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FOREWORD

This report deBeirben a portion of the results obtained on NASA Grant

NSG 3044. This work was done under subcontract to the University of

Illinoio, Urbana, with Prof. S.S. Wang as the Principal Investigator. The 	
ii

prime grantee was the Massachusetts Institute of Teclinology, with Prof. 	
It

F.J. McGarry as the Principal Investigator and Dr. T.F. Mandell as a major

participant, The NASA - LeRC Project Manager was Dr. C.C. Cliniviia.

Efforts in this project tire primarily directed towards the development

of finite element analyses for the atudy of Flaw growth and fracture of

fiber composites. This report presents analytical and experimental re-

stilts for deltimination crack growth 
in 

fatigue. The work is 
a 

follow-up

to 
an 

earlier interim report NASA OR-135248. II.T. Wang was as researcli

n8sistant sat M.I.T. when the experimental work was performed,
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Abstract

This paper presents an investigation of interlaminar crack growth

behavior in fiber-reinforced composites subjected to fatigue loading.

In the experimental phase of the study, interlaminar crack propagation

rates and mechanisms were determined for the cases of various geometries,

laminate parameters and cyclic stress levels. An advanced singular hybrid-

stress finite elcment method was used in conjunction with the exporimerital re-

suits to examine t1r- 3ocal crack-tip behavior and to characterize the crack

propagation during fatigue. Results elucidate the basic nature of the

cyclic delamination damage, and relate the interlaminar crack growth rate to

the range of mixed-mode crack-tip stress intensity factors. The study

provides fundamental i'nsight into the problam, reveals several important

features of the interlaminar fatigue failure, and should be of practical

importance 
in selection, testing and design of composite materials.
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INTRODUCTION

Damage tolerance has been of great concern for the structural reli-

ability and integrity of fiber-reinforced composites in their advanced

engineering applications. Interlaminar cracking, sometimes also called

delamination, is considered one of the most frequently encountered types

of damage occurring in the material subjected to fatigue., loading. It is

commonly initiated at geometric discontinuities, processing and manufac-

turing defects, machining and service flaws, and takes the form of

separation of plies under mechanical,thermal and/or environmental loading.

The presence and growth of an interlaminar crack may result in (l) signifi-

cant reduction of stiffness, (2) exposure of the interior to adverse environ-

mental attack, and the degradation of the composite, which may lead to

the final, failure of the structure. Thus, understanding the interlaminar

crack growth behavior udder cyclic stresses is of fundamental importance

in the application of composite materials.

Laminated composites generally consist of a slumber of plies with

different fiber orientations separated by resin-rich interlaminar regions

as shown in Fig. 1. The interlaminar region usually has a dimension of

one twentieth to one tenth of the individual ply thickness, depending on

manufacturing and processing methods. Since the strength is usually low

and stresses are high in the interlaminar region, almost all kinds of defects

such as voids, inclusions, broken plies, etc':., unavoidably tend to grow in

an interlamiutr mode at very low nominal stress levels and to propagate

along preferential paths. This phenomenon is unique to composites and is

particularly significant when the materials are, subjected to cyclic loading.

The development of a through-the-thickness crack front a defect or Claw in a
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real componite may be difficult 
in 

many cases. This is in COntr4,113t to the

flaw growth behavior in monolithic met" in which defects usually develop

into a th rough- the -tit ic knee a crack during fatigue.

The importance of the fatigue delamination, has long been recognized,

but research progress has been slow, since this kind of real-life defect is

characteristically difficult to study due to the inherent complexities of

the crack geometry, the material anisotropy and discontinuity, and the

erack-tip singularity, Because of the matrix-dominated and localized frac-

ture behavior of the delamination t it would be unwise to make any simpli-

fication which fails to consider the important resin-rich interlamivar region.

Numerous studies have been conducted to investigate, the initiation of ail

interlamivar crack in composites caused by geometric discontinuities [1-31*,

processing and manufacturing defects [4, 5] 	 Relatively little work con-

cerning the intorlaminar crack growth behavior has been reported [6, 7],

especially that associated with in-service, and manufacturing defects under

repeated stresses. This paper presents an experimental and analytical Lives-

tigation of the crack growth behavior of aft interlaminar crack initintod

from a service-induced surface notch in a composite laminate subjected to

cyclic loading. Unidirectional composites, which have the simplest laminate

configuration, are examined first to explore the fundamental nature of the

interlaminar crack. Interlaminar fatigue failure behavior of more compli-

cated angle-ply composites is then studied and compared with the results

obtained from the basic unidirectional fiber configuration.

*Numbers in brackets designate References at end of paper.



^F

EXPERIMENTAL PROGRAM

One of the central concepts in this experimental program is to develop

a 9uitabl,e test technique in which stable interlaminar crack growth can

be obtained under cyclic fa Gigue without being affected by the complex three-

dimensional edge effect [8]. Experiments were conducted to identify the influ-

ential geometric and laminate parameters, to examine the interlaminar failure

mechanisms, and to characterize rationally the fatigue damage behavior in

the composites. They also helped to establish a realistic mct'.hanical model

for later analytical study and provided experimental data to validate the

results.

Materials and Specimen Preparation	 It

Scotchply Type 1003 E-glass/epoxy (manufactured by 3M Company, Min-

neapolis, Minn.) was used in the fabrication of all test specimens. The

material was received in a unidirectional prepre$j form. Test composites

were made by a compressive molding process following manufacturer's instruc-

tions. Specimens used in the study were eight-ply composite Laminates of

various fiber orientations and stacking sequences. An interlaminar crack

initiator was introduced in the form of a surface notch penetrating one or

more plies as desired by cutting individual plies with a razor blade, prior

to the laminate assembly. The specimen had a gauge length of six inches and

a width of one inch, and the surface notch extended completely across the

E	 specimen width as shown in Fig. 2.

Experimental Procedures

All interlaminar crack growth tests were conducted at room temperature

in a laboratory environment. Fatigue experiments were run on an Instron

1
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Model 1211 dynamic cycler. Specimens were cycled under a controlled

sinusoidal load-time condition with a minimum tensile stress of 1.0 ksi

and some maximum tension at a frequency of approximately 5 cycles per

second ( pig. 3). No significant heating of the specimen was observed at

this frequency during the test. A traveling optical microscope mounted

on the testing facilities was used periodically to monitor the interlaminar

crack extension in the specimen uuder transmitted light and. to measure ac-

eurately the delamination crack length after a given number of cycles.

Fatigue crack growth data were obtained for several cases in which Inter-

laminar cracks were initiated at different depths under the surface.

Experimental results, expressed by delamination length versus number of

loading cycles, are reported in the next section.

Advantages of Present: Test Method

The present experimental method has several advantages particularly

suitable for studying the cyclic interlaminar crack growth behavior in

composites. As mentioned previously, the initiation of delamination from 	
i

geometric discontinuities is complicated by the three-dimensional, edge effect.

Thus, the growth of the interlaminar crack may Ue expected to be influenced

also by the edges of the laminate. Better appreciation of the nature of

the problem can be obtained by investigating the delamination growth by

itself without being affected by geometric boundaries. This purpose may

be achieved in the current experiments by using specimens wide enough to

minimize the localized edge effect on the propagating .

interlaminar cc-ack front. The experiment can also provide a controlled,

stable delamination growth at a desired depth and enables the crack length
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to be measured accurately and conveniently. Moreover, the specimen

geometry is considered relatively easy to model in the analytic study,

which will be discussed in the nexo, section.

ANALYTICAL APPROACH

The current analytical approach, using an advanced singular finite-

element method of the hybrid-stress model, has a capability to overcome

the aforementioned difficulties and t,.an provide a numerically exact solu-

tion for the problem. The method, pioneered by Pian et al. [9], gives a

rapid rate of solution convergence and enables an accurate description of

the crack-tip response by introducing a crack-tip superelement including

singular and higher order terms based on the complex variable formulation

of Muskhellslwili stress functions. It is particularly suitable for studying

crack problems in composites, since the complex crack geometry, laminate

properties and traction boundary conditions of crack surfaces can be exactly

modeled. Additional features of the method include the flexibility of

formulation, the selection of element characteristics, and the expedient

achievement of interelament compatibility.

Mechanical Model an"' Assumptions

Microscopic observation in the experimental study indicated that inter-

laminar crack growth is clearly a matrix-dominated progressive failure

mechanism occurring in a resin-rich interlaminar region. Thus, the composite

laminate is modeled as an assembly of anisotropic plies bonded together by

thin resin interl.ayers subjected to an in-plane cyclic stress. Each fiber

f
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reinforced lamina of thickness t0 has its matorial axle oriented from

the Loading direction by an angle 0 1 . The resin-rich interlayer is assumed

to have a uniform thickness, t l , and perfectly bonded with the plies every-

where except the region where a crack is initiated from the surface notch

tip. The crack geometry and laminate configurntion are conveniently ex-

pressed by (01/02 // 0 3/04 /0
5
/........), where the double slash and the under-

line represent the location of thl- intarlominar crack and the penetration

depth of the surface notch, respectively. The interlaminar crack is modeled,

for simplicity without losing generality, as a flaw completely embedded in

a resin-rich interlayer as shown In Fig. 4. Studies on other extreme cases

such as the crack located at a vanishing interlayer or at a ply/interlayer

interface, giving a more complicated oscillating three-dimensional singular

stresses, are reported elsewhere (10).

Method of Analysis

General procedure of formulating the plane crack problem in the composite

is described in this section. Details of the formulation for the crack-tip

superelement and surrounding non-singular elements have been given elsewhere

X11, 121 and are not repeated here. Briefly, the formulation of the analysis

is based on the variational prin2iple of modified complementary energy.

Following Muskhelishvili's formulation (131, the stress and displacement

fields may be expressed in terms of two stress functions, ^(z) and ^( z) ,

of a complex variable z. A mapping function w(g) is then introduced to

transfer the singular crack domain to a g-plane by z = w(g) - 9 2 where

- r/2 < arg t < n/2. The functions 0(g) and ^(g) are analytical,

and interrelated by the traction boundary condition along crack surfaces.
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In the crack-tip sups;.iilement formulation, $( 4) is assumed to have the form

^W - Eb	 (>

and function *(9) may be obtained as

n

	

V()	 - ^[bj 	 J + 2 j bj ] 4J	 (2)

where	 b  . S1 + 1 an+j (non-symmetric case)	 (3)

or	
b 
	 a  (symmetric case)	 ()

and Rs are real constants to be determined. Using tqs. 1 and 2, the stress

and displacement fields may be expressed in terms of the stress coefficients

09. The boundary traction T can be calculated by
M

Ti . 
oil v

i	 (5)

Interpolating boundary displacements u in terms of nodal displacements

and inserting q and T into the variational principle, the crack-tip super_.

element stiffness matrix may be obtained.

Surrounding non-singular element stiffness matrices are formulated by

a conventional hybrid-stress finite element method through a minimum com-

plementary energy principle [14]. The anisotropi.c elastic properties of

each glass/epoxy lamina are considered in the analysis by introducing an

appropriate compliance matrix in the element stiffness formulation. Since

boundary displacement functions are independently assumed for the crack

element and non-singular elements, interelement compatibility can be ensured

by a suitable choice of interpolation functions.

The assembled governing equations for the whole system may be written as

Kq = Q	 (6)
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where K is the global stiffness matrix, and 9, the consistent loading vector.

After solving; I from Eq. b by as appropriate solution scheme, the stress and
strain fields can be determined. Stress intensity factors K  and K11 cor-

responding to an applied stress level and an interlaminar crack tengt`t P'.,-.y

be found from the relation

KI /27 0 1 (7)

and	
KII

^
0n+l (S)

The associated elastic energy release rates CI and 011 can be obtained by

a standard procedure.

The accuracy and convergence assessments of the solutions Are compli-

cated by several unusual features of the problem and of the method of analysis

(!,rp to the inherently singular nature of the i.nterlamfnar crack. A study of

haQ accuracy and convergence of the analysis, and solution staVllity has been

cot%dueted by testing cases for which independent solutions are available.

Excellent agreements with existing closed-form solutions were obtained.

The results indicated that accuracy within approximately one percent of

the converged solutions of K  a,Ttd K 
1 can be achieved by the optimum mesh

arrangements used in the current study. Details of the study were reported

in [12).

For the cases of cyclic loading, the ranges of i.nterl.aminar crack-tip

stress intensity factors, AX  and QK II , may be determined by

QKI W (KI )
max s (KI)min	

(9)

and	 AKII " (KII)max _ (K11)min	 (10)

where 
(KI)max 

and 
(KII)max 

are opening and shearing mode stress intensity
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factors corresponding to a maximum cyclic stress level amax 
for the delami-

nation crack of length Zd , and (KI)min and (KII)min 
are the values associated

with a minimum cyclic stress level amin' Numerical results of (KI)max'

(KII+) max' (KI)min and (K
II) min were accurately computed for the delamination

test specimens by the computer-aided numerical. method.

RESULTS AND DISCUSSION

Typical. results of the crack growth study of the eight-ply fiberglass

composites subjected to nominal cyclic stresses are presented in this

section. In the experimental phase, interlaminar crack growth rates were

determined by the constant load-amplitude fatigue tests. In the analytical

phase of the study, the crack-tip stress field and the ranges of the cyclic

stress intensity factors were obtained for the Laminates with various geometric

and ply , configurations. Interlaminar crack growth rates during fatigue

were then characterized by the ranges of the mixed-mode cyclic stress intensity

factors. Th individual glass/epoxy lamina used in the analytical modeling

had a thickness dimension of 0.01 inch, and the interlaminar layer was taken

as one-twentieth of the ply thickness as observed in the microscope. Elastic

constants for each lamina were given by

ELL = 5.0 x 10 6 psi	 GLz - 0.75 x 10 6 psi

Ezz = 1.5 x 10 6 psi	 vLz = 0.25

The interlaminar epoxy resin phase has the properties:

Em = 0.5 x 10 6 psi	 v 	 0.35

Gm = 0.185 x 10 6 psi
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I'dttat' ' . d►Iltdid2 Crack Growth During Pa'Uguo

Microscopic observation in the fatigue experiments revealed that

delaminat;i.on was initiated after a few load cycles. It propagated in a

stable manner and was clearly a matrix-dominated, progressive failure

mool>anism occuring in a resin-rich region between plies. This nugge;'Led

an appropriate mechanical model used later in. Ole analytioal atudy. Mea-

suroments were. made on the change of the suberitivll crack lengr<h during;	
^.I

cyclic loading. Typleal fatigue crack growth datwct in unidirooLional and

(0"b)4s glass/epoxy composites are presented in Vifs. 5 and G. Test

results shown in the figures for several, maximum cyclic: stress levels

indicate that crack lengths change drastically with the number of load

cycles and that crack growth rates are very distinct between the unidi-

rectional and angle-ply laminates. The growtl>, rates of the delami.nation
r.

d£
d
/dN were determined by a computational procedure based on the first	

I

deri.vativcs of crack growth curves fitted by experimental data. The crack

extension rate. were :fount to increase continuously during the course

of fatigue, and rapid crack propagatioct occurred when the ultimate del,ami,nati.ou, 	
4

1

resistance of the composite was approached. Tntralaminar failure, which

may lead to a complete fracture of the composites, were often observed in

(4 /-450// 45°/-45°/--455/45°/-45°/45°) and quasi-isotropic (4 /^rig°//

0 0 /90 0 /90 0 /0 0 /-45°/45°) glass/epoxy prior to large-scale delaminati.on.

The number of loading cycles to fracture versus applied cyclic stress

for the two composite systems is shown in Fig. 7. The ultimate static

strengths (ap,fs ) ofthese laminates were 14.7 and 44,55 Ksi, respectively.

.. 1,
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Xnterlaminar Crack-Tip Rosponalo

the driving force of the iLnterlaminar crack growth depends primarily on

local crack-tip stresses. Thus, it is necessary to have accurate infor-

mation on the crack-tip behavior. Since the geometry and material proper-

ties are very complex in the problem, the response of the composite to the

damage, may be best illustrated by isostress contours. These contours were

plotted from the analytical solutions obtained by	 the aforementioned

hybrid finite element analysis. Figure 8 gives the distribution of the

in-plane stress cr
xx 

Ar
00 around the crack with Y. ' 0.8 inch in ad

0 0 /0 0 /0 0 /0 0 /0 0 /0*) glass/epoxy. 
The 

computer plot provides a graphic

description of the solutions 
and 

an overall view of the damage behavior.

It reveals several salient features of the problem: (i) the intensified

stress field caused by interlaminar damage is very localized within the ma-

trix-rich interlaminar region ahead of the crack tip, (ii) a large stress

gradient exists through the laminate thickness with high concentration in

adjacent plies,	 and (iii) a local compressive in-plane stress component

is developed along the lower crack flank. Figures 9 and 10 show the contour

plots of interlaminar shear and transverse normal stress distributions in the

near field. Both stress components reach extremely high levels within the

thin interlaminar region when the crack tip is approached. The interlaminar

stresses extend continuously through the interface into the adjacent plies.

A more accurate description of the near field stresses may be expressed

by a log a 
ij 

versus log r representation, where r is the distance ahead of

the crack tip. The numerical results near the crack tip give straight lines

with a slope of -1, indicating, a classical fracture mechanics solution, i.e.,

a 11rr singularity; details of the results may be found in C151 The opening
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and shearing mode stress components are observed to have the same order of

magnitude at the interlaminar crack tip when a uniaxial nominal stress is

applied. The singular stress domain is rather small and is embedded in

the resin-rich interlayer region.

The redistribution of laminate stresses due to the propagating inter-

laminar crack will have a significant effect on the deformation and fracture

of the composite. ror example, the compressive stress in the lower crack

flank may introduce severe local buckling of the delaminated plies in the

vicinity of the surface notch. This phenomenon was experimentally observed

in [16,17]. The highly nonuniform stress distributions, in the transverse

direction shown in the isostress contour plots suggest that the classical

laminate theory may not be applicable to a delaminated composite. Tile stress

concentration may also introduce a transition from interlaminar to intra-

laminar fracture mode when different ply orientations are used [181, Further-

more, the presence of the interlaminar crack may become detrimental to the

serviceability of the material when used in an adverse environment such as

mositure and corrosive chemicals, because not only does the crack expose the

interior of the composite to environmental attack, but also the stress concen-

tration in the near field may enhance the rate-dependent degradation process,

which is evident by the results in [19].

Fatlyue Crack Growth Rate Ctxa^racterixation

Tile stable extension of an interlaminar crack in glass/epoxy composites

reveal several features of the progressive interlaminar fatigue damage,.which

call 	 used to probe the nature of the delamination growth behavior, Since

the interlaminar crack growth is observed as a matrix-dominated failureprocess

and since it is strongly affected by the local, crack--tip response, it may be

appropriate to postulate, as in the cases of metals and pol,ymerst20,211,
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that AK  and 
AK 

II are critical controlling factors in the fatigue damage.

The ranges of the cyclic stress intensity factors are, in turn, related to

the crack length, the cyclic stress, the geometry and laminate properties.

In the current fatigue test, stress intensity factors change continuously

as the load and the interlaminar crack Length increase, and the corre-

sponding crack growth rate varies accordingly. Vora given crack length

and laminate co ,otfiguration, exact stress intensity factors may be computed

by using the present analytical method. Therefore, AK  and AK Iican be

precisely determined from Eqs. 9 and 10. It may be reasonable, at this

point, to postulate further that AK  and AK 11 independently affect the

interlaminar crack growth rate. Thus, dR d/dN, obtained from the experiments,

ma ;r be related to both the AK I and the AKII simultaneously as shown in

Figs. 11 and 12 for the grass/epoxy composites with two distinct ply orients-

Lions, Strong correlation between dt d NN and AKs is observed from the

results, and a power law relationship of the following form may be established,

dR
In 

dN	
l.og(AKI) + CI log(AKII) + C2

(1l)
a1	

a2	 a3

where a 
i 
s are the directional cosines of the lines determined by a least-

square curve-fitting method, and C 1 and C 2 are constants associated with

the threshold values of the mired-made stress intensity factor ranges.

This functional relationship in Eq. 11 suggests that

dR
d 	^l

dN N (AKI)	 (12a)

dR
d 	X2

or	 dN	
(AKII)	 (12b)

where the exponents al and a2 are related. to the laminate configuration, the

crack geometry and the material properties of composites. 	 The results in



15

Figs. 11 and 12 give respective X l and X,) the values of 7.32 andr

7.42, for n° and 7.52-and 7.74 for ± 45°. The strong correla-

tion between the interlaminar crack propagation rate and the ranges of

cyclic stress intensity factors are very informative. further study is

needed to identify the nature of the interlaminar crack under more complex

fatigue loading and to construct the crack growth rate surface of mixed-

mode failure so as to characterize fully the interlaminar fatigue behavior,

and the relative dominance of each individual fracture mode.

Lindtations of Current Study

It should be noted here that several geometric and material compli-

cations in composites have not been included in the current analytical

modeling, such as the nonuniformity of the resin-rich interlaminar region

thickness, the heterogeneity of the fiber and matrix phases, and other

types of commonly encountered defects (e.g. voids, inclusions, broken

plies, etc.). These complications are statistical in nature and almost

always exist in the material.. Their presence may have significant affects

on the interlaminar crack growth behavior, but has not been fully explored

yet. The anti-plane mode	 deformation and fracture (mode III), which may

have an :Important contribution to the progressive fatigue ;failure of the

materials, especially in the angle-plied composite laminates, have not been

considered in the present study. A recent study on edge delimination [10]

reveals that the mode III component of the crack-tip field has a very high

value, which may be primarily responsible for the interlaminar crack growth

and failure of the composites, including the 
y 

45° case. furthermore, resi-

dual stresses due to ply differential thermal contraction during the curing

process may strongly affect the crack growth behavior. This effect has not
been included in the present inveaLigation.
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SUMMARY AND CONCLUSION

A combined experimental and analytical investigation of interlaminar

crack growth in fiber--reinforced composites under cyclic loading has been

presented, The unidirectional ply configuration was studied ,first to

elucidate the fundamental failure behavior and, later, served as a reference

for studying more complex angle-ply composite laminates. In the experimental

phase, microscopic observation of Failure mechanisms revealed that delami-

nation is clearly a matrix-dominated, progressive failure occurring in the

resin-rich interlaminar region. Interlaminar crack growth rates under

tension-tension fatigue were obtained, and test results were .further used

in conjunction with analytical characterization. The analytical study of

the problem was based on tin advanced hybrid-stress finite element method,

formulated by using Musktxellshvili's complex stress functions through a

modified complementary energy principle. Numerical solutions clarify the basic

nature of the cyclic interlaminar failure. Implicaticas of the results in

the applicability of classical laminate theory to the delamination problem

due to the localized interlaminar crack-tip singularity and the stress con;-

centration in the adjacent plies were discussed. Fatigue crack growth rates

were ,found to be related directly to the ranges of the mixed-mode

cyclic stress intensity factors by a power law relationship. The study

elucidates many important	 features of the delamination problem, provides

insight into the interlaminar fatigue behavior, and should be of practical

importance in the testing and design of composites materials.
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