) = (4.16) 
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I1 turns out that the time-dependent response of most polymeric materials and many polyineric corn- 
posiles can be fit  by F ~ s .  (4.15) and (4.16). I11 view of tlie ensuing benefits for subsequent stress analysis 
and predictions of long-time response, it is advantageous to attempt to fit  data into those expressions. 

4.3.3 Nonlinear Viscoelasticity 

It has already been mentioned that the inodeling of iionlincar viscoelastic behavior of polymers and 
polymeric composites is subject to many current disagreements. While it is commonly agreed that slress 
enharices 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 Findlry, 1965, p. 321. Adapted with permission of Society of Rheology. 

Kilauss and Ernri (1987) atwibuled nonlinearity to stress effects on free volume, thereby relating i t  as 
a funclion of the spherical stress o k  00 Ihe otlier hand, observations that equivalent degrees of mechani- 
cally enhanced aging occurred under uniaxial tensile and colnpressive stresses led Sternstein (1976) and 
Myers et d. (1976) to conclude that nonlinearity is driven by shear, rather than dilatational, stresses. Tt is 
worthwhile noting that in some cases h e  nonlinear viscoelastic response of fiber-reinforced composites was 
successfully related to the octahedral shear stress (Lou and Schapery, 1971; Xiao, 1987). 

The nonlinear viscoelastic models of Schapery (1966, 1969) relate the nonlinearity by means of three 
stress-dependent functions (go, gl, g.$ and a stress-lime shift-Factor function aa. Although these four func- 
tions are constrained to depend on mathematically appropriate stress invariants, they contain-in 
principle-both shear and dilalalional stress components. 
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Fig. 4.8, Creep strains for FM-73 adhesive at various levels of  ax^^^ stress and data scatter- 
a d s .  Source: Peretz and Weitsnaan, 1982, Adapted with permission of American Iiwtitute of 

Physics. 

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

(4.17) 

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

Nonlinear thcnnoviscoelastic behavior is expressed upon replacing & with E - Eth 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, V arid V’ in Eq. (4.18) should also depend on both stress atid temperature, thus 
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The form of E¶. (4.17) is coilstwined by the fact that it predicts complete recovery of strains at suffi- 
ciently long times after the removal of external loads. This restriction can be removed by adding the term 
g3t to the right side of Fa. (4.17). 

Several spccific fonns of nonlinear behavior ace, 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,). 
Dillad et al. (1982, 1983) employed the form of Eq. (4.20) together with the results of Lou and 

Schapery (1971) to model tlie nonlinear viscoelastic response of composite laminates. Since the matrix in 
these laminates is subjected to combined stresses, the slress dependence of EO and in was expressed through 
T,,.~ instead of B. 

Finally, it is worth iioting that the nonlinear viscoelastic nnd 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 rLanges of stress and temperature employed 
in the latter works, it was pssible lo incorporate the separate effects of those parameters in product fonns: 
nmely, gl(o,T) = g,(rs)g,(T) (i = 0, 1, 2, no sunmiation on i), and a(o,T) = ao(o)aT(T). 

4.3.4 Viscoplasticity 

Another approach to Ihe inodcling of creep derives liom plasticity theory, which was applicd ini- 
tially to metal matrix composites. 1 Iowever, 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 c;Vang, 
Sun, and Gates, 1990) and to thermal effects (Suti and Wang, 1991). Kate dependence was included by 
mecans of an overstress model, as well as through a modified Bodier-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 &at the above single-pmieter 
rnodel applies only to composites that consist of unidirectionally reinforced plies, since the geotnetric con- 
straints imposed by such reinforcement are employed at the outset of the fortnulation. 

4.3.5 Fracture, Damage, and Durability 

Time-dependent material response gives rise to time-dependent crack growth. The two phenomena 
were correlated by Scjiapery (197Su,b,c) in the context of linear viscoelasticity theory. Accordingly, the 
rate of crack growth 4' in polymers is related by the expression 

(4.21) 

where R, is the stress intensity factor determined by the external load, D and v are the crcep compliance 
and Poisson's ratio of the polymer, while a and r represent characterislics of the fracture resistance. Specif- 
ically, 01 is the length of the damage zone ahead of tile crack tip, and r denotes the energy required to tear a 
ligament of damaged polymcric matter. 

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

In particular, for power-law creep D(t) = Dl tn [which is the sane as Eq. (4.15), but with Do = 01, it 
is possible to reduce Eq. (4.21) to read 
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where A contains r, a, v, and Dl and q i s  related to the power of n. 
Furthermore, FGq~ (4.21) yields nn expression for time-to-failure under constant load 0, of the form 

(4.23) 

Finally, Eq. (4.21) can also predict time-to-failure under rime-varying external loads, resembling a 
Miner-rule type of relation (Schapery, 197.5~). [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 Ghser, 1994). For 
unidirectional1 y reinforced polymcric 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 lincs arc listed in one of the above-mentioned review 
articlcs (Dillard, 1991). 

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

(4.24) 

where to is a characteristic time, UO is activation energy for failure, Y accounts for sensitivity to siiress, and 
k is the Bolzinan constant. ‘I’lie validity of Eq. (4.24) was demonstrated for several materials, as shown in 
Fig. 4.9 (after IJiurkov, 1965). 

An alternate form of Eq. (4.24) reads 

l o g $ = A - D o ,  (4.25) 

which agrees with tlie foim of Eq. (4.23). 

time-to-failure, 9, under fluctuating stress and tempcrature; 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 cvaluating the lifetime of unidireclionally 
not distinguish among disparate sequences of applied loads. 

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

Among the veiy few attempts to account for time-dependent damage in viscoelastic materials, it is 
worth mentioning the model presentcd by Suvorova (1985) in which the measwe 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 lifetime for A@, aluminum, 
and Plexiglas. Source: Zhurkov, 1965. Adapted with permission of Int. J .  Fract. 

IO"f 

¶he applied load. Accordingly, Suvorova introduces two creep compliances, L(t) and M(t),* associated wilh 
recoverable and nonrecoverable strains, respectively, and modifies Eq. (4-5) to read 

( P [ E ( O ]  = o(t) + [L(t-T)+M(t-z)]o(r)dt 0 < t < t *  , 

wilh 

t 
( P [ E ( t ) ]  = o(t) + J', L(t -Z) a(z)dt + t >  t * .  

(4.27) 

In the above equations +[e(t)] accounts for any time-independent nonlinearity that may occur in Ole 
response of the material, and t* is the time when E(t) attains its maxinlal value undcr tlle prescribed load 
history. ?he abovc choice oft* is based on the assumption that healing does not occur, and thereby all non- 
recoverable deformation is generaled during the stage of increasing strains. In some sense M(t) plays the 
role of g3t mentioned in thc paragraph that follows l5q. (4.19). 

Tile compliance M(t) is further related to an internal-variable damage paamekr w, which adinits a 
time-dependent character. Consequently, Suvorova (1985) establishes systematic expressions for time-to- 
fiilure atid fatigue life, which she correlates reasonably well with experimental results. 

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

4.4 EXPERMENTAL CIIAWACTERILATION OF CREEP RESPONSE 

4.4.1 Preliminary Tests 

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

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

within Ihc typical range of the time-dependent response of polymers as shown in Figs. 4.1 and 4.7, with 
scatter resembling that shown in Fig. 4.8. Ilowever, boh creep and recovery data are essential to the selec- 
tion and developmelit of a creep model. 

Anorher kind of preliminary dat& which are useful in determining thc range of linear behavior, con- 
cerns Lhe recording of strain &(t) under various values of constant loading rates; that is, o(t) = Rt H(t) with 

It can be shown that plots of e(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. l’he stress corresponding to point B in that 
figure augurs the onset of nonlinearity. 

Preliminary &ta on swirl mat composites (refer to Sect. 2.3) suggest that their creep response falls 

R = R , ,  R2, Kj ... (K1 < R2 < R3 < ... , say). 
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4.4.2 Characterization Tests 

In view of dte fact that creep of tlie vast majority of polymeric composites fits the power-law form 
listed io Q. (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 litnit of E(() as t + O+, the values of D, <md n can 
be determined by conducting creep and recovery tests. 'l'hese tests involve the step application, followed by 
the step removal, of a constant stress; namely, 

which results in creep and recovery swains of the form 

Do + Dit" O C t C t l  

Dl[t" - (t - tl)n] t > t l  
- = D(t) = 
0 0  

(4.30) 

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

(t - t , ) / t , ;  thereby the recovery compliance during t r tl(h > 0) is given by 
A separation bctween D, and n is obtained by considering the nondimensioilal lapsed time h = 

D(t) = 6(h)  = Dlt;[(h -t- 1)" - A n ] .  (4.3 I )  

Consequently, the plot of 

log 6(h) = hg(D,t;) + log[@ + 1)" - PI ,  (4.32) 

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

e(tl), &(t2), and E(tj), denoted by E ~ ,  E?. and &3, respectively, be the strains recorded at times tl < t2 < t3, 
with t2 = G. Then 

An alternative method to determine Do, D1, and II 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 = Dog). In a compressed-time dependence of the creep component, F4. (4.8) thereby 
yields 

D(t;T) = Do(T)+ Di .[t/ar(T)]" . (4.34) 

In this case, it can be shown h a t  the right-hand side of Fq. (4.32) will contain the added term 

-nlogaT(T) . (4.35) 

This enables the determination of a.#') from isothermal creep and recovery data at various levels of tern- 
perature T. 

For a thennorheologically complex response, the determination of the additional function hlfl) in 
Q. (4.13) requires the perform'ance of sudden tempenture-drop tests (Harper and Weitsman, 1985). 
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Similarly, it can be shown that crcep and recovery tests at various levels of constant suess are neces- 
sary and sufficient to cvaluate the stress depcndcnce of thc functions go, gl, g2, and a, in Eqs. (4.17) and 
(4.18) (Pereu and Weitsman, 1982), while similar isothermal data at various constmt levels of tempcrature, 
as well as sudden temperature-drop &ita, are required to determine the temperaturedependence of the 
above functions (Peretr. and Weitsman, 1983). 

The mechanical response of polymers exhibils significant statistical scatter; which is fmlher 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- 
teriiation. It is thereforc useful to separate out the’statislical effects due to inherent randomness in the mate- 
rial microstructure from the influences of mess aid 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 “suess conditioning” history, which was employcd for 
the creep charactcri7ation of automotive composites (Jerina et A,, 1979>, is  shown in Fig. 4.11. ‘I’ypically, 
the loadunloading sequence suffices for the characterization of creep for times not exceeding the duration 
of the conditioning history and for stresses below the lcvel of the conditioning stress, It is worth noting that 
data scatter remains even in conditioned specimens, as may be observed from the scatterb‘mds shown in 
big. 4.8. 
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Source: Jerina et al., 1979. 

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

‘l’he experimental evaluation of creep of polymeric composites is essential for the construction of 
constitutive models of their response. These models m y  coiisist 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 increasiag stress amplitudes and levels of ertvironmental exposure due 
to the onset of various tinie-dependent damage mechanisms, which are not considercd 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 lo 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 fonnats 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 Universiry 

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 
uansverse impact (impact velocity is perpeudicular 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 complicaled. Further simplificalion of the 
problem is desirable. 

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

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

Key impact responses m identified as 

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

l’he 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 (199 1). 

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 oblained so 
far are discussed. 

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 tile composite that, in turn, 
gives rise to the contact force plus the global deformation that arises due to the conlact force. 

modeled first. The classiczd 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 he 

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

Contact problems are highly nonlineax 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, sucli as permanent indentation, is to be considcrcd. For indentors ?.hat have irregular shapes, analytical 
solutions €or the contact problem would be prohibited. 

To ckciunveot the aforementioned difficulties, Ymg and Sun (1983) first proposed conducting 
indentation tests to obtain load-indentation ciiwes for loading, imloading, and reloading. Although they 
used only spherical indentors to test laminates of carbaideggxy composites, the procedurr: is suitable for 
other material systems and indentors of other shapes. 

The indentation test setup is shown scheniatically in Fig. 5.1. The linear variable differential trans- 
foniier (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 he  indentation. 
Such a setup allows the specimen to maintain a traction-free back surface as in most impact ksts. 

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, dial 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 ciirves depend on the maxhnm 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. 

5.22 Modeling Contact Behavior 

Thc classical IIertzian contact law between ai elastic sphere and ehsdc half-spacce is 

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

2 i - l  [ Et 

4 1/2 1 - V s  2 +- I-", k = - - K  
3 s  

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

In Eq. (5.2), K, 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 

-1 

k = - k  4 112 [7++-] 1-v,2 
9 

3 
(5.3) 

where E, is the transverse modulus of the composite. This expression is not very accurate, especially for 
high contact forces. 

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

Loading F = k a n ,  (5.4) 

Reloading F =  kI(a-Clg)P . 
For glass-epoxy and graphite-epoxy, they found that 11 = 1.5, q = 2.5, and p = 1.5 provided a good fit to the 
data. The permanent indentation q, can be written as a function of ~m as 

(5.7) 
ao=O if a,5a,, . 

The value acr is to be determined from the test data. 

specified; that is (for p = 1.5), 
The reloading rigidity k1 in Eq. (5.6) is determined if the unloading conditions (Fm, an, and % ) are 



(5 .8)  

An alternative expression for the permanent indelitation a. was proposed by T,an and Sun (1985) as 

or0 = sp(a, - up) I (5.9) 

where sp and ap are to be determined from indentatioii test data. It is interesting to note that % i s  linearly 
related to a,,. 

composite laminate indented with a 12.7-mm-dim steel indentor obtained by Tan and Sun (1985). 
Figure 5.5 is a typical curve for perinanent indentation % vs the maximum indentation a ,  [see Fq. (5.9)]. 
The model prcdictions are excellent. 

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

ORNL-QWG 95-2784 ETD 

1.50 

1.25 

1 .oo 

9.50 

0.25 

0 
0 0.02 0.04 0.06 0.08 0.10 

INDENTATION (mm) 

Fig. 5.3. Loading curve for [0/45/0/-45/0],, 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 (198’76) to describe the contact behavior 
between steel balls and SMC-R5O. 

5.2.3 Analysis of Contact l’robhm 

Contact problems have attracted the attention of many authors [see Johnson (1987)l. Of relevance to 
our interest here is  the contact between an indentor and a beam, plate, or shcll. Many authors [Keer and 
Miller (19831, Sun and Sankar (1985). Keer and Schonberg (1986), Sankar (1987 and 198911 have studied 
the effect of structural deflection on local contact behavior. In general, a flexible stnicture tends to result in 
greater contact areas and, consequently, higher contact rigidilies, 
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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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Fig. 5.5. Relation between % and a, (sp = 0.094, aP = 0.0167 mm). 
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Fig. 5.7. Drop-weight tower impact tester. 
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Fig. 5.8. Scheniatic pendulum-type impact tester. 
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Fig. 5.9. Cantilever-type iixrpad tester. 

5.3.2 Contact Force Measurement 

One of the nrost important parameters in impact response is contact force. 'I'he 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 tlie impactor. This is accomplished by 
mounting a force transducer (Tan and Sura, 1985) or an accelerometer (Lal, 1983) on the impactor. The sig- 
nal from b e  force transducer or the accelcrometer is recorded; from this record the contact force history is 
obtained. The direct method i s  simple because it does not require complicated structural analysis. 

qiacntly, structural analysis i s  performed to exkact the contact f ~ r ~  history based on die 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 ai 
that inflicts appreciable damage, this method is not recommended. 

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

5.4 IMPACT RESPONSE 

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

The nrdcls used in impact ,analysis cm bc categorized as 3-D analysis, 2-D (beam, plate, and shell) 
analysis, and analysis iising simple spring-mass models. Use of the 3-D elasticity niodel is motivated by the 
need to know local contact stresses, especially transverse nomal stresses and transverse shear stresses over 
the thickness of the plate. Most 3-D analyses resorted t~ the wse of finite elements (Sun and Lioii, 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 computatisnally very expensive. 

Except for the contact zone, out-of-plane norrnal stress is negligible, and the plate can be modeled 
accurately with a shear deformable plate theory, such as the MindlinRcissner 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). ' h e  Kayleigh-Kit2 method was employed by a few researchers 
(Qim and Swanson, 1990; Cairns and Lagace, 1989). In general, contact force as well as stresses outside 
the contact zone arc accurately described by the 2-D model. 

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

The simplest representation of the impact problem i s  the use of spring-mass models. The assumption 
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period of the lowest mode d 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 deternine coolact fOrCe 
history (Lal, 1983; Gaprino, 1984; Shivakumar et al., 1985; Sjoblom et al., 1988). 

5.4.1 Effect of Wave Propagation Through the Phte Thickness 

The notion that compression waves are reflected by a free surface into tensile waves may lead one to 
wonder whether wave propagation through thc thickless of the plate can be neglected, as in &he 2-1) mod- 
els. Since coinyosite phtes usually lack through-the-thickness reiiaforcemenl, the reflected tensile wave, if 
i t  exisls, may cause d&minatbn. 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 
irnpact load on a [05/905/05] graphite-epoxy composite laminate. The finite element method was used in 
the analysis. The contact pressure dishbution was assumed to be semicircular, as shown in Fig. 5.10. The 
lime variation of the loading is a half sine function with total contact time of 40 ps. 

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

Figure 5.11 shows the miisverse n o m 1  stress bu distributions at time 20 ps at various sections. 
The numeral labels indicate the locations of the scctions shown in Fig. 5.10. It is Seen that the n o d  strcss 
CT,, stays basically compressive, *and no significant terisile nomal stress is produced by the impact. Thus, 
for impzct 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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5.4.2 2-D Analysis of Inipact Respmse 

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

usually used for impact analysis. If the finite elerncnt method i s  osed, the equations of motion for the plate 
are given by 

To account fur ~ransvezse shea defomaeion in composite plates, MindlinReissner plate theory is 

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

where [MI is the mass matrix, [kJ is the stiffness matrix, {A)  i s  the nodal displacement vector, and { F) is 
the form vector that contains the contact force F,. The contact force should also <wtisfy the equation of 
motion of the impactor; that is, 

M,W,+ F, = 0 , (5.11) 

where 1\11, and ws are the mass and displacement of the impactor, respectively. In addition, the contact force 
F, is related to the displncerneots of the plate and hi: impactor with a chosen contact model in which inden- 
tat ion a is calculated from 

u = w , - A ,  (5.12) 

where A i s  the noclal displacemcnt of the targel at the impact point. 

(Chen and Sun, 1985; Obst and Kapmia 1992). 
The effects of geometrical nonlinearities have also been included in the finite element fomrulation 
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EXPERIMENTAL 

Figure 5.12 shows a comparison of the contact forces fmm a finite element analysis and from a Iow- 
velocity impact experiment obtained by Tan and Sun (1985). The target was 102- hy 152-nmm graphite- 
epoxy composite Im~inate 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 i s  the possibility of mul- 
tiple contacts. This W6a.s also found by many authors (e.g., Cairns and Lagace, 1989). 

0 200 400 600 800 
TIME (ws) 

Fig. 5.12. Transducer response histories from experimental and finite elenlent 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 impxt response. The following is a suinIlliiry 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 conl;\ct force i s  approximately propor- 
tional to the impact velocity. The contact duration i s  not affected by variations of impact velocity. 
Effcct of impactor mass-For the Same velocity, a larger mass would produce higher contact force and 
longer contact time. I Jowever, the incrcases 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 Rigidity)-Larger contact areas lcad to higher contact rigidities. 
Impact responses such as contact force and dcflection of the plate aftcr impact are not affected apprtcia- 
bly by contact rigidity. 
Effect of prestress-It is well known that pretension in a plate has a stif€ening effect, and precompres- 
sioo has a softening effect in plate hcnding. However, the fist  contact force (in the case of multiple con- 
tach in a single impact event) is not influcnced by prestress. In other words, the momentum traosferrcd 
from the impactor to the plate is not influenced by prestress. As expected, pretension would reduce tlie 
dcflection response, while precomprcssion 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- 
tant. Lighter materials tend to lower the peak contact force and produce more multiple contacts and 
more oscillatory contact force history. 

5.43 Spring-Moss Models of Impact 

Of particular interest to practical engineers is the class of impact problcms involving a large 
inipacctor 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 stalic 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 constant kp can be 
approximated by the static stiffness of the target at the impact point or by considering the stiffness associ- 
ated with the funchnental mode of free vibration. 

Many spring-mass inodels have been introduced by various authors (Eec, 1938; McQuillen et al., 
1976; LA, 1983; Caprino, 1984; Shivakumar et al., 1985; Sjoblom et al., 1988; Sun and Jih, 1992). ' I k  
most popular one is dcpicted in Fig. 5.13. This model has ~ W Q  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 targee bmed on the quasi-static deformation. 

ORNL-DWG 95-2794 ETD 

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

The equations of motion for the rwo-degrees.-of-freedoni system are given by 

kc(x2-xl)" = m s X l  , 

kc(x2--x1)" + k x =-m x 
P 2  P 2 '  

where n is to be the sane 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 
n 

F=kcan=kc(x2-X1)  . (5.15) 

Using the energy balance concept that the tolal kinetic energy of the impactor is equal to the m,wimuin 
deformation energy stored in the springs, we have 

where V, is the initial impactor velocity. At 6 = 6,,, and a = F = Fmax and 

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 mV2=F:ax . (5.20) 
P s o  

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-rreeom spring-mass model, the Contact 
duration is 

(5.21) 

5.4.4 Scaling 

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 Sank=, 1992). Sarlkar (1992) employed a dimensionless 
impact model for systematic Iaminates for which the governing equations were expressed in terms of some 
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dimensionless parameters. IIe nomalized &he mass, length, and time &miensions by the plate mass mpv 
lengtb a, and !he fundamental frequency of vibration m~ of the plate. He shoivebj that the impact problem 
coiild be described in terms of five dimensionless parmeters defined as 

(5.22) 

where ETs, To, kc are thc dhensionless impactor mass, impact velocity, and contact rigidity, respec- 
tively, md Dij a e  bending stiffnesses of the laminated plate. 

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

5 5  I,OW-VE&OCI'I'Y IMPACT DAMAGE 

D,unage in compositcs inflicted by impact takes many different forms, depending on the mziterial 
system, 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 bcnding. 
For low-velocity impact, damage may occur heneath the surface of ahe 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. 

5.51 Damage Inspection Methods 

Many existing flaw detection methods can be employed for inspecting impact damage in composites. 
Some methods such as ultrasonic scanning are nondesuuctive, and some we 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 ultrasoiiic scanning) work veny well. For SMC composites, in which impact 
damage is in the form of numerous small ci-acks, only an averaged damage area can be determined by these 
conventional rncthods. 

1.  Visual inspection-Some composites siicb as glass-epoxy, kevlx-epoxy, and SMC composites 
are Iranslum~~ Impact damage would change the degree of translucency. Using strong backlighting, the 
damage area can be determined by visual inspection (Malvern et al., 1978; Take& et al., 1981; Chatusvedi 
and Sierakowski, 1985). Visual inspection method5 are usually crude and capl be used only in cases with 
large daniage areas, such as delamination in composites. 

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

3. Ultrasonic scanning technique-Stress waves propagating through a solid can Ibe distorted by the 
pscsence of a flaw (such as a crack or an inclusion) in the path of propagation. The stress wave can k 
reflected, partially transmitted, or diffracted by the flaw. By analyzing the reflected and/or the transmitted 
wave, m d  comparing with the original wave, information about the si7e 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 obscrve damage directly or to photograph 

Ultrasonic C-Scan is the   no st frequently used ultrasonic scanning tcchnique in composites. It pro- 
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scanning and is very effective in determining sizable delamination. It usually canno& determine the precise 
location of the delamination crack. 

4. X-Ray radiography-When a penetrant such as diodobutane (DDB) or S-Teuabromethane (TBE) 
is injected into cracks in a damaged coinposite, 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 techniqu+A quite novel technique was developed by Freeman (1982) for scparasing 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 hnina-by- 
lamina basis. A combination of the dcply 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. 

5.5.2 Damage Modes and Mechanknm 

Failure in a composite, regardless of load, is the result of excessive stresses. Far 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 defonnation produces bending, transverse she<w, and membrane stresses. Among the compo- 
nent~ 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 stres.ws 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 tlie target. In gen- 

5.5.2.1 Laminates of unidirectional composites 

Laminates consisting of laminae of unidiectionally reinforced composite materials offer good 
rnultidirectional in-plane properties. ‘I’hey have beeii 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 consmction 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. 

2. 

Matrix cracking-There are two types of matrix cracks. Transverse shear cracks are produced by high 
transverse shear stress associated with the concentrated conwt force. They appear slanted against the 
plane of kmina 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. 
Delamination-As discussed in Sect. 5.4.1, if the impact contact area is small and the contact duration 
is long as compared with tlz time for wave propagation over the thickness of the plate, the conipres- 
sive wave produced by the dyrianiic contact canriot be reflected as a knsile wave of significant magni- 
tude. In other words, delamination in a composite plate cannot be induced by through-the-thickness 
strcss 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 iitterface. This phenomenon 
has heen discussed by many authors (Joshi and Sun, 1985; Sun and Rech:lk, 1988; to cite a few), 
Figure 5.15 shows delamination in the [O3lA/9O6/031 (Zheng and Sun, 1904). Symbol A in the layup 
indicates a thin adhesive film added to the laminate to suppress the uansverse-shear-er;ck-induced 
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Fig. 5.15. X-ray radiograph of impact damage in [03/k/9 do31 graphite-epoxy laminate. 

delamination. The horizontal. line indicates the bending crack in the bottoni 0" lamina. ' h e  vertical 
lines are tmnsverse she= cracks in &e 90" lamina. Note that the two dekminated regions may not be 
necessarily connected. 

Additional X-ray radiographs of debination for othcr stacking sequences of composite Lminates 
were provided by Finn and Springer (1991). 

Tr;Fnsverse-sPlear-ind~~~~ delamination is usually smakr in size as compared with that of 
bending-induced delamination. ahcse delamination cracks in different interfaces may cventually con- 
nect through transverse matrix cracks in thc laminae and form a spiraling staircase damage pattern as 
observed by Gosse and Mori (1988). 
Fiber breakage-Fiber breakage may occur in low-velocity impact if the impactor m a s  is large 
enough. 1,acal contact stresses may be high enough to crush the fiber. Another possible mechanism 
causing fiber breakage is fiber microbuckling 
impact. This sitnation is particularly severe for curved panels or shell structures. 

3. 

tine compression side of the composite plate during 
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55.2.2 SMC composites 

SMC composites are a polyester matrix reinforced with chopped-glass fibers about 1 in. long. The 
chopped fibers are ranidomly distributed in the plane of the panel. Thus, its mechanical propcrties can be 
regarded as transvemly 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 matend. 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 pm3.rait could not be absorbed properly by the panel to produce good radio- 
graphs. The ultrasonic C-Scan was also found inadequak due to the inherent material nonhomogeneity in 
SMC composites. They found a cr'wk enhancement method (by coating the damaged SMC panel with a 
black dye) very capable of defining the surface damage area on the front and b,xk 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 irnpact 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 experimenlally. 
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-RSO 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. IJnlike 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 slatic loading. 

Norman (1989) performed a comparison of delamination cracks produced by drop-weighl impact 
and by static three-point bending. He used a beamlike [905/0@05] AS4/3501-6 graphite-epoxy larninate 
clamped at both ends leaving a IO-cm span. The hnpactor mass ranged up to 3 kg. The drop heights were 
from 5 to 76 an. Figure 5.18 presents the relation between the maximum contact force (measured by a 
transducer) aid the resulting delamination crack length a. Coniparing with statically produced delamina- 
tion, the quasi-static nature of impact-induced dc1,unination is evident. 

low-velocity impact werc 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 inasses 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. 5.15. Young's modulus vs thickness change after impact in SMC-R5O composite. 
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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. 

5.5.4 Prediction of Impact of Damage 

An impact damage prediction consists of two parts: damage initiation and damage propagation. ‘he 
prediction of damage initiation examines a damage-free structure and predicts the conditions under which 
&umge is initiated. The predictiou of damage propagation excanines a structure with initial damage and 
predicts the conditions under which the initial damage would propigate. 

In order to predict damage initiation and damage propagation, suitable €ailure criteria are needed. 
Since different damage modes result from different failure mechanisms, it is expected that different f <u ‘1 ure 
cxiteria must be used for the prediction of different darnage 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 vefy clear failure modes: 
namely, intraply matrix cracking, delamination, and fiber breakage. For low-velocity impact, matrix crack- 
ing and delamination are of particular iniport;mce. The following failure criteria are for matrix failure and 
delamination failure. 

1. Matrix cmcking-Many failure criteria have been proposed for predicting failure in a composite 
lamina (Nabas, 1986). llie most commonly used failure Lriteria for matrix cr,xking 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 
foliows: 

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

Matrix tensile inode 6 2 2 2 Y  , 
Matrix compressive mode 6 2 2 I Y ‘  , 

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

Matrix tensile mode: E225:Y, I 

Matrix compressive mode: E*2<Y; I 

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

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

F 

Iiashin 

Matrix tensile mode (az2 + 033 > 0): 

1 1 1 
y (“22 + 0 3 3 ) 2  + 2 ( 4 3  - 022033)  + ( 4 2  + 4 3 )  . 

st a 

(5.23) 

(5.24) 

(5.25) 

(5.26) 

(5.27) 

Matrix compressive mode (oZ2 + c~~~ < 0): 

1 

([ - ‘1 (“22 + “33) + q- ((322 + 0 3 3 r  
1 
I- 

Y 2s, 

(5  ”28) 

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

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

Matrix compressive mode (022 c 0): 

(5.29) 

(5.30) 

Hashin’s failure criterion has been extensively used in the prediction of matrix cracking in 
cornposite 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 lhe considered lamina, and the stress components uscd 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 mauix cyacking. 

Delamination-Prediction of delamination growth in Composite laminates is the most important impact 
damage analysis. The occurrence of rnatrix cracks usually does not reduce the load-carrying capacity 
of the composile 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 impxt-induced delamination: the 
strength approach and the fracture mechanics approach. 

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

on the strength of material theory, those stress components that would contribute to the growth of 
delamination are identified. Then a failure aiterion 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 Pailure criterion used by them is expressed as 

(5.31) 

where D, is an empirical constant that must he determined by experiment. The superscript II indi- 
cates the ply helow the clela~nination and n + 1 i s  lhe ply above. In F4. (5.31), the average stresses 
in the (n+l)th ply are defined as 

Y* = Y if oZ2 20, andY* =Y' if q2 e 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, slresses must be calculated accurately, which often 
prompts tlie use of 3-D finite elements as in Choi and Chang (1992). Moreover, the fnct that 
stresses are singular at the delamination front also poses difticulties. 

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 

GZGc . (5.32) 

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

(5.33) 

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

and C;, 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); (31 an 
do not exist, as shown by Sun and 921 (1987). In using the finite element analysis to calculate Gp 
and Gn, a finite crack extension is usually assumcd. 

Salpekar (1993) also used the fracture mechanics approach in his investigation of impact-induced 
del'mina tion. 

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 irnpacts with a cylindrical inpctor. The delamination 
aack length vs the impact velocity from their prediction matched very well with the experimental 
results. Figure 5.19 shows the comparison in a [9O5/O5/9O5] graphite-epoxy composite b i n a t e  
obtained by Jih and Sun (1993). Sankar and Sonik (1994) proposed using plate theory to calculate 
swain 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 smbjeeted to low- 
velocity impact. In their double-plate model, they derived an expression for calculating the total 
strain energy release rate at the dehnination front a id  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 [W5/051W5] laminate (Type l a  
specimen) under drop-weight impact. 

Consider h e  delamination front c1c2c3 in Fig. 5.20. The encrgy released for a pair of nodes 
~ $ 2  over a crack extension Aa is 

(5.34) 

where i represents degree of freedom, and Fi, ui, and Fl, uf arc generalized forces and displace- 
ments at the bottom and top plates, respectively. 
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l--=--d* 
Fig. 5.20. Schematic double-plate model for delaminated plate. 

The total energy released for the delamination front extended from ~ 1 ~ 2 ~ 3  (and c;c;c!,) to 
ele2e3 (and e;e;e;) is 

(5.35) 

- 
The corresponding area for this energy released is A = Aa x c1c3; thus, the strain energy release 
rate at the crack front clc3 is 

(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 ~e 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. 
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5.5.4.2 SMC composites 

Impilct damage in SMC corn sites consists of numcrous small cracks with no prcfcmd orjenta- 
tions. In the darnage zone, the residiml material properties may vary [Gu and Sun (1983)l. Nevertheless, it 
i s  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 makc 
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 &?inage in SMC 

u=u,+pu,, (5.37) 

where p is a weighting coefficient; and 

1 - 2v 
u, = IC_ 4E (oxx 4- O y y ) 2  ; (5.38) 

and 

(5.39) 
l + v  

xx YY YY 
us = - 

6E 

Note that in the original paper by Gu and Sun (1987u,&), h e  expressions of U, and Us were misprinted. 

they found that tJa = 66 in.-lb/in.3 and p = 0.3. This indicates that the dilatational energy is more dcstruc- 
tive &an thc distortional energy. 

Failure was assumed to occur when U reached a critical value U,. For an SMC-R50 composite, 
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5.5.5 Parameters Affecting Dannage 

Enetic energy of the impactor cainot be used as a sole pmneter to gauge impact damage (Ilusman 
et al., 1975). Imp<wtor velocity and mass cannot be used as independent impact parameters either, although 
they we 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 Ldgxe et al. (1992). As reported 
by Jackson and Pw, (199219 fur large 111ass impacts at a given kinelic energy, impact force can be used as a 
sole parameter to predict the Inaxhnnum size of delamination. For small-mass (high-velocity) inlpacts, this 
coiiclusion is not valid. 

mechanics can be used to predict the size of delaminatiiorr. The effects of stacking sequence, geometry, 
bundary conditions of the target structure, and contact force can be evaluated by using the h-aclure 
mechanics models discussed in Secl. 5.5.4. 

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

5.5.5.1 Effect of matrix properties 

Marrix cracking and delamination are governed by the toughness of the matrix material. It is concep- 
tually obvious th3t composites wid1 tougher matdces would suffer less matrix c~~rcking and de1,mindtioo 
for Ihc same impact condition. This subjecl has been investigaled by many researchers. For example, Teh 
and Morton (1993) investigated nine composite material systems and found that brittle malerial systems 
have lower threshold vclncities and higher damage area growlh rates than toughened material systems. 
Dan-Jumbo et al. (1989) investigated four composites, including AS4PEEK and AS4/BMI 24-ply d4 
quasi-isotropic laminates. Thc impactor was a 7/8-i11, steel ball, Figure 5.22 shows the longitudinal section 
of the AWBMI specimen impacted at 21 in/$* Figure 5.23 shows the kmgiludiiial section of the AS4/IEF% 
spechen impacted at 29 d s .  AItliough impacted at a lower velocity, the brittle AS4/BMI cornpnsite exhib 
ited much more extensive m l r i n  crdckitlg and dclarrriiiation lhan AS4&%EK. 

Fig, 5.22. Damage in 24-ply AS4/BM I quasi-isotropic laminate subjected to impact of ?/%in. 
steel baiI at 21 mfs. 

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 litlle reduction in 
strength) would occur. However, Dan-Jumbo et al. (1989) found that at velocities greater than the threshold 
velocily, the composite with a tough matrix would suffer matrix ffdcking, delamination, and even fiber 
breakage. As a result, such a composite lends to lose its strength quickly as impact velocity increases. This 
behavior was also observed by Sun and Kecha)c (198X), who used thin adhesive films placed along the 
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Fig. 5.23. Damage in 24-ply AS WEEK quasi-isotropic laminate subjected to impact of ?/8-in. 
steel ball at 29 d s .  

interfaces of composk laminates. Adhesive films were found to he effective in suppressing delamination. 
IIowever, at higher impact velocities, e toughened lmiiilates suffered a greater drop in boh tensile and 
flexural strengths due to more severe fiber breakage. 

5.5.5.2 ~ ~ j ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ t  architecture 

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

Woven fabrics of high-performmce fibers are used as reinforcements u, 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 knd 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 h o c o ' s  Torlon matrix reinforced with AS4 woven carbon fabric. It is seen 
that die composite suffered massive fiber breakage, while rnar-iix cracking and debination were highly 
localized. 

OWL-PHOTO 8094-95 

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 Alper, 1987; KO and Hartman, 1986; and 
Gong and Saikar, 1989)" These types of composites are more capable of contairiing the spreading of impact 
damage, especially delamination. Their ability to retain compressive strength after hnp'act is good. How- 
ever, since the energy dissipation mechanisms in matrix cracking and dekunination are significantly sup- 
pressed, fiber failure may become more severe b n  in unidirectional laniirt?tes. This is usually displayed as 
a stoep drop in residual strength vs impact energy (Gong and S a w ,  1989). 

5.55.3 Rigidity of impactor 

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

In order to drastically enlianrce the effects of contacl rigidity, Cox (1987) used an impactor consisting 
of a 0.5-h-diam by O.S-in.-long solid steel cylinder capped wich a 0.5-in.-diam. silicon rubber hemisphere. 
A OS- in .  steel ball was also used as an impactor for the purpose of comparison. The mass of die silicon- 
rubber-capped impactor was about 1.5 times that of the steel ball. Beamlike [05/9Q5/05] graphite-epoxy 
laminate specimens were impacted to determine the threshold impact velocities at which inajor matrix fail- 
ure niodcs occurred. 'he test results indicale that the threshold impact velocity for inducing bending cracks, 
transverse cracks, aid delamination was about four times higher with the silicon-rubber-capped inkpictor 
ttlari that with the steel ball even though the former had a I q e r  mass. 

Early attempts nt predicting residual properties after inipact damage included correlating irnpxt 
kinetic cnergy with residual properties. Figure 5.25 shows the relation between residual tensile strength and 
impactor kinetic energy for difIerent specimen sizes b x ~ d  on the test data obtained by Husman e l  al. 
(1975). It is easy to see that for the m e  impact kinetic energy, residual tensile strength varies with speci- 
men size. Thus, impactor kinetic energy alone is not the controlling pmneter for residual strength. Test 
data on SMC by Chaturvedi and Sierakowski (1985) also indicated that overall impact damage area shouId 
not be taken as the only controlling pamrneler for residual tensile strength because the size (mass) of the 
impactor also affected the residual tensile strength F i g .  5.26). 
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Fig. 5.25. Effect of specimen size on impact residual strength (A-Sf4617 composite). 
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Fig. 5%. Effect of impnrtor size on degree of damage at constant damage area. 

Impact damage usually reduces the load-carrying capacity of the composite structure. However, 
reductions in load-carrying capacity are different for difkrent Beading cases. In this section, residual proper- 
ties aftcr impact are addressed arough the discussion of residual tensile srrength and residual compression 
strength. 

5.6J Residual Tensile Strength 

To estimate the residual tensile strength ofa laminate after impac?ct, it was generally assumed that 
impact-induced damage intr-oduces the same strength reduction as 
(IIusman et J., 1975; I A ,  1982). Since this approach does not usually consider the effect of delamination 
and its interaction with fiber l-,reak;age, a more rigorous approach is desirable. 

Recently Tian and Swanson (1992) used a 3-D finite element analysis to predict residual tensile 
strength dter impact clamage. In their model, both tlae surface crack and delamination were considered, 
while maUix 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 i s  not considered). 

equivalent hole or slit of a certain size 

5.62 Residual Compression Strength 

[Jnder in-plane compression, suength reductions are greatest for specimens with irnpact damage. 
Much effort has been directed toward uiidersmding the behavior of impact damage specimens under 
compressive loading. It was found that ccanapressioii-~ter-impa~t (CAI) strength can be significantly 
affected by the particular design of the test fixture (Prandy et al., 1991). For the same impact energy, dam- 
age i s  less extensive if the holding fixture i s  more flexible. Since the darrlage modes for CAI tests are local 
buckling (buckling of the sublaminates forined by impzct damage), delamination growth, ,and global buck- 
ling (film1 failure), it was observed that stitching through the thickness can improve CAI suength (Pelstring, 
1989). 

years. Because of the aforementioned dLarnage mocics 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 ofa 
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 arid cross-ply laminate under compressive loading. Klug et al. (1994) also 
used a plate finite element to analyze delarnindtion 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 Mug 
et al. (1994) for [(0/9O)JD/90,,/0,,] graphite-epoxy composite under uniform unidirectional compression. 
0, indicates the location of the embedded delamination.) 

ORNL-DWG 95-2808 ETD 
50 rnrn 

19.2 mm 
15 mrn 

0 

Growth Initiation & = 0.38% 

0 15 rnm 50 mrn 

Fig. 5.27. Delamination growth contours for [(0/Y0)fl/9O~~O14] cross-ply. D represents 
location of delamination. 
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6. ENVIRONMENTAL EFFECTS IN POLYMERIC COMPBSlTES 

14 Jack Weirstnun 

6.1 INTR0DUC”rION 

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 tk former focuses 011 molecular-level interactions and the latter is concerned with 
mechanical responsc. 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 circunistances associated with these subjects. ‘To begin with, poly- 
mers are highly complex materials that vary in structure and physicochemical properties, and polymeric 
coinposites adjoin an assortment of fibcrs with extremely intricate fiberlniatrix 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 iuterpllase mattes 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 expectcd from this review is the gaining of a cenzn insight into the various 
phenomena associated with fluids in composites and thc derivation of some guidelines toward evaluating 
their effccts. 

The kinetics of lluid 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 IIopfcnberg, 1972; Frisch and Stern, 1983) as well as several 
books (Crank, 1975; Ghez, 1988; Shewmon, 1983). 

The effects of fluid environments on the creep response of g0IyIna-s were studied intensively by 
several Russian researchers in the early 1970s. These studies are noted in a review arlicle (Maksimov and 
~Jrzhumstev, 1977). 

the mid-1970s with the advent of polymeric composires. Information regarding these investigations can be 
found in review articles (DeIasi and Whiteside, 1978; Komorowski, 1983u, 19830, 1983~. 1983d; Marom, 
1989) as well as in three volumes of collected works (Springer, 1081, 1984b, 1988). Nevertheless, until 
recently the issue of fluid effects on Composites has been considered of only .secondary importance for the 
following rer?sons: at the “low-tech” end, glass fiber coinposites were utilked 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 ptxfomnce. 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 irnrnune to solvents, and thc environmental exposures of practical con- 
certi were much less severe than those in tlle boating industry. 

applications conLeinplated for these materials, which combine severe exposures and tighter design require- 
ments. These new applications occur in riic offshore oil industry. in naval submersibles, and in the automo- 
tive industry. Since this overvicw focuses on concerns related Lo automotive applications, it is somewhat 
biased in that direction. For instance, it condns aspects of the corrosion stress cracking of glass and lists 

The interest in fluid sorption and fluid efi‘ects in polymers received a new impetus in the West during 

It appears that the interest in eiivirotunental effects on composites may be rekindled due to new 
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infomation regarding the effects of fuels and motor oils but omits reference to kevlar composites or to the 
detrimental effects of thermal spiking, which we characteristic to other applications. 

6.2 sowrmiv PROCESSES 

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

where I) is thc diffusion coefficient. 

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

Conservation of mass states that 

Combining F ~ s .  (6.1) and (6.2), we obtain the well-known 1-T) version of F‘ick’s law: 

(6.3) 

It should be noted that the above equations can be derivecl 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 (Ghcz, 1988). 

and 

an(=, t) = mb O < t < W ,  (6.5) 

which correspond to a constant initial concentaation and a fixed boundary concentration, respectively, in a 
phtc of thickness 21,. 

The solution of Eq. (6.3) with Eqs. (6.4) and (6.5) is well known (Crank, 1975) and is expressible in 
two well-knowu alternate forms (Crank, 1975)’ which can be written compactly. Accordingly (Weitsman, 
1981, 1991), the distribution m(x, t) is given by 

whcre 

c(x, t) 

1 - E(x,t) 

or and f(x, t) = fo(x,t,) = 

1 - c(x,t)  

q x ,  t) 

or (6.7) 



109 

In Q s .  (6.6) and (6.7) 

Do 

C(x,t) = 2 c - (-l)n+* cos (T) exp (-p: t *) , 
n=l p* 

2 where P', = (2n - 1)7c/2, erfc(z) = - Jr - exp(s2)ds, and t* = Dt/L is nondirnensional 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 dislri- 
bution m(x, t )  vs the nondimensional distance x/L at various nondimcnsional times, t* = Dt/L , is shown in 
Fig. 6.1. 

d2 
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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 temperalures, 
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 (Weifsman, 1991). 

The total weight gain M(t) is given by 

M(t) = jL m(x,t)dx . 
-1, 

(6.10) 

The detailed expression (Crank, 1975) is omitted for the sake of brcvity. The magnitude of M(t) is 
amenable to dircct experimental measurement. 
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For initially dry plates with constme ambient conditions, the plot of relative weight gain M(t*)hI(.) 
vs @ is shown in Fig. 6.2 [I* = D t L  i s  the nondirnensional time in F!s. (6.8) and (6.9)]. The above plot 
serves as a “baseline” for comparrison with actual data. 
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Fig. 6.2. Total weight gain M(t)M(m) vs J;“; aceording to Fick’s Law, with locations where 
departures frsna straight lines exceed 1%. 

6.2.2 Weight-Gaira and. Diffusion Data for Polymers md 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 prcdictions 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 
amihuted to the inherent time-dependcnt response of pdynners (Weitsman, 1990). On the other hand, mois- 
ture weight-gain data in polymcric composites exhibit departures from linear Fickim behavior (the curve 
derlnted LF in Fig. 6.4, which rcproduces the plot shown in Fig. 6.2) that are much more striking than those 
in Fig. 6.3. Such sevcre 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-Rckian” category in Fig. 6.3, and corresponds to the oftrn 
cncountered 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 i s  usually accompanied by large deformations, damage growth, material breakdown, andor mechan- 
ical failure. 

r d .  Most commonly, weight losses DCCII~ in conjunction with hydrolysis the sepxation of side groups from 
the polymeric chains, or the dissociation of matter located at the vicinities of fiberlmatrix interfaces. 

mcric composite material systems, it is impossible to suggest specific causes for thc disparate sorption pro- 
cesses typificd by the five weight-gain plots shown in Fig. 6.4. Mowever, a comprehensive review of many 
data suggests that curves 3 aid 4 in Fig. 6.4 correspond most frequently to sorption processes that occur 
under severe circurnstances, such as elevated temperatures, high external stresses, or exposun: to high 
levels of ambient solvent concentrations. These types of weight-gain data are encountered much Inore 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 ciirve 3 in 
Fig. 6.4 arc 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 assoei- 
ated with curve 4 in Fig. 6.4. 

Curve 4 accords with weight loss that is attributable to chemical or physical breakdown ofa rnatc- 

Because of the wide variety of polymeric molecular stroctures and the large diversity in the poly- 
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Pseudo-Ficktan 

p 2  ----t 

Fig. 6.3. ‘Won-Fickian” or 6‘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 curvet 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 systenr kpO§lXe 

Fig. 6.4 
Reference 

LF 

1 

1 andor 2 

LF 

3 

1 or2 

1.F 

LI: 

2 

4 

4 

4 

1 

T30015208 graphite-epoxy 

T300/5208 graphite-epoxy 

Epoxy anarad AS/3501-5 
graphite-epox y 

T300/1034 
(graphitelpolymer) 

T300/ 1034 
(gcaphile/polyrner) 

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

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 < 60°C 

T > 60°C 

Distilled water at 22%- 
7022; humid air and 
water imniersion 

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

Distilled water at 90°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 
'I'. Moblin, 1988 

T. Mohlin. 1988 

100% KH, 32°C 

100% Rrr, 50"c 

40% Rli, 65°C 

60% REI, 65°C 

100% RH, 65'C 

100% RII, 50°C and 65°C 
and 60% REI at 65°C 

100% RM, 50'C and 65°C 
and 60% RM at 65°C 

Distilled water at 23°C 

A. C. Eoos, G. S. 
Spl-ingcr, B. A. Sanders 
and R. W. Tung, 1981 

Springer, 13. A. Sanders 
and R. W. Tung, 1981 

Springer, '8. A. Sanders 
and R. w. Tung, 1981 

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

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

Springer, R. A. Sanders 
muad R. W. 'I'ung, 1981 

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

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

A. C. Lms, G. S. 

A, C. Eoos, 6. S. 

A. c .  Loos, G. s. 

A. C. 1.00s. G.  S. 

A. C. Loos, G. S. 

A. C. Eons, G. S. 

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

Type of weight gain 
data sketchcd in Material system Exposure 

Fig, 6.4 

I F  SMC-25, SMC-65, Saltwater at 23°C 
I_ 

SMC-30 EA 

4 SMC-25, SMC-65, Distilled water at S O T  
SMC-30 EA 

2 SMC-25,SMC-65, Saltwater at 50°C 
SMC-30 EA 

1 SMC-25, SMC-65, Diesel fuel at 23°C and 
SMC-30 EA 50°C 

1 o r2  SMC-25, SMC-65, Jet fuel at 23°C and 50°C 
SMC-30 EA 

1 SMC-25, SMG-65, Gasoline at 23°C 
SMC-30 EA 

1 

LE' 

4 

SMC-25,SMC-65, Aviation oil at 23°C: and 
SMC-30 EA 50°C 

SMC-R25 100% RH and saltwater at 
23°C 

SMC-K25 100% RH at 93°C 

LF SMC-R25 

2 SMC-R25 

I,F SMC-K.50 

4 SMC-R50 

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% R l i  at 
23 "C 

100% RII at 93'C 

A. C. Loos, G. S. 
Springer, B. A. SCmders 
and K. 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. Laos, G. S. 

A. C. Lms, G. S. 

A. C .  Ims,  G. S. 

A. C. Loos, G. S.  

A. C. Lms, (3. S. 

G. S. Springer, 3. A. 
Sanders, and R. W. 
Tung, 1981 

G. S. Springer, B. A. 
Sanders, aid 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 

4 

LF 

l o r 2  

4 

LF 

1 

4 

LF (?> 

4 

2 

LF 

1 

3 

1 

SMC-R5O 

SMC-RSO 

SMC-RSO 

SMC-RSO 

SMC-R.50 

Glass/epoxy diamine 

Glass/epoxy dieyandi- 

Gladepox y anhydride 

XMC-3 adhesive 

hardeuer 

amide hardener 

hardener 

XMC-3 adhesive 

T300/914 

Cured or undercured 
epoxy 

Cured or undercured 
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. 25-90°C 

52-10% RH, 90°C 

50% RH, water a i d  
saltwater at 23°C 

Water at 93°C 

70-.-98% RH at 5&70”C 

Water vapor at “low” 
tempera tures 

Water vapor at 
“intermediate” tempera- 
tures 

Water vapor at “high” 

Distilled water at 30- 

temperatures 

780’C 

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

G. S. Springer, Pa. A. 
Sanders, and K. 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. 
Sauders, ‘and R. W. 
Tung, 1981 

P. Bonniau and A. K. 
Dunsell, 1984 

P. Bonniau and A. R. 
Bunsell, 1984 

B unsell, 1984 
P. Bonuiau auld A. R. 

G. S. Springer, 1981 

G. S. Springer, 2981 

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

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

V. B. c;upta, L. ‘r. Drzd, 
and M. J. Rich, 1985 

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

A. Chateauminois, 
B. Chabert, 9. P. 
Soulier, and L. Vincent, 
1991 
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Table 6.1. continued 
I_ 

Type of weight gain 
data sketched in Material system Exposure Reference 

--. - Fig. 6.4 

3 

LF 

4 

1 

4 

1 

4 

1 

2 

4 

1 

LF 

s-glass-epoxy 

E-glass-epoxy 

E-glass-epoxy 

Epoxy 

Glass-epoxy and hybrid 
glass-c;u-bc,u epoxy 

Vinylester 

Vinylester 

s2 glass-epoxy 

S2 glass-epoxy 

Swirl mat glass/PPS 

GraphitePPS 

APCI-2 (grnphite/l'EEK) 

@Wepox y 

Hybrid CFkevlar-epox y 

Distilled water at W C  

Water at 22°C 

Water at 80-100"C 

Water at 22-10CT 

Water at 80°C 

Water 

Saltwater 

7.5% RH at 75°C-first 
exposure 

and third exposures 
75% RH at 75°C-second 

Hot water 

Nonimpacted and pre- 
impacted exposed to jet 
rue1 

impacted exposed w jet 
fuel 

Sea water 

Noiiimpacted and pre- 

Sea water 

A. Chateauminois, 
B. Chabert, J, P. 
Soulier, and Z,. Vincent, 
1991 

B. Dewimille, J. Thoris, 
R. Mailfert, and A, R. 
Bunsell, 1980 

B. Dewimille, T. Tiloris, 
R. MaiLfert, a i d  A. R. 
Bunsell, 1980 

I3. Dcwiniille, J. Thoris, 
R. Mailreit, and A. R. 
Burnsell, 1980 

N. Fukuda, 1986 

II. IIojo, K. Tsuda, 
K. Ogasawara, and 
K. Mishima, 1982 

H. IIojn, K. Tsuda, 
K. Og<%aw~a, Xld 
K, Mishinla, 1982 

S. Y. I,o, 13. T. IIahn, and 
T. T. Chiao, 1982 

S. Y. Lo, 11. T. Hahn, and 
T. T. Chiao, 1982 

A. Y. Lou atid T. P. 
Murtha, 1987 

C.X. M. Md, Y. H. 
EtuLUlg, and M. J. 

c.-c. M. Ma, Y. 11. 
IIumg, arid M. J. 
Clung, 1991 

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

Clang, 1991 

L. M. Manocha, 0. P. 
Bahl, and R. K. Jain, 
1982 
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Table 5.1. continued 

Type of weight gain 
data sketched in Material system Exposure Reference 

..- ..-... Fig. 6.4 

LF GlassNP Distilled water at 23°C G. Menges and He-W. 
... 

Gilschner, 1980 

3 Gla.ss/UP 

1 CFIcpox y 

Distilled water at 40°C G. Menges and H,-W 
and 6 0 V  Gitschner, 1980 

Y. Nkanishi arid 
6o'C A. Shindo, 1982 

Water and saltwater at 

1 Glass/polyester Water immersion at 60T R. J. White and M. G. 

3 Glasdpol yester Water immersion a6 60°C K. J. White and M. G. 

with s < 0.3 UTS Phillips, 1985 

Phillips, 1985 with s = 0.6 UTS 

LF EPOXY 97% RH, m with 
s < 0.45 IJTS 

M. C. Henson and 
Y. Weitsman, 1986 

1 AS413502 graphite-epoxy 97% RH, KT with M. C. Henson and 

1 AF126-2 adhcsive bond 75-90% RH, 1WO"C W. Althof, 1979 

s < 0.45 UTS Y. Weitsman, 1986 

line 

1 €3473 adhcsive bond line 75-90% RH, 10--4O0"C W. hlthof, 1979 

1 GraphiteE155 95% RH at 49°C D. L. Clark, 1983 

LF GraphiteEl85 95% KII at 49°C D. L. Clark, 1983 

1 Graphitep 155- 95% RH at 4 9 T  D. L. Clark, 1983 

... ___..... .._ graphitelF185 lay-up 

aDamage observed. 

Very few data are availablc regarding moisture distribution within polymers or polymeric compos- 
ites. Profiles were inferred from weight-gain measurements accompanying specimen sectionings (Althof, 
1979). Alternately, profiles of watcr within ASl3501-5 graphite-epoxy composites were recordcd by radio- 
active measurements of D20 at several times during die diffusion process (Whiteside et al., 1984). Typical 
results of the latter technique arre shown in Fig, 6.5, where recorded distributions are compared with predic- 
tions of linear Fickim diffusion, T u  spite of the Scaeter in the results shown in Fig. 6.5, they tend to combo- 
rate predictions that correspond to weight-gain data that follow curves 1 or 2 in Fig. 6.4 (Cai and Weitsmixi, 
1994). 

5.2.3 Causes and Models for Nom-Fickian Diffusion 

There is a host of possiblc re'asons for noli-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 thennodynamic state accounts for their inherent time-dependent behavior. ?be t h e  depen- 
dence is compounded by additional temporal phenomena such as aging (Suuik, 1978; Adamson, 1980), 
ongoing chemical reactions (Maksimov and Urzhumstev, 1977), and advancing cum '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 (b) 8 MONTHS 

(C) 15 MONTHS 

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 (YOOF) ,  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 
aid side groups is denoted as “plastickation.” This is an essentially reversible phenomenon that a 1 1  be 
accounted for by means of the time-dependent diffusion model discussed later. 

several review articles (Rogers, 1965, 1985; Sttnnett and Hopfenberg, 1972; Hopfenberg and Stannett, 
1973; Frisch and Stern, 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 t h e  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 considcrations, 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 t~on-Fickian sorption noted in climes 1 and 2 in Fig. 6.4 was traced to a 
time-depcmdent hhobiaidary conditiori 

(6.1 1) 

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

It has been shown (Weitsman, 1990; Cai and Weitsman, 1994) that solutions of Eq. (6.3) with initial 
condition [Q. (6.4)] and boundary condition [Fq. (6.11)] [instead of [Eq. (6.31 can account for IIOIP- 

Fickian weight-gain data represented by ciirves 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-Fickim 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 
immiobile, wbilc a remaining part, m, remains mobile and continues to diffuse into thc polymer. In analogy 
with the flux concentration gradient and conservation of mass Eqs. (6.1) aid (6.2), one o b t a h  

a 
D - -  - - ( m +  n ) ,  ax2 at 

(6.12) 

with the initial condition 1Eq. (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 i s  assimed to be governed by 

- an = ’pn- p n .  
at 

(6.13) 

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

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

All three foregoing circumstances predict the occurrence: of hysteresis loops whcn 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 saturatcd specimens subjected to drying are plotted vs time (or G). 
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 ;is diffusion occurs 
under increasing amplitudes of applied loads. Usually, these loops indicate a desoiption process that i s  ini- 
tially faster and subsequently slower than the absorption process-a circumstance that is conceptually con- 
sistent with the time-dependent rcsponse model (Weitsman, 1990). It may be woith noting that analogous 
hysteresis loops were noted in the transverse 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 chcmical reaction can introduce an inert substance into the host material9 in which ca.se 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 bosses (Crank, 1975). 

A model for diffusion an chemical reacriun that occurs at a moving front i s  represented by the 
thennal oxidation of silicon (Ghez, 1988) expressed by 

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

ORNL-DWG 95-2814 ETD 
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O2 0 I L ( t )  Y 

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

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

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

Assuming that c is linear in tlie oxygen concentration CI~,  

r = kCt 

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

L = kCL/Ci , 

and 

(6.15) 

(6.16) 

(6.17) 

(6.18) 

(6.10) 

If one further assumes linear distribution in x of C(x, t) in Fig. 6.6, then with some additional 
approximations it follows that for sufficiently long times L - t1’2 (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. 
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Moving fronts of chemically reacted matter were observed in the w e  of water-vapor-induced corne- 
sion of glass (Charles, 1958~)  and Jso  in glass fibers exposed to hydxmhloric and sulfuric acids as well as 
to distilled water (Ehrenstein axad Spaiide, 1984). The latter observations showed that the rate of etching 
depended an tcmperatbire, as may bc expccited for therrndly activated processes. Similar fronts, which sepa- 
rate reacted and nonreacted matter, were noted in glass-reinfoiced polyester exposed to sulfur, chlorine, and 
other substances (Menges and Gitschner, 1980) and in ncat APS/epxy mixturcs, with distinct APS 
(coupling agent)-to-epoxy molar ratios, exposed to water (Woh et aI.> 1990). 

Although none of the above observations of reaction fronits were accompanied by weight-gain or 
weight-loss data, such information i s  reported for the corrosion of gladvinyl ester composites reacting 
with NaOH and KCI solutions (Hojo et al., 1982). The foregoing weight-loss &!.a 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 m y  he relaled to weight gains along 
c w e s  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 irreversibble and would 
usually result in the leaching of matter and weight loss (curve 4 in Fig. 6.4). Alternately, hydrolysis may 
have the contrxy 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 onsct of hydrolysis may require some “incubation time” (Maksimov and Urzhumstev, 1977), 
which also depends on the foregoing pameters. 

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

als consist not only of fibrous and polymeric phases but also of fiberhatrix interfaces andor interphase 
regions. It has been argued (Drzal et al., 1982, 1983, 1985; Chpta et al., 1985; Rich and Drzal, 1988; Hoh 
ct d.? 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. rhesc differences may lead to substantial discrepancies in 
the amounts of solvent that are absorbed by the polymer and interphase, with larger absorption within the 
latler-especially if it is undercured (Gupta et al,, 1985; Jones et al., 1986; Iioh et al., 1990). 

trations of solvent in the bulk polymer and interphase matter a 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 we(&cn the interfacial suength and bring about interfacial cracking (Ashbee et al., 1967; 
Ashbee and Wyatt, 1969; Waltcr and Ashbee, 1984), which other investigators have observed as well 
(Menges and Gitschner, 1980; Fang, 1986; Weitsman, 1991). These interfacial cracks are sketched in 
Pig. 6.7. 

The effect of osmotic pressure may be compoiinded 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 foniialion of interfacial cracks, as well as voids, may be the primary cause for an increase in the 
mount  of fluid absorbcd 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 intercsting to note t h t  cyclic 
exposure to weddry environments increased the extent and mount of interfacial fiber/mmix cracks, and 
drying seemingly contributed more intensively to crack forination (Wcitsman, 1991). 

Wheii transport phenomena in composites are considered, it  i s  important to realize that those materi- 

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

Thc increased content of fluid in ihe vicinity of h e  fikr/matrix interface and the osmotic pressure 
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Fig. 6.7. Schematic drawing of moisture-induced fiberlniatrix interhcial cracks. 

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

Upon absorption, fluids induce expansional strains into the polymcr that are akin to thermal expan- 

per 1% weight gain (Adamson, 1980; Cairns and Adams, 1984). When it is compared with the coeffi- 
sions. Typically, the coefficient of moisture expansion in polymers, b, ranges between 2 x 

cient of thermal expansion, of typical value 01 - 2 x lW5 m/m/*C, we arrive at the rough estimate that the 
expansional strain due to 1% moisture wcight gain is equivalent to the el'€ect of aboul1oO"C ol' thermal 
cxcursion. 

In many circumstances fluids induce swelling only upon reaching some threshold value, say ml. 
'llius, the expansional strain is given by sH = p(m - ml). Typically ml= 0.1%. 

Tire coefiicient of moisture diffusion D is extremely sensitive to temperature and may increase by 2 
orders of magnitude with a temperature rise of 100°C (DeIasi and Whiteside, 1978; Shirrcl, 1978; IAoos and 
Springer, 1981; Grayson and Wolf, 1985; Iiarper and Weitsman, 1985). A typical value of D at room tern- 
perature is I) = L ) ~  - 10-7 mm*/s. 

and 5 x 

Temperature sensitivity can be expressed by an Arrhenius-type relation 

D(T) = Do exp (-NT) . (6.20) 

?he 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 incrcii~es with the square of the thickness, 
tsaturation L2 

On the other hand, for polymeric materials the coefficient of thermal dill'usion k - nun2/,. Con- 
sequenlly, 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 lo T. Moisture saturation 
levels depend on the ambicnt level of fluid (e.g., the relative humidity of water vapor) and to a lesser degree 
011 temperature and mcchanical stress. 

As will be discussed in more detail in the next section, Ihe viscoelastic behavior of polymers depends 
on fluid content. Since typical time-spnns 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, 1091; 
Douglas and Weitsman, 1980; IIarper and Weitsman, 1985). 
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4.4 FLUID EITECTS ON MECHANICAL RESPONSE AND MECHANICAL PKOPERTWS 

4.4.1 Elastic Behavior 

The expansional strains that accompmy the sorpdon of fluids induce residaial stresses within com- 
posite materials, Lvalogous to the thermal stresses that arise therein in the presence of geometrical con- 
straints. Essentially, thc.se residual stresses develop on the microscale, due to the rnisniatch between the 
properties of the fiber and the matrix, as well as on the ply/kminate level due to the discrepancies betwecn 
longitudinal and tratisvcrsc ply properties. The forinulation and solution of thcse stress fields in composite 
laminates for linear elastic behavior are given in standard texls (Jones, 1975; Agaawal and Boulrnann, 1980; 
Hull, 1981; Vinson and Sierakowski, 1986; 6ibson, 1994) and will not be reproduced herc. 

4.4.2 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 moislirre can be related by a “”lime-moisture 
superposition” (Mochalov et al., 1972; Maksimov et al., 1975, 19764 19768, 1972; Maksimov and 
Urzhurnstev, 1977; Crossman et al., 1978; Renton and 110, 1978; Ho and Schapery, 1981; EZaggs and 
Crossman, 1984; IIxpcr and Weitsman, 1985) similar to the well-known time-temperature superposition in 
thcnnovi~coelasticity. Accordingly, the cffcct of moisture can be fomulatcd by mcans of a moisture- 
dependent “shift factor” aI I(m), which is coupled with the temperature dependent shift adT). Though, in 
principle, the combined effects of moisture and temperature require a shift-factor function of the f ~ r m  
arII(‘IT.m), in many circumstances it was possible to coalesce creep data into a ““master curve” by the more 
convenient product foiin a.lH(T,in) = aSl.(T) aH(m) (Maksimov et al., 1972; Renton aid Ho, 1978; Ho atid 
Schapery, 1981; Harper and Weitsrnan, 1985). 

Typical moisture- and temperature-affected creep &zta for [+45”],, AS/3502 graphite-epoxy com- 
posites are shown in Fig. 6.8. These data were shifted to form the master CUNCS depicted in Fig. 6.9 with 
the aid of the shift-factor functions drawn in Fig. 6.10. 
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Fig, 624. Creep compliance S,, as recorded at varfa4us temperatures arid RHs, for [1.45]2, 
AS/3502 composite specimens witla (u) RH = 0%, (11) RH =: 75%, and (c)  W H  = 95%. Source: Kibler, 
1988. 
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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 AS13502 composite. Curves obtained by horizontal shiFts (parallel to the log t 
axis) of isotherm1 data. For (u) “dry” and (b) “wet” 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, 198-, while full tines are based on aTII = a p H .  
(a) KH = 75% a d  (b) R N  = 95%. Source: Harper, 19S3. 

For the circumsLxices shown in Figs. 6.84.10 the moisture and temperature shift factors are 
expressed by a.r(l‘) = exp@ - T/AI arid qI(m) = exp(-K,, m + IC1) with 3 = 45.81, A = 6.258, KO = 5.2, 
and K1 = 0.26, where T is in degrecs Kelvin and m in percent weight gain. 

Severdl viscoelastic solutions that account for rnoisture and tempcrature effects (Weitsman, 1977, 
1979; Douglas atld Weitsman, 1980; Haggs and Crossman, 1984; Harper and Weitsman, 1985) 
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demonstrate that viscoelastic relaxation accounts. for a behavior that dilkrs qualiiatively from an elastically 
predicted response. Specifically, upon subjccting a viscoelastic material bo a humid environment, and sub- 
sequently to a dry ambient, the swelling strains introducd during moisture absoqtion-which tend to 
induce compression within the polymer-arc followed by shrinkage caused by fluid withdrawal during the 
drying stage and a reversal in the stress amplitudes. However, since shrinkage is superimposed on tk 
rclaxed effect of the earlier swelling, the resulting reversal in slresses 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 sntumtcd resins (Browning, 1978) and composites 
(Jackson, 1984; Fang, 1986; Weitsman, 1991). 

The foregoing viscoelastic formulations and solutions are useful for analy Ling stresscs and, particu- 
larly, for dekimining dimensional changes due to creep in polymeric composites. On h e  other hand, it is 
important to recognize that the above methodology is restricted to linear viscoelastic response and applies 
to a limited range of strcsses, temperatures, and moisture content (Maksina~v and Urzhumstev, 1977). More 
significantly, linear hygrothemal viscoelasticity does not apply in circumstances that involve chemical 
reactions and does not account for clamage (Hull and Hogg, 1980). It would therefore be incorrect to utilize 
that theory in circumstances in which solvcnt weight-gain dah follow CUNCS 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, 1984a). 

noted on several occasions (Jajn et al., 1979; Jain and Asthana, 1980; Menges and Gitschner, 1980) that the 
creep response of wet composites may accord with l i n e s  hygrotbemal 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 swains occurs after certain incubation dmes required for the inception of additional mechanisms or 
reactions within the polymeric composite. 

The latter weight gains are associakd 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. 4.1 1. “Two-sfagP creep under extended expo313re 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 proccsses. In addition, it was remaked that sol- 
vents may degrade polymers and fiberhatrh interfaces by hydrolysis and chemical alack, induce osmotic 
pressure within interphase regions that contributes to the weakening of the fibedmatrix bond, and chemi- 
cally decompose the fibers themsclves-espccially 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 unidirectionally reinforced polyrneric composites (Hertz, 1973; 
Kaminski, 1973; Hofer et al., 1974, 1975; Verette, 1075; Browning et al., 1976; Ilusman, 1076; Dewimille 
et al., 1980; Shen and Springer, 19814. 

Typically, one observes degradations of between 25% and 80% in the strength of epoxies and reduc- 
tions between 50% aid 80% in the transverse strength of fibrous composites attributable to the effects of 
various fluids. The above m g e  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 ia E-glass/polyester SMCs 
(SMC-RSO) correlated with moisture weight losses, which accord with curve 4 in Fig. 6.4 (Springer et al., 
1981). 

Though no informadon is avaibible about the detailed nature of degradation mechanisms in 
SMC-R50 caused by water, it is interesting to note that distinct degradation mechanisms were observed in 
E-glasslplyester SMC compsites exposed to chemical solutions. Acids induced stress-corrosion cracking 
within the fibers (Somiya and Morishita, 1993a), while alkalines degraded the fiberlresin interface (Somiya 
and Morishita, 19936). The latter circumstmce 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; I-Isu and Chou, 1985; Shcard a id  Jones, 1086). This 
susceptibility is noted by the formation of pits on the surface of glass fibers irnmerscd in water (Ashbee and 
Wyalt, 1969) and in sea water (White and Phillips, 1985) and by the progression of strcss-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, 19586; Aveston et al., 1980, 1982; Bailey et al., 1980; 
Dewimille et al., 1980; Kelly nnd McCarmey, 1981; Aveston and Sillwood, 1982; Jones et al., 1982; Ilisu 
and Chou, 1985; Sheard and Jones, 1986; Castaing et al., 1993; Chateauminois et al., 1993). As shted ear- 
lier, the corrosion of glass fibers is delineated by a sharp front that separates he yet intact core from a11 

outer, corroded, concenUically 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-@failure under static fatigue of polyestedglass composites iinmersed in sea 
water suggest the existence of two-stage mechanisms (White and Phillips, 1985), as depicted in Fig. 6.12, 

While carbon l ikrs are largely irnniune to solvents, glass fibcrs are highly susceptible to chemical 
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Fig. 6.12. A semilogarithmic plot of load P YS 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 Gitschncr, 1980). 

The foregoing two-stage mechanisms in the evolution of failute under static fatigue were observed 
also in R-glass-epoxy specimens exposed to distilled water (Chateauminois et al., 1993). These mnechanistns 
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 h e  incidence of random fiber failures 
attributed to the statistical distribution of the initial flaw popuhtion. The subsequent gradual increase in 
times to failure under lower levels of external loads is deemed ta reflect the progressive failure wihlin the 
composite as broken fibers transfer thek loads to intact neighboring fibers. ‘1 his interpretation may differ 
from the aforementioned incubation-lime suggestion. 

For glass-fibcr composites, static fatigue limits correspond to about 50% of their “insmtaneous’~ 
static slrcngth (Aveston ct al., 1980; Chateauminois et al., 1993). Obviously, the durability of polymcric 
composites exposed to fluids is affected by temperature (Charlcs, 1958b), since it is governed by thermally 
activatcd proccsscs. 

Swirl inat 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 e k  strcngth and stiffness (Lou 
and Mnrthg 1987). 

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

Upori drying, compnsiees regain a portion or the entire value of their original strength (Phillips et al,, 
1978; Dcwimille et al., 1980; Spriiager et al., 1981; Manocha et al., 1982; Drr.al et al., 1985). The amount of 
recovery depends on the cxtent and kind of irreversible damage caused by the prior cxposure to solvents. 

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

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

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

6.4-4 Solvent Effects on the Fracture Tougl~ness, Fatigue Response, and limpact Resistance of 
Polymeric Composites 

The fracture toughness of composite materials depcnds 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 fiber/matrix interfacial bond. It i s  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 tlbers. 

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

However, in some specific circumstances the prcscnce of fltlids may dr‘matically increase the frac- 
ture toughness of composites, as occurs for mode I delamination of unidirecdonally reinforced graphite- 
epoxy double-cantilever beam specimens icninerscd 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 fiber/ma&rix interfaces caused by 
sca watcr activated a phenomenon of fiber bridging across the crack surfaces. 

Patigue response is characterized by the fanliliar S-N diagrams, exccpt that composites exhibit larger dMa 
scatter than metals. The S-N data are described by empirical expressions, and altempted 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 Tdreja 
(1981), where S-N data were converted from sltess 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, dcnote the faliguc limit 
swain and static failure strain of the composite, respectively) was motivated by the fact that during fatigue 
the various pliascs (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 swain criterion, then E - N diagrams would 
account more closely for its fatigue response. ‘ h e  foregoing selection seems natural in accounting for envi- 
ronrncntal 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 lo expect that, in the least, the fatigue limit corresponds to a 
physically meaningful value of E=,. 

The horkontal band about E, in Fig. 3.1 rcpresents failure strains bat are independent of the number 
of fatigue cycles N. These lailures are attributable to the randorn distiibution of initial llaw sizes within the 
composite. Ant lower swain levels, the sloping band of failure strains E vs N corresponds to a progressive 
failure process within thc composite where the weakening caused by localized Eailures is  taken up by intact 
regions until the interaction and coalescence of growing cracks reach critical lcvcls that result in failure 
after N fatigue cycles. The lower horizontal band about E = E, in Fig. 3.1 corresponds to a sufficieiilly low 
strain level, possibly a matrix property, which is commensurate with the fatigue limit. 

In a variety of circumstances it was ohscrved that fluids shorten the fatigue life of glass fiber 
(Phillips et al., 1978; Aveston et al., 1980; Dewirnille et al., 1980; Lou and Murtha, 1987; Ymg 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 (Saridifer, 1982). In addition, Ihe presence of water may 
affect the failure mechanisms that evolve during the fatigue process (Morton et al., 1988). 

It is reasonable to assume that dl the aCorenientior1ed fluid-induced mechanisms lhat degrade the 
strength of composites operate also to shorten the fatigue life of those materials. Nevertheless, tliere exist 
two additional degradation mechanisms that are specific to fatigue. l’he first involves the synergistic inter- 
action between the fluid sorption process and fatigue-induced damage; namely, a profusion of niicrocracks 
that opens capillary paths for fluid ingress (Jones et al., 1984). This mode of fluid peoetration is order of 
magnitudes faster than the diffusion process and subjects the composite to accelerated degrzdauon (Kosuri 
and Weitsman). The second mechanism involves the synergistic destruction of interfacial fiberlmatrix 
bonds caused by their cyclic mbbing under fatigue loading. ‘lle introduction of fluids into the composite 
enhances the above phenomenon, since fluids act as lubricants (Joncs et al., 1984). Evidence for the 
smoothing and polishing of fiber/mntrix interfaces due to moisture abound in the literature, but only cir- 
cumst,mtial evidence exists at the present lime, 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 espccially 
under immersed conditions, when capillary action is highly accentuated. 

The effects of fluids 011 the impact resistance of composites contain the contradictory aspects that 
hold for fracture toughness. In view of Ihe fluid-induced weakening of the fiberlmatrix interfacial strength, 
the impacting object may engage a Iarger volume of fibers in the absorption of the kipact energy, thus 
resulting in improved impact resistance (Strait et al., 1092; 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, 1W3). On the other hand, irnpact-induced damage 
may enhance the arnounls of absorbed fluids within the composite under subsequent exposures and lead to 
long-term degradations in residual mechanical propertics (Ma et al., 1991). 

Fatigue of cornposite materials is the subject of much ongoing research (Senkckyj, 1990). The 

All the “wet fatigue” data noted thus far were obtained for specimens with prior, but not concuncnt, 
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6.5 CONCLUDING REMARKS 

Goad basic undeistaandings, accompanied by adequatc predictive methodologies, are available to 
account for sorption mechanisms that arc akin to linear Fickiarn diffusion md for the incorporation of fluid 
effecb wirhin the scope of elastic and linearly viscoelastic material response. Unfortuilately, those under- 
sta;-?ndiogs are inadequate for predicting the more inu-icate, yet crucially important, matters of durability and 
strpugth of composites, since no comprehensive formalism is available to account quantitatively for the 
multitude of materials and circumstances in a maiiiea that may be applied to a specific case of interest. 

What emerges from this review i s  the realbation that practical design considerations must &rive 
from an adequate data base specific to each composite material system. An assessment of the significance 
of nuid effects can be obtained by recording their weight gain within the composites. Significant departures 
from linear Rckian predictions portend serious degradation in mechanical properties and should become 
the subject of detailed study and microscopic ex,mination. Furthermore, careful consideration should be 
given to circumstances when mechanical loads, temperature, and solvetits 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 INTKODUCTION 

Advanced composite structures, because of their superior strength-to-weight ratios arid resistance to 
corrosion, are finding application in many structural areas traditioimlly reserved for metals. IJnlike their 
metallic counterparts, however, the fracture properties, modes of failure, etc., of composite materials ilre 
much less well known; this promotes overly conservative design by structural engineers and partdy offsets 
the weight advantages enjoyed by composites. One striking example of the differing response of metals and 
coniposites to the presence of flaws is that, for the latter, 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 deIm.)nStrabk initiating flaw can be found, while areas with known discontinuities may survive. 
Thus, the definition 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 rnelals are not 
applicable to composites. To offset this disadvantage of the latter materials, phenomenological. models, 
often based on observed correlations hetween composite behavior under stress and some measurable 
property of the smcture, 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 fre- 
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 rmtrix 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 p o r  cross-liber strength, have been largely supplanted by various iypes 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 tl~e plane in which Ihe anticipated 
stress will act. Unfortunately, the intentional misalignment of structures whose intrinsic elastic syimneuy is 
typically orthotropic, or even of struciurcs whose symmetry is transversely isotropic, produces a product 
that, from the standpoiut of an elastic wave used io probe the composite, is horribly inhomogeneous. This, 
in turn, means that Lraditional methods of NDE cannot generally be applied with reasonable success to the 
evaluation of composite malerials. 

with respect to the wavelength of the probing elastic wave, the material can be adequately represented as 
anisotropic mher than inhomogeneous, and the former chamcteristic 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 NIX of composites, mitigated by the recognition 
of their enormous potenlial and many advantages in lightweight, high-strength applications, there has been 
intense effort in the last decade to devclop new and more promising methods of assessing the integrity of 
these advanced inaterials 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 swle small 
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universally applicablc to all composite designs. The literature already reflects a schism between techniques 
for "thick" (i&, on the scale of a wavelength) composites and those for which the ply-or  total-thickness 
is comparable to or sinallcr than a wavelength. Within each subdivision, the development of new composite 
materials generally demands new research to ascertain, or devebp, the most effective nondestructive tecta- 
nique for assuring the integrity of the structure. 

For virtually all types of advanced composites, i t  has keen recognized that the properties of the fiber- 
matiix interface are critical in dctermioing the response of the S&UCtUiC to applied Stress or in predicting 
remnant life. Paradoxicdly, perfect bonding between fiber and matrix may not represent the most deskable 
m a t e d  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 thaE 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 tbc energy released 
during crack growth in the matrix. 011 ?he other hand, if the fiber is totally disbooded from the matrix, thcn 
the formes absorbs no crack propagation energy and the strengtb falls to that of the mtrix alone. Ma?tiInum 
Streilgtb is reached when part of the crack propagation energy is dissipated in breaking the fibermatrix 
bond. For these materials, therefore, the ultimate strength of ai: composite is very stroiigly dependent 011 
the properties of the fiber-matrix interface. On the other hand, total separation of ihe fiber content from the 
matrix will clearly prejudice the strength of all types of composites. Nondestmctive techniques developed 
to monitor or assess the slate of the fiber-matrix bond will Oius have two goals. In order of increasing diffi- 
culty of inip'iernentrltion, they arc to (1) indicate, either through appropriate modeling techniques or through 
empirically developed relationships, the correlation between fiber disbond fraction aid some measurable 
response of the material to NDE and (2) demonstrate the ability bo assess-and perhaps predict-strength 
and rcmnant life nondestructively by detecting changes in the fiber-rnafrix bond conditions, including 
changes that do not necessarily include complete .scpmtis>n of the fiber. 'Be  kiter cmdition i s  particularly 
challenging since weak, but continuous, bonding between fiber and matrix is difficult to distingfiish from 
strong bonding by conventional nondestmctive techniques. Which of the two goals just described is most 
imporhot, or adequate, for a given composite depcnds on the nature of the structure. For typical fiber-resin 
composites, determination of the fiber dicbnd fraction may be surficient, Tn brittle matkx composites, on 
the other hand, the dtimate goal should be to determine nondeswuctively the strength of the fiber-matrix 
bond, not just the presence or absence of bonding. 

Of concern in dl types of composites is the detection and quantificadorn of damage. Like many other 
aspects of composites, damage can assume several foms. In some applications, impact damage may be the 
priniary method of material degradation, In others, chemical or environmental damage may predominate- In 
still others, for example, in the case of composites used as t Jx  external covering for aircraft, beat damage is 
the method of attack that is of principle concern. Each of these types of <lamage produces a characteristic 
alteration in the properties of the composite and may be most memblc to detection by a paticolar NDE 
technique. For example, impact h i a g e  i s  usually localized in area bu? often distributed throughout the 
thickness of a composite- Consequently, it may often be detected by fairly conventional NDE approaches, 
namely, G-scans. Chemical and environmental damage m y  be diseributed in area but bc cither 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, parlicularly in the early sages before delamination occurs, is 
confined to the surface and characteristically produces little change in the elastic behavior of the composite, 
though the strcngtb is compromised. Finally, if the damage occurs principally through cyclic fatigue or 
creep, then the changes in thc composite an: mmifestcd through matrix cracking 'and fibermatrix dchond- 
ing, which may OF may no& be readily detectable by conventional W E  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 p ~ ~ i ~ p l g r  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 conecnmtcd pd- 
marily on reliable ~~~ethods  for detection of clamagc. The vast body of work has k e n  conccmd with dcvel- 
opment or adaptation of linear techniques for composite evaluation, hiat reccnt 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 IWE in composite evalua- 
tion from that of a tool merely to detect and image internal darnage 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 techniqucs 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 propagalion to the evaluation of materials. ‘I’hese techuiques rmge 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 proprties, it should 
be noted that the propagation behavior of elastic waves in any material can yield, nondesuuctively. 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 thiu nature of many composites nieans 
that only the in-plane moduli can be obtained by tensile testing. On the othcr h,and, the propagation of an 
elastic wave through the thickness of such a sarnple yields direclly thc 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 miple  or from both surfaces*. These techniques, which arise from lin- 
ear theory, often involve generation d types of ultraconic waves [e.g., surface acoustic and Lamb waves (to 
be described shortly)] other than the familiar bulk waves. 

mechanical propcrty testing, consider the case of the urethane swirl mat composites described above, Ten- 
sile testing has provided estimates of the in-pl,ane elastic constants, but no estimate of ttle through-thickness 
properties mi be obtained in this manner. On the other hand, ultrasonic waves can be propagated in the 
through-thickness direction with ease. Both compressional arid transversely polarized shear waves can be 
generated in the sample. In the case of an isotropic medium, thcre i s  a very simple relationship conriecting 
the velocities of these two types of waves and the engineering constants (Krautr3mer and Krctutriimer, 
1990): 

As a very simple ex‘ample of the utility of nondestructive techniques to complement cotiventional 

E =  2p( l  -I- CT) , 

where V, is the measurcd shear wave velocity, V, is the compmsional wave velocity, p is the materid den- 
sity, p is the first I-ame constant (also known as the diear modulus), h is the second Lame constant, (z is 
Poisson’s ratio, y is the mtio of shear wave to compressional wave velocities, .and E is the Young’s inodu- 
lus. If one measures the two wave velodtics Vt and VI, the complete elastic behavior of the material is 
known, provided the material density is  also availablc. 

fice to characterize its elastic proprlies. Assuming that the fiber orientation is essentially random, the 
The swirl innt 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 (19931, Karirn et al. (1990), Mine and Chen /1988), Kline et al. (1991), 
Kline and Sahay (1992). Mal et al. (1992,1093,1994), Nayfeh and Chimenti (1988b), Kohldin and Wang (1989), 
Rohkliri et al. (1990). Rohklin and Chimenti (1990), Rose et al. (1987). Thompson et al. (1975), Wooh and Daniel 
(199 1). 
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matciid should exhibit transversely isompic behavior, with the plane of isotropy corresponding to the 
sarrayle plane. Th is  assumption can also be checked nondestnaetively. For such symmetry, the velocity of 
the shear wave along the symmetry axis (through-thiclmcss) is independent of wave polarization, Hence, 
rotation of the transducer while observing the UansiE time of the wave will reveal no change with polarka- 
tion. For orthotropic (or othcr) synnme@y, however, the wave velocity will vary as the transducer is rotated. 
For all of the samples available to us. no variation in the wavc velocity with polarii-ation was noted. I lene,  
the assumption of transverse isotropy seeins justikd. For this symeetrj, fivc constants are necessary tu 
chxacterize the elastic behavior fully. ?be full clastic stiffness matrix with h e  relationships for the engi- 
n6xesing constants follows: 

2 ’  
.- .- ~ 

CII + c12 

c33(c , l  + C1*) - 2CI3 
s33 

where Sij is the comglimce matpix, the inverse of the stiffness matrix, Cij. ‘The through-thickness Young’s 
moduh.~s, Ej, thus requires S3,, which in turn requires C, 1 ,  C12, CI3. anrd CP3. 111 measuring the ultrasonic 
velocities in the ehI.ough-tbickness direction, we obtain C3, (and C4d direclly. At this point two options 
exist: (1) measure nondesmctively the remaining constants, including the km-plane values, using the tech- 
niques described in the group of references cited earlier oc (2) use the in-plane vducs determined by tensile 
testing to provide the other siiffnesses needed to deternine S33, and thus E3. In the present case, C11 was 
available bur not the off-diagonal terms. If we simply e~imploy h c  isotropic model described earlier, hat is, 
if  we neglect the misutropy of the sample, we can deternine *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 
___...._ ..... _I_ ... .__ 

Vl vt P Shear modulus Poisson’s Youa1g’s nnodulus 
(g / cd )  ( G W  ratio o r d s >  .._ ..... .... (kds)  

2.49 1.21 1.51 2.22 0.34 5.95 
1.43 1.48 3.02 0.26 7.61 2.51 ...__I__ __. ...... 

The values for the f ist  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 eo aLmost 28%, although part of this difference is undoubtedly attributable to errors in 
measuring the shex  wave velocity in the second sample. (Note that the variation in this quantity is about 
18%.) We then measured the other samples using the niorc accurate technique, and the results yielded an 
average Young’s modulus of about 6 GPa. Ibis is cornpaable to, but slightly lower than, thc 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 smctures is the ultrasonic C-scan. In 
this approach, elastic waves m 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 molF: strongly than the amplitude, and 
the presence of damage at different depths within a composite can be distinguished if he-sensitive rather 
than amplitude-sensitive techniques are applied. Hence, it is becoming commonplace to acquire and digitize 
the time-of-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 niodulus. In metals, “damage” 
i s  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 inany 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 tcchnology has a long and extensive history. Many of the more recent 
examples of this approach utiljl2 computer conlrol of the scan process and danalysis 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- 
transducer, through-transmission arrangement in which one transduecr acts as transmitter and the second, 
positioned on the other side of the sample, a5 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 atlenuation 
or velocity. For this report, this and all other figures are depicted in gray scale.) The sample is about 33 mm 
wide by 150 nim long, and the bright, drcular area near the left is a manufacturing mark, apparenlly 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. ‘me variations seen throughout thc 
length of the sample are typical of composites, which are notoriously heterogeneous. 

Figure 7.2 shows the results obtained when time-of-flight (velocily) is acquired rather than ampli- 
tude. ‘fie mold mark is seen much more readily, and the sample appears much more homogeneous th,an 
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 dependenr 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 conlent 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, the .u l t s  were far 
less dramatic. The percentage change in velocity in the anomalous region w& considerably less tkm was 
the percentage change in transmission amplitude. 

The examples given previously did not involve acwal damage to the specimen. The molding mark 
was detectable simply because it was a region that was slightly thinner and much smwther than the adja- 
cent, as-fabricated areas, and the resin-rich area, while probably prejudicial to the integrily of the specimen, 
did not represent damage. We had availablc, 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 notable feature is a very 

.._I___ 

*Biu-Coben et al. (1993), Bashyam (19901, Blodgett and Ruddell(1992), Buyiiak and Moran (1987). Buynak et 
al. (1989). Daniel et al. (1987). Daniel and Wooh (1989,1990), Frock et al. (1988), Rubcr et al. (19881, Martin and 
Chimenti (1990), Michaels et al. (1993), Murphy et al. (1Y90), Murri et al. (1987), Rogovsky (1991), Simpson and 
McClung (19841, Skitier and Lindsay (1994), Thomas and Odegnrd (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 sliowing molding mark (bright circle at left of image), 

PHOTO YP20698 

Fig. 7.2. Through-transmi-sion 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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Pmro YP20695 

Fig. 7.3. 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 malerial is sufficiently thin (-3 m) to transmit some light, holding the specimen up to a 
strong light revealed more extensive internal clamage that was not visible in reflection. 

The specimen was first examined ultrasonically 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 nomall material hetero- 
geneity was p r .  We therefore switched to a pulse-echo mode of examination h which a single transducer 
was used to insonify the specimen and to de&ct the energy reflecxed 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 msmis ion .  Because the acoustic impedance of this particular swirl mat composite is 
only about 2.5 times larger than that of water, more thm 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 enswres that 100% of the energy striking the 
back surface of the sample will be reflected back toward the receiving transducer. This arrangeinent 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 h t  damping of the broadband ultrasonic transducer, which 
enhances the higher-frequency content of the speLZrum at the expense of lower frequencies, iocreased the 
discrimination betweeri damage and normal heterogeneity, as was expecrcd. With these changes, we 
scanned the impact sample a second time, arid Fig. 7.4 shows the esults when the transinittcd 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 belween 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 darnaged 
area, corresponding well to what could be seen visually when the specimen was illuminated from behind by 
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PHOTO YP24Wl 

PHOTO YP21000 

It 
ition). 

Fig. 7.5 P~lse-eclno 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 froan a different source 
than damage and are not significant.) Since the sample thickness did not appear to change in the impact 
region, a reasoliable conclusion is that the varying depth of the clamage produces a greater contrast in the 
velocity map than in the amplitude map or that the effective modulus of the sample (and therefore the ehs- 
tic wave velocity) is altered by impact. The first of these conclusions is supported by observation of the 
behavior of the mnsmitkd signal in the affected area. When the wmsducer was passing over the damaged 
region, the signal was seen to shift in time as well as distort in form, due both to &he distribution of daniage 
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. 

7.2.2 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 accumuktes. 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 malerial. By monitoring both velocity and attenuation, il 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 cotnposite. The m3terhl was 
developed for use in an energy-storage flywhcel for alternate power automobiles. The flywheel was com- 
posed of layers of staggered orthotropic plies in an alphaply arrangement, which yielded a smcture that 
was transversely isotropic macroscopically. The flywheels were subjected to high-speed (up to 43,Wwrn) 
rotation in a staged sequence for which the maximum rotatiorul rate was slowly increased. After each 
increase, the wheels were evaluated nandestructively, and tbc velocity and altenuation of elstic waves 
wen determined at nunierous poirrts on the wheel. 

For a11 unconstrained rolating disk, it can be easily shown that the stress varies quadrdtically with 
radius. This was conlinned by the ultrasonic results. figure 7.6 shows the variation in longitudinal wave 
velocity as a function of radius after fdtiguc testing. The solid curve is a least-squares fit to the &zta 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 prdicted quadmic dbtri'nution of stress along the radius. The ordinate gives the pcr- 
cenrage change in ultrasonic velocity rcfc@rcnced to the zero-stress values measured before spiri iesting 
began- Note that the velocity chmged by almost 6.5% maear the hub of the ~aihecl, where the stress is highest. 

The single-frequency attemmion dah acquired at a relatively low frequency of 1 S MWz, also 
reflected the accumulation of damage iadially. Table 7.2 shows the resullt.5 oktained at each of the four 
radial measurement positioos (averaged over 12 circumferential positions for each radius) as a function of 
test cycles. A cycle included a spin-uga from zero to some lower rotationad. rate, a holding time at tkar lower 
rate followed by spin-up to a higher rotation me,  another holding t h e  at maximurn revolutions per 
minute, then return Zn h e  lower rate. The cycle number5 given in the table are the total number of such 
a c l e l ~ ~ a ~ i o ~ d e c e l e ~ A t i ~ ~  cycles. The tilaxhum rotational m e  was held cooasmt thmughont thc tests so 
that the flywheel saw an unvaryisag maximtun stress. 

Average valucs for each ring 
~~ 

4 
II_._ 

Cycles 1 2 3 __ _ ............. ~_II . 

0 44.95 1.1 44.8 1.0 45.5 k 0.8 46.2 -s 1.6 
9Q9 48.5 f 1.2 48.0k 1.0 47.3 r 0.8 46.8 -t 2.7 

2,500 48.8 f 1.5 48.4 k 1.6 47.9 It: 1.2 47.2 -t- 2.7 
5,000 51.7 -t- 2.5 50.6 k 1.4 49.3 I 1.5 48.9 f 5,0 
7,235 53.7 k 3.1 51.8 It: 2.0 53.5 k 1.9 48.2 -1- 6 1  

49.3 f 4.11 49.6 k 1.7 
.......... - ......... II__ -11__ __ .....__I 10,ooQ 53.9 d- 3.3 50.2 k 1.9 

In ring 1, the ring closest to h e  hub and therefore subject to the greaiest stress, the single-frequency altcnu- 
ation increased by 9 dB as the testing progressed, while the outelmost ring expricnced only a 3-dB 
increase in elastic wave attenuatioaa. 

with iiltPasonic velocity. At higher frcquuencics, however, an entirely different phenomenon was noted. 
According to tbcory, therc i s  a critical radius outside of which &he stress is too low to initiate cracking in bhe 
epoxy matrix (however, some damage will still occur even in low stress areas hecause of flaws arid irregu- 
larides present during fahricaiiom). When thc flywheels were examined with bigher frequency waves, the 
sharg, dcclinealiom between lower and higher regions of attenuation k a m e  nruch more pronounced. This is 
altribmble to thc higher-frequency cornpornenis, which are much more strongly affected by inatrix crack- 
ing, in the spectrum of the widehand ultrasonic mnsduccr. Figure 7.7 shows the results. The dark area at 
the upper edge of the figiare was trace8 to a resin-rich area in this flywheel, The radius at which the att- ,mm- 
tion changes from a relatively lower atteniiation regime to a much h i g h  one agreed we91 with the design 
calculations for the critical radius to iniliate matrix cracking 

These results just described were illustrative but not very qrn,mtitative. A more useful result is 
obtained if absolute attenuation is rneawred. Unfortunately, this is difficult in uiltmsoiiics because many 
things that contribute to the toL4 attenuation are not related to the sample. For example, diffraction, or 
beamspread, Causes an apparent frequency-dcpcndent atmuation 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 i s  immersed. Another loss is 
absorption in the coopling fluid itself. Thanks to a closed-fonn solution for trarasdueer diffraction losses 
(Rogers and Van Buren, 1974), all of these losses can now be handled analytically, and i t  has become p s -  
sible to eliminate the sample-independent sourccs of attenuation, thereby obtaining a true material signature 
(Simpsnn and McCluog, 1991), which is the frequency-dependent attenuation characteristic (or transfer 
curve) of that material. This signature is independent of sample leng& and depends only on the internal 
state (miuostrricture, bondcd fiber €raction, etc.) of the specimen. It can be very useful for detecting subtle 
changes in discontinuities in a material or in revealing damage. 

At the ielatively low frequency of 1 ~ 5  MHL, Ihe ar&eirua;ion essentially mirrored rhc results obtaincd 
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Fig. 7.7. C-scan results at two different gains on S2 glass-epoxy flywheel showing detection of 
critical radius for matrix cracking. 

‘I’his quantitative technique was applied to the 52 glass-epoxy composite described above. A broad- 
band source of ultrasonic energy was used to insonify a sample, and the frequency-dependent attenuation 
was determined after application of all necessary corrections. ‘ h i s  process is carried out by computer in the 
frequency domain. For example, if Lhe impulse response of the transducer and system electronics is denoted 
by h(t), then the measured response obtained from the sample is (Papoulis, 1962) 

t 
y(t) = x(t)h(t - T)& , 

0 

where x(t) is the true material response that we wish to determine. In other words, the measured output is 
just the convolution of the material response with the system impulse response. Inversion of this integral 
equation can be accomplished easily in the frequeiicy domain (Papoulis, 1962). If we denote the Fourier 
trnnsform of each quantity by upper-case letters, then the desired response can be obtained by simple divi- 
sion in the frequency domain: 

X(W) = U(W)/H(O) . 

We thus acquire and compute the Fourier tr,usfonns of the input and output signals [H(w) and Y(w)l, Lhen 
divide these records in the frequency domain. All corrections are then applied automatically by the com- 
puter to yield the m e  transfer curve, X(o), of the specimen. 

The results for the S2 glass-epoxy conipi te  before and after strain are shown in Fig. 7.8. The qum- 
rity of interest is the slope of the transfer curve, and it GW be Seen that the attcnuation iucreases dramati- 
cally after strain. At intermediate values of swain (not shown), the slope lay between the extremes depicted 
in the figure, establishing a g o d  correlation between the slope of the mnsfer curve and the maximum 
strain to which the material had been subjected. The swain of 2.14: was the last data point ob~aind before 
failure. 
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Fig. 7.8. Transfer curve of S2 glass-epoxy coniposlite before (solid curve) B 

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 corrclate well with damage andlor swain history, infomiation which is not obtainable from simple 
c-scans. 

7.2.3 Backscattering 

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

~ributed peaks in the backscattering response that complicate the analysis but that provide considerable 
infomation a b u t  fiber orientation (or misorientation) and fiber-matrix interface conditions. Jkpending 011 
the nature of the composite and the frequency of the incident energy, Bragg diffraction md Urilloumin scat- 
tering have been observed in composites. 

In the casc of composites, the presence of layers and of digned fiber bundles creates angularly dis- 
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Perbaps the first systematic study of the backscattering from fiber-reinforced composiLes 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 ofrefemice material on 
backscattering in advanced materials.* 

&45", 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 inlensity of the indications increases as the nialerial undergoes fatigue 
damage, providing a quantitative technique for determining the degree of fiber-matrix bond breaking. Note 
also the iudicaion 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 rmtrix. The 
high contrast of this image shows that backscattering results may reveal local anomalies in the composite 
withoul responding to the high degree of material inliomogencity 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 O", 

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

Fig. 7.9. Polar backscattering results on quasi-isotropic (transversely isotropic) giaweyoxy 
composite that has heen subjected to fatigue. 
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In swirl mat compositcs, for which the fiber orientation is not uniform, polar backscattedng would 
probably be of little usc in rcvedinng fiber-matrix debonding. It Iowever, ?he integrated direction-independent 
backscattered intensity would very likely correlate with the degree of fib-matrix separation and micro- 
cracking within the matrix. 

7.2.4 Lamb Wares 

When elastic waves propagate in a material that i s  thin (i.e., comparabh to a few wavelengths or 
less), the waves will intemct with both s ces simultaneously, <and the infinite-medium assumption of 
conventional ultmonic evaluation is no longer valid. Under these conditions, nondispersive bulk-wave 
propagation is rephccd by a fundanenlzlly different form of elastic guided-wave propagation, that is, by 
b n b  wave propagation, so named bccau.se 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 bchavior of Lamb waves parallels that of guided electromagnetic waves. B 
degree of dispersion, and both display “cutoff’ frequencies below which a typical m 

tively low frequencies be used for evaluation, &and this often means that the generation of Lamb wavcs is 
unavoidable. Fortunately, however, L m b  waves have recently been shown to pmvide greater signal-to- 
noise detection and imaging of defects in cornpsites than bulk wavcs under certain conditions. For this 
reason, Lamb wave inspection of composite plates h,as now become perhaps the most common evaluation 
of these materials a€ier 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 inaterials have k e n  given by Chimenti and Nayfeh (1985,1988a, 1990), Datta et al. (1988), Dayal and 
Kinra (1989), and Nayfeh and Chimenti (1988~). Wilh this theoretical ba.se to guide the analysis of data 
interpretation, many workers have applied Lamb wave inspection to the evaluation of coinposite materials.* 

Strictly speaking, the waves generated when the ultrasoiiic energy i s  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 me Lamb waves and leaky Lamb 
waves is insignificant, but the dispersioil 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 LAainb modes of a composite plate, this effect must be considcred. In m n y  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 node. 

In applying Lamb wave inspection to a material, one begins most conveniently with the dispersion 
curves for hat material. The curves consist of two sets of modes, known as syriunetric 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 mediuni for exciting the choice(s). Examples of the dis- 
persion curves for both iridium and alumina have been given by Sinipson and McGuirc (1994) and 
Simpson and McClung (1987). Knowledge of rhe dispersion Curve behavior also allows one to predict 
which modes will be excited when broadband excitation i s  used, For example, Figs, 7.1 1 and 7.12 show the 
theoretical symmetric and antisymmetric dispersion curves for a particular thickness of alumina. The 

In thin composite sheets, the severe attenuation of the siructure for elastic waves requires that =la- 

__ __ 

*Balasubrarrianian and Rose (1990), Bar-Cahen and Chimenti (1984, 19861, Bar-Coben and Mal (1989, 1991), 
Bratton and Dattn (1991), Chimenti and Nayfeh (1986). de Billy and Adler (1984), Frame et nl.  (1990), Guo and 
Crawley (lr>s2), Kundu and Bladgett (1994). Mal and Bar-&hen (1989). Mal et id. (1991), Martin and Chimenti 
(1989), Nagy et al. (1988, 1989), Seale et al. (1994), Tang and Henncke (1989). 



153 

ORNL-DWG 86-1 861 

SY M M ET R IC ANTISYMMETRIC 

Fig. 7.10. Diagram showing transducvr 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 ~ ~ ~ ~ s y ~ ~ ~ e ~ ~ e  Lamb wave modes in alumina. 

ordinate gives the phase velocity of the Lamb wave normalized to that of a shear wave in alumina (Ct>. 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, m e  can predict the occurrence 
of five modes. This is coiified by experiment, where Fig. 7.13 shows the specuurn obtained and the 
identification of the five modes. The agreement between theory and experiment on the frequency of each 
mode is quite good. 

ORNL-DWG 95-2821 ETD 
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Fig. '9.13. Experimentally obtained spectrum of Lamb wave modes in slun-aina coupan. 
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The question naturally arises as to which mode or modes might be nime useful in detecting damage 
in composites. The amplitude distribution for the differeot 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 empiricdly, 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 aiignment process and enhances the 
]Lamb mode resonances. In addition, tlie polar response of the composite structure can be obtained by rotat- 
ing tbe sample about any axis nornial to the plane of the laminate. If a broadband tmnsducer is used Lo 
excite the structure and the resulting echo wain is analyzed in the frequency domain, i t  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 mtio 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. 

L W Y  
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I_ INCIOENT 
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a 
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SAMPLE- U 

REFLECTOR 

Fig. 7.14. Double-transmission method for generating and detecting Lamb waves in composite 
laminates. 

This technique was used Lo examine the Lamb wave mode structure of an alpha-ply graphik-epoxy 
composite (Frame et A., 1990). A strong resonance was found at about 2.5 MHz in the transmitted spec- 
mm. Figure 7.15 shows the spectral content of the double-transmiLted signal, while Fig. 7.16 gives the 
response of the transducer used in the experiments. Note that all spectra are normdized in ampiiilude; thus, 
tbe resonance near 1.5 ME14 in Fig. 7.16 actually occurs near the low-frequency limit of the transducer 
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Fig. 7.16. Spectral content of 5-MMz transducer used in Lamb wave studies in ~ ~ a ~ ~ ~ t ~ - e l ~ ~ ~ ~ y  
composite. 
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showri in Fig. 7.16. The secondary maximum near 0.9 MIIz in Fig. 7.15 is caused by random interference 
from material inhomogeneities; it tended to disappear with a slight displacement of Ihe 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 diunage 
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 w ~ 7 e  planar in nature 
and several wavelengtlis wide) and almost unresponsive to the material inhomogeneity. It is for this reason 
that Lamb wave insjxction holds grait 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 mal coinposite panel for evidence of Lamb wave excitition using the 
double-transmission arrangement of Fig. 7.14. However, the transducers initially used were 5-MHz center- 
frequency broadband units, and this frequency band (-2 to 8 Mlt-lz) was too high for the campsite. Subse- 
quent examinations using 1-MIIz lransducers produced an obvious Lamb wave at about 0.8 MIiz 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 45”. a second mode with a still higher group velocity appeared, 
then a third 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 estimnates were 
attempted) with the Ao, So, and AI Lamb modes. 

The above results indicate that Lamb waves can indeed be excited in the isocyauurate swirl mat 
composite, but no attcmpt was uiidertaken to produce images of the impact-darnaged specimen using these 
modes. Iliis remains a proniisirrg avenue of investigation, however, and 1,iunb wave images of this and 
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other specimens will be pursued. Based on our experience wit$ other composite mated&, L.mb wave 
evaluation may well provide the most useful indication of delminatious and impact damage. 

4 

7.2.5 Acornto-Ultrasonics 

Omassionally in nondestructive testing a symbiosis of two established techniques is found to provide 
infomtion that neither approach alone can offer. One such hybridization i s  acousto-ultrasonics, a marriage 
of coovcntional ultrasonic techniques and acoustic emission technology. Ialroduced by Vary (1976, 1978) 
and Vary and Bowks (1978), this approach has hcen extensively developed and applied to a variety of 
maEerialS, particularly composites. The theory and applications of the ~ c ~ ~ s ~ o ~ ~ ~ ~ a s o n ~ c  technique have 
also been revicwed in dcpth (Duke, 1988). Thus, only a brief overview i s  given here. 

In tlie inipicnentation of acousto-o-uluasonics, a stress wave i s  generated in the sample under investi- 
gation by an ultrasonic transducer, ‘l’he signals generated by the interaction of this wave with the micro- 
structure of h e  specimen are then rcceived by a second transducer. What distinguishes the technique from 
conventional ultrasonic testing is that the receiving transducer i s  placed in a inanner to preclude reception 
of tbc direct bulk waves, and the data analysis usually involves monitoring such properties of the receival 
wave as the decay rate of the envelope, number of zero crossings of the waveform, e&., 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 techhraqine is thus 
nondestructive, but many researchers have found good correlatkm bciwecas the acousto-ul(xasonic signature, 
often called the stress-wave factor, and true dzmage in the sample. 

h.mxto-ul Wasonics has perhaps found its widest application in thc evaluation of composites. Duke 
et A. (1989) have given an excellent treatment of their work. Olhers have presented results detecting darn- 
age in graphite-cpxy composites (Talreja et al., 1984), ceramic composites (LOR and Kunnerth, 1990), and 
metal matrix composites (Kautz and Lerch, 1991). Particularly for impact d m g e  aid fiber-mauix deboad 
degradation, acousto-ultrasonics show considerable potentid as a rapid, quantitative evaluation tool for 
assessing die state of composite integrity. 

7.3 NONLINEAR TECHNIQUES 

The usual descriptions (KrautksLimer and KrauWBlmer, 1990) of elastic wave propagation in mater& 
als are based on a linearized theo~y in which it is awmed that the stpain is linearly proportional to the 
derivative of thc material displacement. This approximation arises when higher order terms in the expres- 
sion for strain are neglectcd. Specifically, if s is the displacement, tlien i t  is easy to show (Simpson, 1969) 
that 

where 
neglected, and the suain is usually approximated by 

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

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

0.. ij = c ijklEkl ’ (7.3) 
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where the CijH 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 measumble properties of the wave behavior, and the nonlinear temns, 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 spccimen wil1 be a function of slress. The change is 
slight, but it has been used for scveral years to gage nondestructively the residual stress in slructuraI 
materials.* Of. more interest tlian residual stress dekrmination 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 acousto-elastic 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 velwity monitored. The nonlinear beliav- 
ior increased smoothly and dramatically prior to failure. 

While the acousto-elastic effect appears to have some application to composites for detection and 
qu<antification of fatigue (lamage, the requirement for making measurements under toad renders the tech- 
nique less attractive than other, purely nodestructive 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. 

7.3.2 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 hannonic 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 anhannonicity 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 Bre:lzeale (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: 

5 = AI sin(kx - a t )  - cos2(kx - Wt) -t. ... , (7.4) 

where 4 is the particle displacement, k is the wave vector of the disturbance, w is the angular frequency, x is 
the propagation distance, and K, and K3 are combinations of the second-order and third-order elastic con- 

*Chen md He (1994). Dike et nl. (1989), Heyman and Chem (1982), Lee et al. (1986), MacLauchlan and Alers 
(19871, Mase et al. (1989), Toupin and Bernstein (1961), Wong and Johnson (19881, Yen and Chattcrjee (1988). 
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smts, respectively, of the medium. The term + 3 K 2  + 3) is known as the nonlinearity parameter, p, of 
the medium and h 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 terns 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 wavcs: 

The nonlinearity parameter can thus be determined from knowledge of the amplitudes of the fundamental 
and second-harmonic anlplitudes. The utility of this parameter is that it is apurc 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.* 

Onice we have settled on the nonlinenrity parameter as the figure of merit for acoustic anhamonicity, 
the problem reduces to one of measuring this pararnetcr. As the equation above shows, we basically must 
determine the ratio A / A 2 .  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 i s  given by: 

1. 

tj -+ 
S = D . E ,  

+-+ -+ where S is the strain dyadic. b is the electric field vector, and D is the third-rank piezoelectric strain con- 
stant tensor. For a typical piezoelectric transducer material such as LiNM),, the d33 element of D is the 
quantity of interest and is equal to about 6 x couloriib/N. At a frequency of 10 MHz and at an applied 
voltage of 250 V, the disphcement amplitude of the crystal is about 15 8. 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 scnsitivity of piezoelectric sensors is 
certainly adequate for this task. For example, the voltage produced by the LiNbO3 t ransdu~~ described 
above can be estimated from the inverse piezoelectric constitutive relationships. Assuming no external elec- 
uical fields, the relationship between applied stress and generated electric ficld is: 

-+ tj 

E = G . T ,  (7.7) 

where G is the third-rank piezoelectric voltage tensor 
nent of G is G33, whose value i s  ahout 0.023 m2/couloinb for LiNh0~. Now, the relation betweeri particle 
displacement and acoustic pressure (stress) is given by (Krautkr2mer and K r a u r n e r ,  1990): 

and is the stress dyadic. Again, the salient compo- 

*Breazealc and Philip (1984), Cantrell et al. (1986). Cantrell and Yost (1993), Dace et al. (1991, 1992), Li 
(1985), Mohrbachcr et al. (1991), Wu and Prosscr (1991). Yost andcantre11 (1990, 1993). 
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where p is the acoustic pressure, p is the material density, c is the compressional wave velocity, w is the 
angular frequency, and E, is the particle displacement. Assuming the larger value of 0.15 A for 5 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. Tfie reason is that ubsolufe measurements of the fundamental and harmonic wave 
amplitudes are necessary (more precisely, the ratio A2/AI ), and this requires a rather involved calibration 
procedure as well as assurance that reciprocity holds for the transducerkoupht 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 obrained have emphasized the extreme sensitivily of the technique to variations or anomalies hat 
are sinall 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 typiml 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. 
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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. Corurn 

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 in widerstand the events leading to failure are key needs of 
the Durability of Lightweight Composite Structures Project. Since the determination of damage aid 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 eleclron microscopy." Based on 
the preliminary ulvasonic C-sc,an rcsults for the isocyanurate CSM reierence material d i s u s e d  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, rcporled in Ch'ap. 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 uItimately leads to failure-initiating even& and what those eveiits are. 

It is likely that an NDE method having higher resolution than the basic ultrasonic C-scan will ulti- 
mately be needed LO discriminate between types of damage. Based on the discussion in Chap. 7, three NJX 
techniques appear to be particularly promising. For disvibuted damage, for example, for the fibermatrix 
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 clam- 
age, and the nonlinear behavior has, in those composites for which it has been studied, increased by several 
hundred percent wilh increasing bond damage. Acousto-ultrasonics has the added potential advantage of 
allowhig some degree of continuous monitoring during a test, or even during the life of an actual compo- 
nent. 111 the case of impact damage, which is a localized phenomenon, both acousto-ultrasonic and Lamb 
wave techniques hold considerable promise for detecting the subtle ch'anges occurring when CSM compos- 
ites are subjected to impact. Both techniques are suitable for generating images of the damaged axeas, and 
both have demonslrated the rcquisite sensitivity in many other types of composites. 

In general, the approach should be to monitor, at least periodically, damage developmen1 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 inicrostructures such as laminates. The challenge will be even greater iii 
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 effect$ of creep, impact, 
aid environment together with fatigue on strength and stiffness. Second, it will aid in characterizing cumu- 
lative fatigue damage for design.? 

roles of the various mcchanistic features arid 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 mimoscopy can provide supplementary itiformation at the very localized levcl 
(fiber surfaces, interfaces, etc.). 

?It seems unlikely that Miner's rule (1% = 1) will be valid or usablc even as an approximate design rule. 

17 1 
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1. What are the microstructural changes in going from die virgin sate to the fast niaxiinuin bad in a 
fatigue test? 

2. What are the irreversible changes on unloading? 
3. What are the consequences of the irreversiblc changes (stiffness change, strength change)? 
4. What is the critical. state of the material musing 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 muse be described will have 
to be answered as well. 

ture in ak) should be generated. Some block loading tests should be included to examine cumulative dam- 
age. The data baw should include both modulus of ehsticity and Poisson’s ratio degradation with cycles. 
Both stiffness quantities should be measured because they reflect diffeaxnt degrees of damage. Strain gages 
or extensometers of different lengths shoilld be used to help identify the minimum representative volume 
for describing damage. The slpecimens should be periodically subjected to NDE (i.e,? ultrassound, hems- 
graphy, acoustic emission, light microscopy) to characterize the dis4t.buted damage and failure mecha- 
nisms, which should then be correlated with stiffness degraclalion. Particular attention should be paid to the 
fist cycle, so that the failure data an be presented in a fatigue life diagram. 

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

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

As a first step toward characterizing durability under fatigue loadings, a &pa base (at room tempera- 

8,3 CREEP 

In contrast to fatigue failure modeling, efforts to model and predict crmp deformation have met with 
more success. The variety of models that have beell used were reviewed in Chap 4. Thus, i t  i s  recom- 
mended that adl effort be made to develop a damage-based, time-dependcnt model describing creep, recov- 
ery, and modulus degradation. The model will need to he based on a well-conceivcd data base. Creep- 
rupture or static fatigue failures are, as in the case of fatigue, likely tn 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 Swiictures Project in the creep area should 
consist of two p‘uts: (1) a test program to characterize the time-dependent deformation and failure response 
arid identify the fundamental behavioral features and (2) a modeling effort. Tests to charackrize the mate- 
rid behavior will nccessarily 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 250°F; 
tensile tests (strength and stiffness) of creepdamagcd specimens:, and 
creep and creep-rupture tests in automotive fluid environments. 

Selected crcep tests should be monitored for damage development and failure initiation using ulwasonics, 
light microscopy, acoustic emission, etc. Failed specimens should be exaininecl by both light and scanning 
elecuon microscopy. 

These basic chwacteriiation tests should be augmented with inore specialixd tests to aid the model- 
ing effort. For example, both short- and long-time creep recovery tests should be performed. Stcp-load 
creep tests and cyclic creep tests will shed light on creep hardening or sokning, cumulative creep damage, 
and time-dependent fatigue. Long-term conshut strain rate tests should k performed to examine the limits 
of linear creep, as cxplained in Chap. 4. Finally, since neat resin properties are important to the modeling 
effort, these should be studied if they are riot available. 
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‘l’he rests <and NDE studies recommended previously should reved the fuiidamental features of creep 
behavior and provide a sound basis for model development. Work on the damage-based, time-dependent 
deformation model should focus Fist on room-lemperature creep and recovery. Temperature effects should 
be addcd next, followed by cyclic loading response, and finally tbe effects of automotive fluid 
environments. 

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 smclural composites of interest and how they 
iiiteract with the damage produced by fatigue, creep, and environment and (2) characlerite 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. Experimerital and analytical techniques should be combined io 
characterize the contact force vs time and the specimen dynamic structural response. Ultrasonics and other 
possible noiidestructive techniques should be used to characterize the damage zone and, in the case of 
repeated impacts, its growth. Posmiortem tests of specimens containing the damage zone should be used to 
chardcteriie stiffness and slrength degradation. Sectioned parts of the darnaged specimens should be exam- 
ined using both light and scanning electron microscopy to help identify the actual impact damage 
mechanisms. 

For the SKIM CSM reference material, it is recommended lhat a 9-in.quare plate, clamped along an 
8-in.di;un. circle, be used for all tests. This plate diameter should be sufficiently large ( in tenns of 
diameter-to-thickness ratio) to allow the effecls of impacts to propagate freely through flexure. On the other 
hand, tbe plate should be sufficiently stiff to limit the contact area and rigidity between the impactor and 
plate (these considerations we= discussed in Chap. 5). 

Since the main unpact threats lo automotive composite structures are (1) tool drops and other low- 
velocity impacts during assembly and rnainteiiance 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 m a w s  at higher velocities. Ihe specimen should he the same in bath 
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 aid 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 swain gage 
and structural analysis results. The changing force-time diagrams from repeated impacts should be used to 
correlate witli cumulative impact damage and propay degradation. 

As input to the structural analyses, the conact behavior must fiist be modeled. The indentation test 
method described in Chap. 5 for establishing a load-indentation relation is recommcnded. The chssical 
Hertzian contact law with a power of 312 is usually adequate to describe the experimental dab. 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 swains outsick 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 t s t s  pro- 
duce the sane failure modes as are produced undc:r static conditions. Eventually, predamaged impact speci- 
mens (with darnage from prior loadings or environmental expcxure) should be tested. 

tcnsile and fatigue testing to establish slrength, stiffness, and fatigue life degradation. For this purpose, the 
impact plate specimens should be square, even though they arc: 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 cenrral 
impact zone outward. These tensiIe specimens should be as narrow as possible (limited by the size of a 
representative volume elenlent) 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 boh 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 parmeters, design guidance to 
account for the delete~ous effects of impacts can be established. 

8,s ENVIRONMENTAL EFFECTS 

As described in Chap. 6, h e  effects of sorption of liquid into plymerk composites can be nmer-  
ous. In addition to weight gain, swelling @an occur beyond some th~eshold. Osmotic pressures can cause 
internal residual s&esses, as well as microcracking and fiber-matrix debnds, thus degrading strength and 
stiffness. ‘I3e presenm of fluid within the matedals can acceJerate the-dependent response. Chemical and 
physical changes of the constituent composite materials can lead to weight loss. Even distilled WakP a n  
chemically react with the glass fibers, producing conosion or etching. Most of these pmcsses are ther- 
mally activated, so tempi-ature has a significant effect, The presence of suess and cyclic loadings can also 
accelerate the processes. 

In teams of composite durability, there aiy: two COIKXCPIS. First as shown in Chap. 2 for the reference 
isocyanurate CSM composite, fluid exposure can degrade proprties. Second, the vxious processes and 
effects desa’iW 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 
Roject should be (1) to characterize the effects of fluid sorption on composite dimensional stability and 
tensile property degradation and (2) to understarid the mechanisms and damage and how they interact with 
fatigue, impact, and creep loadings to alter their effects. A significant data base will be requked to sort out 
and characterize these various effects. 

The scopirig environmental exposure tests described in Chap. 2 for the reference isocyanurate CSM 
composite should k repeated for much longer exposwe periods, the full range of temperatures of interest, 
and using a more statiseically valid number of tcst syecimens. In addition to detenninirig stiffness and 
strength degradation, weight gain data should be assessed to determine the limits for Fickian Ixchavior and 
to relate the subsequent departure from Fickian behavior to damage and property degradation. 

Likewise, creep and fatigiie tests of immersed specinnens should be conductd. Damage and weight 
gain should be monitored with time or cycles and related to property degradation and ultimate creep and 
fatigue failure. 

failed spccirnens should be examined for corrosion and oher physical changes (reaction products, interfa- 
cial damage, e&.). Matrix digestiori techniques should be explored for viewing fiber integrity. 

Finally, the interaction of fluid sorption with impact damage accumulation should be evaluated. On 
the one band, the prcsence of sorption damage (weakened bonds and interfaces) might serve to spread out 
the absorption of impact energy, thus making the PlnaEerid more resistant to impact effects. On the other 
hand, however, the prcsence of impact damage may enhmcace 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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