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U Fracture failure in multi-layer epoxy-based composite laminates seldom

begins with breaking of the load-carrying reinforcing fibers. Rather, smeall

cracks in the matrix-phase of the material appear first, usually at a low

stress level. Transverse cracks and free-edge delainations are among the

I umst often observed sub-laminate fracture mudes in, e.g., glass-epoxy and graph-

ite-epoxy composite laminates. Although these matrix-dominated crackings do

not generally cause catastrophic laminate failure, these are capable of propa-

gating Into large proportions under sustained loading. Thus, the growth be-

havior of the sub-laminste cracks has been the subject of intensive research

4 I In recent years.

j jFrom a fracture analysis point of view, the growth mechanisms of sub-

laminate crackings may be described at two different dimensional levels. The

first approach Is at the micromchanics level. At this level, quantities of

dimension comparable to the fiber diameter must be considered. Thus, the

[ analysis would distinguish the exact physical configurations In the fiber-maitrix

p microstructure; and as far as fracture mechanisms are concerned, the analysis

would also include the effects of micro-defects, such as voids, fiber-matri

[disbonds, etc. Since the latter may distribute randomly throughout the

material, any fracture analysis method based on nicromechanics must also address

'I the statistical characteristics of the material micro-defects.

H Owing to the extreme complexity in the uicrostructures of any given fibrous

composite, fracture analysis of sub-laminate cracks based on micro leanie

[I Is almost Impossible If not Impractical. Nevertheless, the approach has been

applied extensively to study failure mechanism of unidirectional fibrous

composites, where fiber failure is predominant.

o1



At a much larger dimensional level, a phenomenological fracture analysis

my be performed. In this approach, each of the material layers In the lami-

nate is idealized an a homogeneous anisotropic medium, where the fiber-atrix

distinction disappears. The physical properties of the individually idealized

layers are represented by some average values from that of the fiber and the

matrix phases. Consequently, all of the micro-defects in the idealized layer

become indistinguishable; and their resultant macroscopic effect on failure may

be regarded as some inherent material property.

Generally, a crack of dimension much larger than the fiber diameter will

be recognized at the macroscopic level, such as a transverse crack in a layer,

or a delamination crack in a layer-interface. At this level of analysis,

methods of the classical fracture mechanics may be used, where the effective

properties of the material layers are required in order to perform the necessary

stress analysis. In fact, it is at this level, material characterizations of

various composite material system are conducted In practice.

Research on the sub-laminate fracture growth in laminates has been

mostly experimental. And serious analytical studies of the various growth

mechanisms from either a microscopic approach or a macroscopic approach have

been very limited (see, e.g., the review on fracture analysis of composites

given recently in a treatise by Cherepanov [13).

In what follows, a more detailed discussion will be given to the two

types of sub-lamnate crackings, which have been the focus of considerable

recent interest. Specifically we shall discuss the growth behavior of

transverse cracks and free edge delamination in graphiv- -epoxy composite

laminates.
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laltiLple tramere crackts ere shorn to occr ISa the 90-lawe. Aswo that

the "0-layer has a uniform tensile strength, them mutiple craedo woU

jj appear simultaneously at a regular spacing whom sowe critical stress is reached

transverse to the fibers.* The crack spacing is determined by the shear streas

Ii transfer zone on the 90/0 Interface where the transverse crack terminates.

2~ H Thus, first intuition would suggest that the critical stress in the 90-layer

at the onset of multiple cracking must be the tensile strength of the 90-

~: Hlayer. The latter is, of course, a material property of the 900-layer.

[I p

0 04L115TRASVERSE CRACKS

'igr 1.' Schemtics of Naitiple Transverse. Cracks
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Actually, experiments have indicated that the tensile stress in the U
90°-layer at opAet of transverse cracking varies greatly with the thickness

of the 900-layer itself. The general trend is that the critical tensile stress

in 90°-layer increases as the actual thickness of the 90°-layer decreases.

This layer-thickness effect was first docuiented experimentally by Bader,

et al. [2], who tested laminates made of 8 ss-epozy and graphite-epoxy com-

posites.

Bader, at al. [2] attributed the layer-thickness effect on transverse

cracking to the constraining actions from the adjacent 0-layers. The pres-

ence of the 0-layers not only arrests the crack, but also restrains it from

forming in the first place. Depending on the thickness of the 900-ayer, the

quantity which creates transverse cracks is associated with the amount of

strain energy stored in the 90"-layer.

The exact kinematics in the transverse cracking formation are not clear.

A closer examination of the cracking process indicates that the crack generally

_follows the fiber-matrix interface, when viewed in the plane. For example,

Fig. 1.2 shows an x-ray plane-viev of a [±25/9021s graphite-epoxy lazinate.

It is seen that all the transverse cracks span the entire width of the test

specimen. Similarly, a photo-micrograph in the thickness view, is shown

in Fig. 1.3 for the sam laminate. Here, the transverse cracks span across

the thickness of the 90°-layer and terminate at the 90/25 interfaces. These

photographs do not reveal the actual growth path of the transverse cracks.

Rather, it tends to suggest a sudden formation of a large plane crack, con-

fined by the thickness of the 90"-layer and the width of the specimen. The

dynamic nature in the crack formation requires further verification, however.

I
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I Eamination of the transverse crack surface by scanning electronic.

L microscope reveals a generally rough failure surface scattered with tiny epoxy

j debris and sone broken fibers. Clearly, the cracking path is not entirely confined

in the matrix phase of the composite.

*Let us now turn to the problem of free edge delalination which is another

frequently observed sub-laminate fracture mode in epoxy-based laminates. fig.

1.4 illustrates schematically a free edge delamination crack in a straight-edge

specimen under uniaxial tension. It shows again a plane crack which forms

along the free edge of the laminate and propagates inward along an interface

of two adjacent layers.

The driving force for the free edge delamination crack stems from the.

interlaminar stresses that exist near the free edge region of the laminate.

These stresses are generally singular in nature with high stress gradient. As

the cracking forms and propagates inward, the singular nterlaminar stress field

moves also with the crack-tip. The process is apparently stable as is evidenced

by numerous experiments. On the other hand, there is no crack-arresting macha-

S!  nisms in the process; and the crack can therefore propagate indefinitely until

[ lthe laminate is separated through the cracking interface. At this point,

failure of the laminate is resulted.

1

Figure 1.*4 Schematics of free Edge DeIma.uation

7



Fig. 1.5 shows the x-ray plane-view pictures of a [±t45/O/9OJ8 graphite-

epoxy laminate umdergoing free-edge delamination at three different loading

stages, where a stable crack growth is Indicated. The Interface in which the

crack in supposed to be contained should be the aid-plane of the laminate.

However, a side-viev micrograph of the same laminate taken at the loading stage

(b) is shown in Fig. 1.6. It is seen here that the edge crack is actually

formed within the 900-layer, but it zig-zags along the length of the specimen.

Apparently, the.crack is not alwaq's confined in any one given layer interface.

00 (b)

Figue 15 X-ay ictues f a ~t4/0/9]s raphte-pox

Lamiate nde Goig Dlamiatin IntheKid-lan
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Another side-view micrograph of this laminate taken at the loading stage

(c) is shown In Fig. 1.6. Of particular interest is the formation of other

delamination cracks In the +45-interfaces and the 0/45 interfaces. These cracks

are generally n shear-dominant sodes. Clearly, the growth process of free edge

delamination is much more complicated than the transverse cracking process that

has been discussed earlier.

Analytical Investigations of the free edge delamination problem have been

mainly efforts for calculating the boumdary layer interlaminar stresses. Almost

without any exception, all the calculation methods were based on the effective

property assoption, that the material layers in the laminate are Individually

homogeneous (but anisotropic) media. Within this assamptiou, material and

geometrical discontinuities exist only across the layer interfaces.

Even at this dimensional level, the elasticity boundary-value problem is

quite complicated; only nmerical solutions fir the free edge stress field have

so far been obtained [3-6J*.

The knowledge of the free edge stresses has provided qualitative correla-

tions with some delamination experiments. For example, in a series of strength

tests, Bjeletich, et al. reported the average tensile strength of six families

of quasi-isotropic laminates by alternating the stacking sequence of the 00,

90, and +45 layers [9]. An edge stress analysis identified correctly that

the laminate of (0/90/±451 developed a compressive a3 stress along the free

edge. Consequently, the laminate suffered no delasination until final failure.

* Recently, Wang and Choi (71 have determined the elasticity solution for the
singularity of the edge stresses. Other efforts in computing the free edg
stresses are discussed more extensively in a survey paper by Salmon [83.

10



4 t1

40a

46

-MIio



On the other hand, the laminate of [+45/0/901 construction developed a

a

tensile az stress along the free edge boundary, which caused prematured

delamination; and, the growth of the delamination resulted in a lowered

lainate tensile strength.

In a series of tests using graphite-epoxy laminates, Rodini, et al.

(101 found that the critical stress at the onset of edge delmination in a

[±45n/On/90nlsq n - 1,2,3 family varied greatly with the value of a. The

critical stress decreases at the rate of about A. In addition, the location

and the mode of crack also varied with n. Clearly, the actual thickness of

the material layers in the laminate influences the mschanism of delamination.

Yet, a free edge stress analysis for the laminates would yield Identical edge

stress field for all values of n. Thus, a stress analysis alone cannot explain

the Initiation and growth events in the delanination process.

The layer-thickness effect on edge delamination is, coincidentally,

similar in nature with that found in the transverse cracking processes. In

both cases it requires a rigorous physical and mathmatical explanation.

All of this points to the need for a fracture analysis of the problems.

In particular, the critical conditions under which a crack initiates and

propagates must be defined. And the growth behavior as a function of loading

also needs a closer amination.

As discussed earlier, transverse cracks and delamination are sub-laminate

cracks, which may be analysed at two different dimensional levels. At the

microscopic level, the basic aasuqtion Is that in each material layer there

is a distribution of micro-defects. And, a similar micro-defects distribution

may also exist on the layer interfaces. Thus, increasing the thickness of the

material layer increases the probability of crack initiation and growth.

12
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U
This reasoning can certainly explain, albeit qualitatively, the aebted

layer-thickness effect on transverse cracking f2l and edge dalinatImA' 10].

L But the analysis mut Include the nterrelationships between the stres fields,

the defects, defect Interactions and their caeenemcai at the

microscopic level. This approach, however, Is practically unattainable.

The alternative in to perform a fracture analysis at the macroscopic

level, where a stress analysis based on layer-elasticity may be coupled with

F the classical fracture mechanics. Within this context, one must perform a

number of fundmental preparations in order to construct a physically realistic

* fracture model. In particular, some conceptual and technical questions must

. be resolved first.

As in any analytical model construction, idealization and simplication

are made in order to reduce mathematical complexity. In the case of free-

edge delamination, for instance, one may idealize the crack growth as a self-

similar, or co-planar crack contained in an interface between two layers.

Ii The growth Is one-dimensional and the crack front is represented by a point.

Similarly, transverse cracking may also be idealized as a self-sliilar crack

[I along the matrix-fiber interface in the 90-layer. In either case, the crack

[ surface is assumed flat and smooth. In reality, of course, the crack surface

Is ragged and warped depending on the exact nature of the crack, even when

(viewed at the macroscopic level. But, the Idealization may be tolerated is...

the overall modeling, if the material property (e.., the critical energy re-

[ lease rate, GC or-Kc) is measure" as a bulk quantity, and the sit'e of crack

is lsrge. This kind of Idealization is, on one bad, a mathmAticl necessity;

and on the other hand, it mast be adjudicated by physical eapormt.

0 13
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The above consideration brings upon another conceptual question, which
is how G or K should be physically determined. Although transverse cracks

c C
and md delaaftation may all be regarded as matrix-dominant cracks,.their

Individual resistance against crack growth when measured macroscopically could

differ considerably. Consider, for example, the two different crack actions

in a unidirectional laminate as shown in Fig. 1.8. Case (a) illustrates a

mode-I delamination action between 0*/0" layers, and case (b) depicts a model-

crack action between 90*/90* layers. The two crack actions may produce dietinci4

tive crack surfaces at the microscpic level, and thus give different values

for G which is measured at the macroscopic level.c

In a series of tests, conducted recently at Texas A & M University [11,12],

different values for the critical energy release rate, G€ , *were found for a

unidirectional composite, depending on how the crack iS propagated. In particu-

lar, for the AS-3502 composite system, Gc measured under 00/00 delamination

action, case (a) Fig. 1.8, was about 0.8-0.9 lb/in; while G, under 900/900

cracking action, case (b), Fig. 1.8, was found to be 1.2-1.35 lb/in. G for

the neat resin (without reinforcement) had a value of only 0.4 lb/in. The

differences all stem from the individual characteristics ot the crack surfaces.

This clearly raises the question of whether Gc can be regarded as a general

material property for the class of the so-called matrix-dominated cracks.

The difficulty comes, obviously, from the fact that Gi is measured without

regard to the microscopic details of the cracking surfaces.

Closely related to the question of Gc . there is also soe concern about

a possible non-linear yielding that occurs in the vicinity of the crack-tip,

especially under shearing crack actions. In a recent experiasnt by Vanderkley

(13], it was shown that the total energy release rate measured under med-

mode (G 1 1 1 ) crack action is much larger than under a pure mod-l action.

14
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This suggests that energy dissipation in the mixed-mode cracking may contain

some amount of inelastic deformation energy. In view of the fact that the

epoxy matrix generally exhibits a considerable inelasticity under shearing

deformation, the measured value of G under mixed-mode crack action may depend

on the amount of shearing action.. ...

Clearly, all these questions require in-depth investigation before a

reliable fracture model can be formulated.

It is therefore the purpose of this research to conduct a detailed and

comprehensive examination into the growth mechanisms of transverse cracking

and free edge delamination. The main objective is to formulate a predictive

fracture model which is capable of describing the basic behavior in the two

types of sub-laminate crack processes. To this end, the macroscopic approach

based on layer-elasticity is taken, and the physical concepts of the classical

fracture mechanics will be employed. In order to resolve some of the funda-

mental questions associated with this approach, an xttenaive experimental

study is also conducted, with results correlated with the fracture analysi-.

Section II details the fracture model development. A review of the basic

methods in classical fracture mechanics is included. And, the special method

of the crack-closure integral is singled out for adaptation in a finite element

computational scheme. In this section, the crack Initiation, growth and

growth stability criteria for transverse cracking and free edge delamination

are proposed.

Section III contains the results and other data documented in the

experimental case study. It includes the macroscopically measured material

properties, crack events in the [0/90 n , n - 1,2,3,4 family, crack eets in

the [±25/9OnIs, n - 1/2,1,2,3,4,6,8 family, and the crack events in the 45 n]as

16



n - 2,3 family. In particular, in the L+25/90nI family, both transverse

cracking and edge delamination occur either independently or interactively,

depending on the value of n. Other peculiar aspects in the crack events are

j smiarized and discussed.

Numrical modeling based on the methods developed in Section I1 are

j conducted for the laminates tested in Section III. Thus, a complete cor-

- . relation between the analysis and experiment is presented in Section IV.

This includes the modeling of the transverse cracking, free edge delamination

and their interactions effect.

A concluding discussion on the gains as vell as shortcomings in the

fracture model is given in Section V.

Ii
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II. DEVELOPIIET 01 FRACTUR NDUL

In the previous section, we have discussed some aspects of the physical

process of transverse cracks and edge delInation in epoxy-based laminates.

It is found that the fracture events cannot be explained from the standpoint

of the concept of strength as a constant material property. Actually, there

is a broad range of failure processes for which the concept of strength is

not applicable. This fact is particularly well known for brittle failures.

The essence of the classical fracture mechanics is not to apply the strength

concept, but base the theory on the actual process of fracture. It is founded

on the work of Griffith [141, published originally in 1920.

2.1 The Griffith's Energy Release Rate Concept

Griffith's original work [14] is concerned with a thin, brittle plate

which is uniformly stretched in one direction by o, Fig. 2.1. The plate has

a through-crack of length 2a, orientated transverse to the direction of the

applied stress a. The length of the crack is assumed small coupared to the

dimension of the plate; a << L; a << W. Griffith introduced the surface

energy of the brittle material and formulated the criterion according to which

the existing crack begins to propagate unstably. He postulated that an in-

crease in the crack size causes a decrease in the stored strain energy near

the crack-tip; and the loss of the strain energy is converted entirely into

surface energy. The latter is the result of an increase in the free surface

area due to the crack extension.

Let U and U0 be the total strain energy of the plate with and without the

crack, respectively. And, let AU - U0 - U be the loss of strain energy of the

plate due to the presence of the crack. Then, for the existing crack of size

2a, the Griffith criterion states that the crack begins to propagate when

'i [1-
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a (AU)da > (4y)da (2.1)

where y is the material surface energy of a unit of free surface.

For the Griffith problem (plane stress), AU is given by

AU - 2 a 2  (2.2)

2 E

Upon substitution into (2.1), the following dependence of the critical stress on

crack size is obtained:

acr 1 (2.3)

According to Eq. (2.3), the crack of original length 2a remains unchanged

until the applied stress a reaches the value given by (2.3); at this instant

a dynamic process of crack growth begins.

The Griffith equation (2.3) brings upon two important practical questions.

The first is that using (2.3), a -.. as a -b 0. Of course, no real material

can sustain an infinite stress. In fact, given a plate having no crack at all,

one finds only a finite strength for the plate. This contradicrlto is cif.:m-

vented by introducing the concept of inherent material flaws, that ars assumed

to exist naturally within the plate. The real physical identity of the flaws

is lost within the frame-work of the "continuum assumption" from which stresses,

strain energy, etc. are calculated. In reality, the flaws exist. perhaps, at

the dimensional level of the grain-boundary, or the molecular structure of the

material. The macroscopic effect of these microflaws is then represented by

assuming a macroscopic crack of size So, from which the no-crack strength of the

plate can be calculated from (2.3). Clearly, the existence of a0 at the macro-

scopic level can only be viewed as a necessary postulation.
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[Another question is related to the definition of y, the free surface

energy. Actually, it represents the irreversible work required to create a

unit free surface area. For brittle material such as glass, crack growth as

defined by (2.3) has been shown to be quite valid. For most other structural

materials, the crack-tip region usually exhibit some deSroe of ductile deforms-

ji tion. Early studies by Irwin (15]. Orowan (16] and others led to the concept

of the so-called "quasi-brittle fracture." According to this concept, Eq. (2.3)

is also correct for most materials under conditions of quasi-brittle fracture,

if the quantity y is replaced by the irreversible energy dissipated in the

surface region of the crack per unit area of free surface. This last quantity

depends on the ductility or inelasticity of the material near the crack-tip;

and it is usually found to be orders of magnitude larger than'the theoretically

calculated value of the material's free surface energy y.

The foregoing discussions become practically more important when we try

!I to describe crack-like failures in composite materials. The fundamental

assumptions in the Griffith theory must be propertly re-interpretated in order

j Iifor it to apply to the fracture problems of composites.

As has been discussed in Section I, practical stress analysis for multi-

I. layer laminates can be performed only at the level of layer-elasticity. That

is the individual layer is idealized as a homogeneous madium in much the same

manner as the "continuum" assumption in the theory of elasticity. Consequently,

Ii when we analyze a crack-like failure in this idealized material, the same con-

cern arises in identifying properly the quantity a0 and the quantity y if the

I' Griffith theory is to be employed. As before, these quantities must be con-

F sidered a material property and are measured at the dimensional level where

the stress analysis is performed. As far as composite materials are concerned,
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the sioe of a0 can be very large, depending on the sis ad the distribution

of the microflas. Similarly the quantity y has to be the araged valu

over a large crack surface area.

In this sense, the Griffith equation (2.3) can be generalized to treat

the types of crack growth problems which are found In layered composites.

Now, consider the quantity AU in (2.1). Since U0 does not depend on aL

the Griffith criterion may be rewritten as

ag~aS(2.4)
aa a

where S is the total surface energy of the solid in the context of the afore-

mentioned "quasi-brittle" fracture. ]
The quantity aU/as depends on the stress field near the crack-tip, which

in turn depends on the geometry of the crack. It represents the driving force

in propagating the crack and is commonly referred to as the available strain

release rate, G(a), a function of crack size a. The quantity 3S/Sa depends

on the iacrostructure of the crack surface and it represents the resistance

of the material against the crack propagation. For material of uniform

property, aS/a is independent of a. It is comonly called the critical

energy release rate GC, which is identified as 2y.

Thus, the Griffith criterion (2.4) becomes,

G(a) I_ G (2.5)

Accordingly, the development of the classical fracture mechanics rests

upon the calculation of G(a) analytically, and the measurement of G physically.

In view of the mathematical complexity in the singular stress field near the

crack-tip and the practical uncertainties involved n the material behavior at

failure, both tasks have not been a simple matter.

22
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2.2 Irwin's Crack-Closure Integral

1 For plane problem in elastic homogeneous solids, the strain and dis-

placement variables are inde~pendent of one of the Cartesian coordinates. say

I. x. In this general case, the singular stress field near the crack tip can be
represented by analytical functions in the theory of complex variables [171.

* I. Generally, stress field solutions are obtained for three particular modes of

crack action. These three modes, illustrated in Fig. 2.2, are known respec-

tively as mode I or opening mode, mode 11 or sliding mode and mode III or

I - tearing mode. For isotropic material, the distribution of stresses near the
tip of an arbitrary brittle crack undergoing pure mode I extension is given

by [18].

a con i(1 sin 1sinT3

coo~ (1 + sin 1sin B02 2r 2 2

a v(a + a) (2.6)

KI 0 3Ir sin - co[I y v 2 rr i2 con 2 co 2
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And the crack-tip stress field of a mode 11 crack Is

- s in e (2 + co.)

sin-1coosIfcoso

a.z  V (a x +a) (2.7)

T T " 0.

And the crack-tip stress field of a mode III crack is

. - K coo (2.8)

-a - "T -0.

The real paramsters X19 Ki and K,,, are known as the stress Intensity

factors, which depend generally on the shape of the body, loading, location

and size of the crack.

Knowing the crack-tip stress field and the functional dependence of the

stress Intensity factors on the crack size a, the corresponding value of the

available energy release rate G(a) can be calculated.

G(a) a KI (plane strain) (2.9)
~or

or G(a) - 1 2 (plane stress) (2.10)
i* K1

II 25[]
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In the general case of mixed-mode crack action, the emerg relsase rate

is given by

0 (a) -- 2  2 ~ 2 ) + +V 2. (2.11)K + (I x)

Thus, by applying the Griffith criterion (2.5), we relate G as follows:

2c

1V 2 2 lv 2 (U" M )x +•LKT (2.12) !
c I 1 (K C KIc)+E n c

In particular, for pure mode I crack extension,

G -1-v 2 2T span train). (2.13)Ic -.- K (pan

And similarly,

_l 2
G 1-v 2 (2.14)
ZIC KlIic

G If r 2 (2.15)

IIIC E K1 11 C

From the original statement of Griffith, we can identify only

G G 2y. For mixed-mode cracks, experience has shown that the value of .

c Ic

Gc depends on the ratios of / nd II . In fact, in most brittle

materials, Gic is much less than Gc found under mixed-mode actions.

Thus, traditionally some semi-empirical crack growth criteria are used,,

depending on the particular situation. These criteria are in the general form

of !

MUDc rnc . Kid) (0. (2.16)

Note that n a criterion suchas (2.16), the quantities K 's and 0 's
c c

are interchangeable through the one-to-one relations (2.13) to (2.15).

Relations between K and G for orthotropic homogeneoue media with the

crack orientated along one of the major axes can also be obtained [191. But,
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17o for layered media such as composite laminates, an explicit relationship

between K and G is usually not available. Moreover, in a generally anlso-

tropic solid, the mode I, mode 1I and mode III crack actions are mutually

coupled.

Even with isotropic media, the evaluation of the stress intensity factors

may become difficult if not untractable. Irwin [20] showed that the elastic

strain energy released during an incremental crack extension can be equated

j to the work done in closing the incremental crack. In what is known as the

crack-closure representation, the method provides for a direct determination

Ii of G's from the crack-tip stresses and displacements.

Let A& represent an infinitesimal crack extension from the initial size

I. of a as shown in Figure 2.3. Let Au be the relative displacements between

the mating crack surfaces along Aa when the crack is open as in Figure 2.3b.

Let a be the surface stress distribution along Aa when the crack is closed as

in Figure 2.3c. Then the work done to close the crack extension is given by

SIAa 

I.AW 1/2 A; aA da (2.17)

[ Thus, by means of Irvin's crack closure equivalence, the available energy

release rete G, for a crack of size a, is expressed by the integral,

- lim I A A; da (2.18)
Aa.0 24a o

ISubstituting the components of the surface stresses 3 and the relative die-

Uplacements Ag into equation (2.18) yields G in component form as

2
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GaI  
AV da

Ii -Aa-O 2Aa v

G G " - 0 4 T "j Au da (2.19)

G " 0 2 Aa daIII Aa.0 2Aa JO y w

where G1, GI1 , G.1 1 denote the mode 1, mode I and mode III components re-

spectively; and the total energy release rate under generally mixed-mode crack

action is,

1 G(a) - GI + GIi + GII . (2.20)

The crack-closure representation is particularly convenient for adapta-

tion in numerical computation. Other methods such as the well known J-integral

technique [21,22] are also used to evaluate G(a). These, however, will not

be detailed here, as they are not pertinent to our subsequent development.S1.
2.3 Finite Element Representation

1 a numerical technique to calculate the strain energy release rate G(a)

has been presented by Rybicki and Kanninen (23]. Their approach involves a

finite element solution of Irwin's crack closure integral given in (2.18).

[In the finite element representation, the continuous stress and displacement
fields of the solid are approximated by the nodal forces and displacements,

[respectively. Fig. 2.4 illustrates the finite element representation of a
crack tip region. Here, a crack of length a is shown with the crack tip at

node c. The finite element solution determines the displacement components

(u,v,w)c of the crack tip node c. An incremental crack extension A& is intro-

duced by replacing the crack tip node c with two separate nodes f and g as shown.

II 29
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Figure 2.4 Finite Element Mesh at a Crack Tip Illustrating
the Crack Closure Technique
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rWith this new crack geometry taken into account, the finite element solution
for the nodal displacements (u,v.w)f and (u,v,w)5 are found for nodes f and

g respectively. The crack extension is then closed by applying equal and

opposite forces at nodes f and g such that their comin displacements match

the displacements found earlier for node c. Of cjurse, these forces are

actually the internal nodal forces which existed at node c before it is opened.

The work required to close the crack extension is approximated by

AW-[F (Uf-U) + Fy(Vf-Vg) + Fz(Vf-wg)]/2 (2.21)

where F ,F yF z are the components of the nodal forces required to close nodes

f and g together. Thus, the energy release rates for the three crack extension

-t modes are approximated by

G Fy (vf-vg)/2Aa

G11 Ii Fx(uf-ug)/ 2Aa (2.22)

G ,I F Z(wf -w)/ 24a

The method presented here does not require that the stresses be calcu-

lated because the stress and strain fields are approximated by the nodal forces

and displacements in the finite element solution. Rybicki and Kanninen L23J

[applied conventional constant strain finite elements to the solution of three
fracture problems: the double cantilever beam specimens; a finite strip con-

taining a central crack; and a bolt fastened double lap joint containing radial

cracks. They reported that a relatively coarse grid in the crack tip region

was sufficient for a good comparison between their example problem and refer-

ence solutions.

Fi - 31



Nevertheless, the adequacy of this kind of approximation vemains a sub-

ject of great concern because the mathematical singular nature of the crack-

tip is disregarded in the approximation. But, even within the exact definition

of G(a) such as by Irwin's integral (2.18), the quantity • AC at the crack-

tip must be finite (a is singular, Au is zero). Thus, the approximation of

G(a) in (2.21) is logically acceptable. The only question is the degree of

accuracy. The latter is ultimately related to the manner under which the

material properties are determined.

In this report, the numerical technique described above is applied to

calculate the strain energy release rate as a function of crack length for the

transverse cracking and delamination fracture processes in composite laminates.

The formulation of the actual finite elements appropriate in these calculations

are presented in Section IV. The detials of the fracture initiation and growth*

criteria, however, will be presented next.

2.4 Initiation and Growth Criteria

In this study, we investigate two types of sub-laminate cracks. Namely,

the 900-cracking and the free edge delamination. In order to set up a crack

Vinitiation and growth criterion for each of the two types of cracking, we

assume that micro-flaws exist along the fiber-matrix interface, and the ply-

to-ply interfaces. These flaws are generally of a size in the order of the

fiber dimter, whose crack propagation mechanism is in the realm of micro-

mechanics. Here, we postulate only that these micro-flaws propagate and

coalesce into a macroscopic proportion under a certain critical far field load-

ing condition; the initiation process is dynamical at the instance of form-

tion. The size of the crack at the macro-scale depends on the micro-structure

of the material (perhaps also on a host of other material processing factors,

such as the curing process, post-cure handling, etc). This initial amcrocrack
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- is called here the initial "flaw" whose size is denoted by ao . The value of

"" a0 is generally unknown and can be random in nature. It is regarded here, how-

I ever, as a known macroscopic material property along with other properties

such as the stiffness constant, G , etc. of the basic material.

As has been discussed previously, both the transverse cracking and free

edge delamination processes may be modeled as one-dimensional self-similar

crack propagation. Thus, the energy release rate G(a) in each case can be

calculated by the numerical finite element technique.

The Griffith criterion of (2.5), when applied to predict the initiation

of the sub-laminate cracks, is replaced by the general statement,

G(a 0 ) > Gc .  (2.23)

And, the stability of growth following initiation is governed by the

' .conditions,

V G(a + As) < G stable growth (2.24)

G(a + Aa) > G unstable growth (2.25)
c

G(a + AS) -J G neutral growth (2.26)
c

1where a (> a0 ) is the size of an existing crack for which the growth stability

I is to be determined, We must note here that the definition of a0 is in accordance

with the original Griffith problem. It is a property of the basic material system.

(a) Transverse Cracking Model

IThe crack growth geometry for a single transverse crack is illustrated in
Fig. 2.5. Under the idealized cracking geometry, as shown in Fig. 2.5(a),

*assume that the thickness of the 90*-layer 2b > 2a0 . The crack growth path

4 [ from the initial size of 2a0 is assumed to initiate in the middle of the

900-layer. The growth geometry is then represented by the finite element model
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(a) Single Transverse Crack Geometry
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.(b) Single Transverse.Crack Finaite Element Model

Figure 2.5 Cracking Geometry and Finite Element Representation

of a Transverse Crack.

34



S as shown in Fig. 2.5(b). Thus, the solution domain is the 2-dimensional

x-z plane, resulting in a generalized plane strain deformation field.

Fig. 2.6 shows a typical finite element mesh for the growth of a trans-

verse crack in the upper half of the laminate. If the laminate is subj ectedI to a uniaxial tension represented by a far field uniform displacement 6,

the energy release rate function G(a) may be calculated and expressed by

G(a) [C e Wex2It, (2.27)

where t is a characteristic length (e.g., thickness of a ply) and x is
the far field laminate strain induced by 6. The coefficient function C (a)

4 is calculated by imposing 1 " 1. Note that C (a) is independent of the

I iloading 6.

SFig. 2.7 shows the general behavior of C (a) for the crack in the.e

laminate whose 90°-layer thickness is larger than 2a0 . Note that the crack

j size 2a is limited by the thickness of the 90-layer, 2b. The strain energy

release rate increases initially with the increase of cracking size; as the

crack approaches the ply interface, the energy release rate begins to decrease;

v the rate of decrease depends on the relative rigidity of the outside layer.

Generally, the maximum of G(a) is located at % < b.

if Similarly, if the laminate Is subjected to a uniform temperature drop

of At, and if tensile stress in the 90°-layer is also induced, then the calcu-

lated energy release rate function for the transverse crack is expressed by

4 G(a) I [CT(a)AT It. (2.28)
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Typical behavior of CT(e) for a transverse crack is similar to that of

. C (a) as shown in Fig. 2.7. And, CT(a) has a maximum value also at the same
I < b. The entire CT(a) curve is generated numerically by imposing AT = - 1.

a m  < • . T e e t r TJ

In practice, all epozy-based laminates are subjected to some thermal

residual loading when cured. The effects of the residual stresses on trans-

verse cracking can be evaluated by simply assuming a uniform temperature change.

AT - T - T0  (2.29)

where TO is usually the curing temperature, or the temperature at which the

laminate is free of residual stresses.

Thus, when the laminate is loaded by uniaxial tension, denoted by the

- far-field strain e x a combined loading condition must be considered. In

this case, the total energy release rate G(a) is expressed in the form

G(a) - (Ce(a)ex2 + CeT(a);x AT + CT(a)AT]t (2.30)

where

CeT(a) - 2[Ce(a).CT()] 1/2 (2.31)

I The growth of transverse cracking is primarily in mode-I, or the open-

ing mode. Accordingly, onset of a transverse crack in the 90"-layer whose

II. 900-layer thickness is larger than 2a0 is defined when

[ G(a0) - G1 , if b >'a0  (2.32)

With the definition (2.32) for crack initiation, Sq. (2.30) becomes a

I quadratic equation In e, if AT is given. The positive root of e defines

F the critical applied laminate stress at onset of the crack,

(ax cr a E(;) cr (2.33)

where I is the laminate stiffness In the loading direction.
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i
Fig. 2.8 illustrates the criterion for the onset of transverse crack

graphically. It i seen that G(aO) at the applied lamnate stress given by

(2.33) has a valus equal to G. . Once the crack is formed, the available

G(a) > GIc for all a > a0 . Banco, the growh s ustable, or is dynamical.

The crack in, of course, eventually arrested by the outside constraining layers.

During this unstable crack growth, excess energy is released, represented by

the shaded area in Fig. 2.8. The effect of the excess energy on the lainate

will be discussed later in this report.

In cases where the thickness of the 90°-layer is small, such as the

[0/90/03 laminate, then, b - one-half the 90*-ply thickness. Since a0 is a

property of the basic material determined within the premise of original

Griffith problem, while b can be made arbitrarily small, it is possible that

b < aO. In this case, the avilable energy release rate is limited by b, ft.

2.9. In fact, the maximum available G is at a - a M < b. Hence, the onset

of transverse crack is defined by

G(a)- G c, if b < aO. (2.34)

Eq. (2.34) determines essentially the smallest possible load for a transverse

crack.
G (a) \a

G Ic
I G(a)

I

0(a)I I
' I I _

a b s
Figure 2.9 Criterion for Onset of a Transverse Crack

in 90-layer with Thickness b < so .

40



S [

F It is seen that the crack is, started &t. the. size of ama; -a"d the growth

is stable because the available G(a) < G as a grows larger than am . A

slightly higher load is then required to propagate the crack to the interface.

The foregoing discussion is concerned with the critical condition under

. which a transverse crack is formed. If the macroscopic properties of the lami-

nate are ideally uniform throughout, then theoretically, multiple transverse

cracks in the 900-layer will appear simultaneously at a regular spacing. The

latter is sometimes referred to as the characteristic spacing [24].

The characteristic spacing of multiple transverse cracks has been explained

by the so-called shear-lag [25]. It is simply that an interla-nar shear stress

T z (refer to coordinates in Fig. 2.5) is developed along the interface where a

transverse crack is terminated. This shear stress is highly concentrated near

the root of the crack and it decays rapidly at a distance away from the crack

root. Fig. 2.10 shows, for example, the shear stress Tr acting along the

zx/ z

+25
14 -25

b 0it
1" 6 .:.* "" "" 9

12 T
crack

10 -
I~ n1l

* . n-26L......... n-3Vi 6
4

2

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 x/b

Figure 2.10 Interlaunar Shear Stress on -25/90 Interface.
x is measured from the root of the crack.
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-25/90 interface of a sraphite-epoxy [+25/90n]s , n - 1,2,3.

From Fig. 2.10, it is seen that the shear stress is singular at the crack

root, and it diminishes coupletely at a distance of about 4b away from the

crack root. As the interlamInar shear stress diminishes, the tensile stress ax

in the 90-layer increases; it reaches the far-field value outside the shear-

lag zone. A second transverse crack can form only outside this zone. Hence,

the so-called characteristic spacing between two neighboring cracks should be

equal or greater than the size of the shear-lag zone. In the case of the ex-

ample illustrated n Fig. 2.10, the characteristic spacing S is 4 times the

thickness of the 90"-layer (S - 8b). Or, the characteristic crack density

(cracks per unit length) is N - 1/S.

Indeed, If we place the second crack outside the shear-lag zone, see

Fig. 2.6, and generate the energy release rate curve G(a), an identical curve

will be obtained as that for the first crack. On the other hand, If we place

the second crack inside the shear-lag zone, the energy release rate curve would

" be smaller than that for the first crack [26].

In reality, the idealized multiple cracking process does not occur.

Rather, if the first crack forms at some critical far-field load, ac, then

the second crack would form at a different location (not necessarily at the

characteristic spacing) under a slightly higher load, and so forth. Hence,

the density of the cracks is generally rising with the applied load, such as

illustrated in Fig. 2.11. Moreover, no characteristic crack density can be

defined. And, often, the event of multiple crack formation to interrupted by

other sub-l1minate cracking event at higher load, such as edge delamination,

or other interface crackings.

AssuminS the formation of each transverse crack is the result of an
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initial macro-flow in the 900-layer, it may thus be appropriate to postulate

. that a random distribution of the initial macro-flaw exists in the 90"-layer.

But, this aspect pertains to the statistical nature of material propexty, not

the mechanism of crack formation. Therefore, ye shall defer the subject to a

later study.

Crack density

N Theor. characteristic

c dactual multiple crack
growth curve

onset of

-o 1st T.C.

i o;,: :
a0I.r

1 Figure 2.11 Transverse Crack Density vs. Applied Load
N is the Theoretical Characteristic Density

(b) Free Edge Delamination Model

The cracking geometry of free edge delamination In a symetrical laminate

is illustrated in Figs. 2.12 and 2.13. Fig. 2.12 shows a mid-plane delamina-

tion and the corresponding finite element modeling scheme; and Fig. 2.13

shows a delamination along an Interface other than the mid-plane of the lami-

nate. Owing to the symimetry of the laminate, the cracking action in the former

case is essentially of mode 1, while in the latter case the crack action is

generally mixed, including modes I, I and I1.
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Figure 2.12 Cracking Geoue try and Finite Element Representation
of Mid-plane Edge Delamination.
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In both cases, the crack is assumed to form along the prescribed inter-

face, and to propagate in self-similar manner toward the interior of the

laminate. Hence, the solution domain is the 2-dimensional y-z plane, being a

generalized plane strain deformation field.

Fig. 2.14 shows a typical finite element mesh for the growth model of an

edge crack along a given layer interface. It is assumed that an initial macro-

flaw of size a0 exists near the free edge and it can be propagated once the

applied far-field laminate stress 3 reaches a certain critical value.
x

In order to determine this critical condition, the energy release rate

curve G(a) is first generated numerically by the finite element procedure.

Since a laminate has more than one interface, it is not generally possible to

pin point exactly which interface is going to delaminate under the applied load.

4 Normally, a free edge interlaminar stress analysis is conducted first, before

any edge delamination calculation. The details of the interlaminar stress field

can provide some indication as to on which one of the interfaces an edge crack

is likely to occur. Then, a calculation of G(a) for crack propagation along

the selected interface is performed next. In case there are more than one

possible interfaces which are likely to delaminate, then the G(a) curves for

each of these possible cracks have to be generated.

As has been discussed earlier, mid-plane delamination is primarily of

mode I, or opening mode, in a syumetric laminate; while an off-mid-plane

delamination is generally a mixed-mode crack. Between the two different modes

of delamination, the crack growth criteria may also be different. Depending

on the microscopic details of the cracking surfaces, the critical energy release

rates Gc for mid-plane cracking and for off-mid-plane cracking may actually be
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distinct. And this has been shown experimentally for some unidirectional

graphite-epoxy [13]. Hence, a trial calculation is usually required to

determine just which interface is the most energetically possible for an edge

delamination.

Fig. 2.15 shows a typical G(a) curve for a delamination growth along
either the mid-plane, or an interface other than the mid-plane. The general

behavior of G(a) is that it will increase rapidly to reach a maximu value

at a - a . After this point, the value of G becomes essentially a constant,

independent of the crack size a (assuming the width of the laminate is large

G (a)

a -

x .

48'
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Figure 2.15 Typical G(a) for Edge Delamination.
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compared to the crack size a). The value of am at which G attains its uuitm=,

depends on a number of geometrical factors. The sost notable factor is the

I layer thickness of the two adjacent layers on whose interface the delaination

propagates. For example, if G(a) represents the total energy release rate

curve for a aid-plane delamination for the laminates C45 n/0 /9%I, n - 1,2,3,

then the maximum of G would occur at about a - nt, t being the thickness of

one ply. Since G increases with a before a - am, the available maximum G in

the case of n - 1, for instance, is much smaller than the available maximum G

In the case of n - 2.

This thickness dependence nature of G on layer thickness is not
Max

exactly the same as the previously discussed transverse cracking problems. But,

the reason for the existance of a maximum is also due to the constraining effect

..from the layer structure of the laminate.

As in the transverse cracking problems, G(a) curve of an edge delamina-

i tion growth can also be expressed in terms of the applied thermal and mechanical

loads:

G(a) CC (a)e 2 + CTe AT + CT(a)AT 2]t (2.35)

where the coefficient functions Ce, CT and CeT are defined identically as those

1 expressed in Eqs. (2.27), (2.28) and (2.31), respectively.-

If the computed G(a) is for a mid-plane delamination growth, then the

onset of delamnation is defined when

G(ao) - G1, if o < am (2.36)

or

G (a)G a1 0 , if a0  a. (2.37)

* i 49
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The physical reason for the difference between (2.36) and (2.37) is the saw

as in the transverse cracking problems discussed earlier.

If the computed G(a) is for an off-mid-plane delamination growth, then

G(a) so computed is consisted of three modal parts, as is expressed generally

in Eq. (2.20). A general criterion for the onset of such a nixed-umde crack

can thus be similarly given as

G(aO) - G(1, 11,I. if a0 < a (2.38)

or

G(am) = G(I,II,tII)c , if a0 > am  (2.39)

In actual problems, experiment is required to decide whether or not

GIc i equal to G or whether or not G(I,II,III)c depends on the

ratios of G/G 1T and G1/GI 11 , etc.

Whichever final growth criterion is used, the growth stability of

delamination is theoretically stable if a0 < am; and it is neutral if

a > a . In reality, however, the growth is generally stable. This is because

0u
(1) the interface flaw size a0 is not uniform along the specimen; the w!eakest

location always starts delamination first; and (2) the actual width of the

specimen is finite, say 1 inch wide; as the delamination growth becomes larger

relative to the width, the structural stiffness of the specimen is reduced;

and so is the available energy release rate G under the saws load.

This last aspect on growth stability will be discussed again in Sections

III and IV where we shall examine the relevant experimental results as they

are correlated with their computed. counterparts.
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III EcmnaWTAL STUDY

I 3.1 Scope of Experiment

The main objective of the experiment is to conduct an extensive case-

, study, which will complement the development of the analytical fracture models.

fAs has been discussed in the previous section, there are several physical and

conceptual questions that must be resolved by experiment if the methods of

1 -classical fracture mechanics are to be used in the fracture analysis of sub-

lam-inte failures. Thus, the experimental study will provide not only physical

insights in model development, but also guidance for an effective numerical

computation. The experiment identifies the important material and geometrical

parameters which influences the various fracture processes.

Accordingly, the experimental study consisted of the following major

tasks:

(a) Basic Material Characterization. Since all the laminates tested

L were made by laminating unidirectional plies, the basic ply properties were

characterized within the frame work of "ply elasticity," or the macroscopic

L"effective" moduli approach. Both the elastic compliances and the strength

[properties were determined by experiments.
In addition to the unidirectional ply properties, some basic laminates

were also tested. Among them included [08], (9081, [+2512s, [±45 2] and

[453]a. These were tested for their laminate tensile modulus (Ex) and their

lAminate tensile strength (ou ) only. No attempt was made to examine their

failure mechanisms.

The proper values for the residual-stress-free temperature, To, has also

been investigated experimentally.
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These basic material data are required as input information in the numer-

ical simulation of fracture growth.

(b) Transverse Cracks n [0/90n/0] - Family. This series of tests n-

eluded laminates in the form [0/ 9 On/0, n - 1,2,3,4 and [02/902n/02], n - 1,2.

Because of the relatively small edge normal stress oz , these laminate do not

suffer edge delamination under uniaxial tension. Rather, only transverse

cracks in the 90*-layer can be induced. Hence, this series of tests provides

an ideal case study for the transverse cracking model developed earlier in

Section 1I.

In addition, laminates of the form (02/904/02] were tested under different

tamperature environments.

(c) Transverse Cracks and Delaminations in [ O25/90nl s - Family

This series of tests included laminates in the form (±2 5 / 90n]s, n - 1/2, 1,2,

3,4,6,8. The reason for selecting the +25-layer as the major load-carrying

element is that it offers the optimal lamina constraint which induces free-edge

delamination under uniaxial tension. Indeed, as will be shown by the experi-

mental results, the laminates of n - 1/2 and 1 suffered free edge delamination

without any transverse cracking; and, the delamination mode was primarily of

mode-I. This, then provides an ideal case study for the delamination modeling.

As for those laminates with n > 1, both transverse cracking and edge delmLina-

tion were induced, resulting in complicated interacting effects. In particular,

for cases of n > 3, other modes of fracture became predominant. Thus, this

series of tests presented a multitude of interesting fracture growth processes.
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In addition to the (±25/9%1 eries. laminates of [±252/902 e alc

tested. This is to check whether or not the ultimate strength of the load

I carrying layer (the +25;-layer) would be affected by the layer-thickness

effect. This can be accomplished by comparing it to the (225/90] laminate,

whose load-carrying ±25-layer has only half the thickness.

I. (d) Mixed Mode Fracture in Notched [08 ] - Family. A series of tests

was conducted in (08], 0 - 0°, 15', 30, 45', 60", 750 and 90". In each case

the specimen had double side notches of 0.15" size. Under uniaxial tension,

I fracture failure was induced along the fiber direction. The fracture is of

mixed-mode in general, and the ratio between mode-I and mode-Il depends on

i. the value of 0. Results of this test has provided some insights about the mater-

ial resistance under various degrees of mixed-mode fracture.

3.2 Experimental Procedures

Throughout this study, all laminates tested were fabricated from Fiberite

T300/934 prepreg tape. They were autoclave cured at 350*F (450*K) according

to the manufacturer's specifications. Nominal fiber volume was determined in

the range of 66 + 2Z. The 12"z12" laminated panels were cut by diamond saw

to a coupon length of 9" and width of 1". Fiberglass tabs of length 1.5"

j were bonded to each end of the coupon. Coupons were stored under normal room

conditions (70"80"F and 60 +5Z relative humidity) for a typical duration of

3 to 6 months before test.

romAll tests were conducted on an Instron Universal Tester under normal

room conditions (except otherwise stated). Load was applied at a displace-

sent-control rate of 0.01" per minute.
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The experimental procedure for documenting damage sequence in the various

laminates was as follows:

(1) The ultimate tensile strength (UTS) for each laminate In the series was

determined by a minim m of four reap tensile tests. These specimens were

strain gaged to determine the tensile stiffness properties, including the

laminate's Young's modulus and Poisson ratios.

(2) For each laminate type, a mininum of four specimens were step-loaded

under axial tension. The initial step loading increment was approximately

1OZ UTS until damage in the form of transverse cracks and/or delamina-

tion was detected. Then the load increment was subsequently reduced to

approximately 5% UTS until the ultimate laminate failure.

(3) After each step loading, the specimen was removed from the testing

machine and was inspected for damage by means of DIB (di-lodobutane)

enhanced x-radiography.

(4) Tn addition to x-ray examination, the free edges of each specimen were

also optically examined using a microscope to observe the details of the

damaged area. i

(5) In many cases, tested specimens were selectively sectioned, polished

and examined under SIN (Scanning Electronic Microscope). The SDf exami- S

nation provides additional internal cracking details In the thickness

sectional view of the laminates.

Figure 3.1 illustrates a typical x-ray sequence taken during the Incre-

mental testing process for a [±25/903]s specimen. Here, the load-damage

relationship of the specimen can be studied In detail by examining the series

of x-radiographs. In this case, damage of any form was not detected up to

54

Ai



m,

LL

* i --- --

I .p - - -- . L -ZZ.."

; I - 2 ..... ..... .. ... ..-

Fk ! .

-

- - l

-- -. - --..--.

5 5r Vr 6 4W ..7 % T S8 2 U - 7 % I R

90 5UTS 64IIUrS 95I%1fS 99X UTS 10 T

-- -- ---- |

Figurse 3.1 l-a~teoraph Showin 
Trmasvese Cakin and 

_Eg DelmimtIoe

! -
! nGrowthj SeuneUdrSe-odb VOSO~n

-- .* i



a load of 50Z the ultimate tensile strength (UTS). The first sign of damage j

was a transverse crack which appeared at 55% UTS, identified by the thin dark

line perpendicular to the load direction in the x-ray picture. Hore cracks

were seen to appear in the next several load increments.

At the load of 88Z UTS, the first sign of edge delamination appeared in

the form of a thumbnail shaped crack at the left side of the specimen. The

area of delamination extended stably as the applied load was increased. From

the x-ray pictures, it is seen that a higher density of transverse cracks exists

in the delainated area. And, by comparing the pictures at 992 UTS and 10OZ

UTS, it is evident that the final failure was quite sudden and it did not seem

to involve extensive delamination in this particular sample (the reason for

this growth behavior will be explained later in this section).

Optical edge-view examination of the delaminated specimen showed that

the delamination crack in this case followed primarily the -25 /900 interface.

Fig. 3.2 shows another sequence of x-radiographs (enlarged) taken for a

[±25/90Js specimen. It is seen here that edge delamination grew much more

extensively before final failure. Furthermore, in this case, no transverse

cracks were detected before delamination. And, when they appeared, they

existed only in the delaminated area. The delamination crack was observed to 7-T

zig-zag within the 90*-layer in an edge-view optical examination.

From the load-sequence x-ray pictures, either the transverse crack

density or the percent of delamination may be plotted as a function of the

applied load. For example, a relationship between the transverse crack density

(number of transverse cracks per unit length, N) and the applied load a can

be obtained from the x-ray sequence shown in Figure 3.1. This relation is

shown graphically in Figure 3.3. The load required to initiate transverse
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cracking aTC is determined by the a-intercept of the curve as shown in the

figure. As previously discussed, at the onset of free-edge delamination a

higher density of transverse cracks is observed in the delaminated region of

the laminate. This indicates that there is a certain interaction between

the two cracking events. Thus, the measurement of the N-a relationship is

terminated at the onset of edge delamination.

The area of free-edge delamination can also be related to the applied

load from these experimental results. The onset load for free-edge delamina-

tion may then be obtained in a manner similar to the method that determines the

onset load for transverse-cracking as described above.

As has been mentioned earlier, a number of specimens were also sectioned

for SEM examination. Typical transverse cracks in the 90"-layer can be. seen

- ! in a thickness sectional view, such as shown in Fig. 1.3. Similarly, edge

L sectional view of the laminate gives the internal details of the edge crack,

such as shown in Fig. 1.5.

S3.3 ExperimentaL. Results.

[For all the results reported in this section, each represents the

averaged values from three or four (sometimes more than four) replicate

I! specimens. Generally, data scatter is in the 5% (standard deviation) range

for the compliance properties, 10 range for the strength properties. In this

'i section, the statistical nature of the data scatter will not be discussed.

However, whenever appropriate, the range of the data scatter will be indicated.

Otherwise, only the averaged value will be used.

' l (a) Basic Ply and Laminate Properties

For the T300/934 graphite-epoxy composite material used in this study,

a routine material property characterization test was conducted. Some
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details of the characterization test are found in Ref. (9]. We shall mention

only that the unidirectional fiber reinforced system was considered macro-

scopically a homogeneous medium which possesses a momclinic symmetry in its

principal material coordinates (L.T.z) (27]. The engineering stiffness con-

stants determined using 8-ply lainsates and tested under nominal room con-

ditions are as follows:

EL - 21.0Msi ET -1.70 Msi EZ =1.70 Msi

vLT - 0.3 VTZ - 0.54 VLZ - 03 (3.1)
0.94 Msi G -0.5 Msi G 0.94 Mai

GLT -TZ G -O94Ms

aL - 0.2 Pe/*F aT - 16 ue/*F QZ a 16 ue/*F

Each material ply when cured in a laminate has a nominal thickness,

t- 0.0052" (0.0132 cm) (3.2)

The strength property of the unidirectional system is given in Table

3.1. Since both the longitudinal and the transverse stress-strain relations

(under uniaxial tension and room conditions) are essentially linear, except

near failure, it is sometimes more convenient to use the ultimate strain au

to characterize the strength of the material. Note, however, that the

physically measured quantity is always the far field applied load; the term

ultimate strength a or ultimate strain e (- a /Ex ) represents only an average
U ii u x

over the gross dimension of the test specimen.
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Table 3.1 Test Data of Some Basic Laminates

Laminate E , Usi au ki eu , u

[081 21.0(20 - 23.5) 250(231- 270) 1.1(1.0 - 1.15)

[9081 1.70 (1.65 - 1.77) 6.4(6.0 - 7.0) 0.39(0.34 - 0.44)

[t2512s 11.1(:1 - 11.15). 75(70 78) 0.67(0.66 - 0.68)

[4521 3.3(3.26 -3.41) 20(18.6 -22) 0.61(0.56 - 0.67)

I [+453] s  3.15(3.04 - 3.27) 18.1(17.5 - 19.5) 0.57(0.55 - 0.62)

'1
.* .4

* - Results from testing the [+251 29' [±45 2] and [+453] s laminates are also

sumarized in Table 3.1.

* The longitudinal stress-strain relation of the [±2512s specimen maintained

a perfect linearity up to failure. The specimen was severed in the mid-

Isection of the specimen, involving predominantly fiber breakage, Fig. 3.4.
It should be noted that the stacking sequence of the (±251 29 specimen is
actually [25/-25/-25/25] s. It is to be distinguished from, say (±25 21 which

is actually [252/-2521s. The failure behaviorbetween the two can be

drastically different.

The reason for the difference in the failure mechanisms of the (±25128

r and [±2521 laminates is due to the layer-thickness effect. This same effect

is illustrated more vividly by the strength results of the [_+5 1 and the

6
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1. [+453] 18laminates, see Table 3.1. It is noted that the average strength of

the former is 20 kai while the average strength of the latter is only 18 ksi,

a reduction of 10% because of an increase in material layer thickness.

A closer examination of the failure process of the previous two lami-

nates indicates that failure modes in both cases involved primarily matrix

cracking, not fiber breakage. Fig. 3.5 shows the x-radiographs of a [_453]8

laminate which is loaded near final failure. At about 98% UTS, a single

surface 45*-crack is induced, Fig. 3.5(a), which is almost immediately followed

*by multiple -45 -cr~acks in the inner -45°-layer, Fig. 3.5(b). It may thus

be concluded that the formation of the first major 45-crack initiated the

* * process of failure of the laminate. Clearly, the formation of the 45°-crack

must be a fracture phenomenon, which depends, to some extent, on the thickness

of the layer in which the crack is formed.

The final failure mechanisms in these basic laminates, however, will

be investigated in a future study. They are outside the scope of the present

1- report.

I Finally, experiments on the residual-stress-free temperature yielded a

value of TO ranging from 300"-325*F. In this experiment, an unsymmetric

Ji (04/904] laminate was used. When cured at 3500F, the laminate configuration

was flat. After cooling down to room temperature, the laminate curved into

an are as shown in Fig. 3.6. Thus, upon re-heating the laminate at a higher

temperature, the curvature of the specimen decreases. By optically measuring

the laminate cord height, h, at various test temperature, it is then
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(a) (b)

Figure 3.5 Failure Mode of a [±453]* Specimen, (a) A Major

450-Crack Formed at 98% UTS, (b) Multiple -45- [
Cracks Formed at 99Z UTS.
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possible to determine experimentally the residual-stress-free temperature T 0

Fig. 3.5 show the measured cord height h vezsus-temperaturej the test was

conducted for a specimen Immediately after curing. It is seen that a loss

of about 107 is resulted due to some initial stress relaxation. Upon storage

in room conditions for 3-6 months, further relaxation due to time and moisture

absorption was encountered. This caused an additional decrease in the stress-

free temperature. For simplicity, and without causing significant discrepancy,

the stress-free temperature TO for all laminates tested in this report is

approximated by a constant value of,

T - 3000F (3.3)

(b) Crack Growth in the [0/90n/0] - Family In this family, the lamintes

(0/90 10], n - 1.2.3.4 and the laminates (02/902n/02], n - 1,2 were tested

under room conditions. All, except the [0/90/01 laminates, shoved transverse

cracks under the uniaxial tensile load. In the case of the (0(90/0] specimens,

no transverse cracking was observed until the specimens were severed at final

failure. Table 3.2 summarizes the test results, including the stiffness e

onset stress for transverse cracking and the final failure stress of the

various laminates.

Plots of transverse crack density N versus the applied load a were ob-

tained from the load-sequence x-radiographs of all specimens, except those of

[0/90/0] lamination. These plots are shown in Fig. 3.7. It is seen that for

the cases of n - 2 and 3, N increases monotonically with a until final failure;

there Is no evidence of the existence of the so-called "characteristic" spacing

discussed earlier in Sections I end 11. However, for the case of n - 4, a

slight leveling off of N is indicated. But, for this case, the theoretical
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characteristic spacing is S- 16 t, and the corresponding characteristic crack

density would be N4 - /S-u12. From Fig. 3.7, the leveling off crack density

- in more than 25.

Table 3.2 Test Results of the 10/9On /Ol-Family

Laminate E. Mai T.C. onset stress, Final failure stress,
kei ksi

1(0/90/0] 13.9 No visible cracks 144(126-158)

1 0/020]11.3 68(39.0-70.5) 108(85-122)

[0/903/01 8.9 48(44-'53) 86(84-88)

Ii (0/904/01 7.9 4(-4)76(73.5-80.5)

1. (0/902/02 13.8 85(,76-98) 162(140-180)

[0 02/90 4/0 2] 11.1 50(42-57) 114(106-117)

The results listed in Table 3.2 are graphically displayed in Fig. 3.8,

Ii and Fig. 3.9. In particular, compare the results shown in Fig. 3.9, and

Hnote the different transverse crack onset load between [0/90/0) and (0 2/90 2/0].
and between (0/90 2/01 and (02/904/02] . The effect of the 90*-layer thickness

H on the transverse crack formation is clearly illustrated. The final failure

of the laminates is basically determined by the load-carrying 0*-layer;

II and the thickness of the 900-layer does not seem to have any effect on final

failure.
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Finally, a number of the [02/904/02] laminates were tested under con-

trolled temperature environments. In addition to tests in room temperature

(780F), tests were also conducted under -80"F and 1560F conditions. Test

Iresults are displayed in Fig. 3.10. It is seen that the onset stress for

transverse cracking increases with the test temperature, suggesting that a

toughening effect against 90*-cracking is developed by the increase temperature.

IHowever, these results are only exploratory in nature, more comprehensive ex-
periments are needed to draw any concrete conclusion. The final failure of

the lainate is controlled by the 00- layer, and it Is not effected by the

.i increase of the tes8 temperature.

(c) Crack Growth in the [+25/9On]s-Family. In this series, laminates of

(+25/90 n , n 1 1/2, 1,2,3,4,6,8 as well as [±252/ 9 02]s were incrementally

' loaded and radiographically examined. Table 3.3 summarizes the results ob-

tained in these tests. For purpose of comparison, tests results for [+2512s

and (908] laminates are also listed in Table 3.3. The average stresses at

I. onset of transverse cracking, edge delamination and final failure are tabu-

latedwith the range of scatter given in parenthesis.

[i In all cases, the laminate stress-strain response was found to be

essentially linear until failure. It is thus convenient to use the laminate

tensile strain i as a measure of the applied load. A graphical representa-x

tion of the data given in Table 3.3 is displayed in Fig. 3.11. Hure, the

applied laminate strain 'x at the onset of transverse cracking, edge delamina-

[tion and final failure is plotted against the number of 90*-plies, denoted by n.
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S.B Both the averaged value and the range of the scatter are shown for each case.

The strain at failure is seen to be approximately constant for the cases of

n - 1/2, 1,2,3. This value is roughly equal to the tensile strain at failure

of the E±2512a laminate. For larger n, the strain at failure drops off

significantly (discussions on this point are presented in Sections IV and V).

The onset strain for edge delamination also appears constant for the

n - 1/2, 1,2,3 laminates and it drops off significantly for u > 3. The

free-edge delamination generally initiates at about 90% of the strain-at-

failure. In fact, the onset of edge delamination and the final failure were

almost simultaneous in the [+25/904] laminates.

Transverse cracks were not observed in the n - 1/2 and n - 1 laminates

.. prior to the onset of edge delamination; and the transverse cracks were

-~largely confined within the delaminated area when they occurred. In the

cases of n ) 2, transverse cracks appeared before edge delamination. The

1" onset strain for transverse cracking decreases in laminates of n - 2,3,4;

and then increases slightly for n - 6 and n - 8. Generally, for the cases

I. of n > 2, the onset strain for transverse cracking is less than the ultimate

tensile strain of the [90818 laminate. It will be shown in Section IV that

this is caused by the residual thermal curing stresses in the laminate.
Clearly, the onset strain for transverse cracking shows a strong dependence

on n.

It is also noted that the onset strains for transverse cracking,

, edge delamination, and the final failure for the [±252/-252/902]s laminate

are kelow the values observed for the [±25/90] laminate even though these
-ep
[two laminates are essentially of the same construction. except for the layerI  I"
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thickness. Again, the layer thickness in this laminate plays an important

role in both the cracking processes and the final failure mechanisms.

In fact, the strains at the onset of transverse cracking for the [+252/-252/902]

and the [±25/-25/902] laminates are about the same. Interestingly, the-2 a
thickness of the 90*-layer is the same in both cases.

The transverse crack density as a function of the applied load is

sumarized in Figure 3.12 for the cases of n - 2,3,4,6. The range of the

data is shown by the shaded bend for each case. The transverse crack density

N is seen to rise sharply following the onset of transverse cracking. The

process of transverse cracking is enhanced, however, by free-edge delamination.

Thus, an experimental limit for the transverse crack density could not be

defined in .these laminates either.

With this overview, it is seen that the development and transition cZ.1

damage modes is dependent upon thickness of the 90-layer. It is nov con-

venient to separate the laminates of the [±25/90 ] series into three groups

as: (1) thin 90"-layer (n - 1/2, 1); (2) thick 90"-layer (n - 2,3); and (3)

very thick 90"-layer (n - 4,6 8). The damage development results for these

three groups will be discussed in more detail next.

Thin 90*-layer Laminates (n - 1/2, 1)

The thin 90"-layer laminates did not suffer transverse cracks prior

to delamination. Their edge delaination occurred primarily Inside the

900-layer of the laminate; and it propagated stably. Final failure occurred

at the laminate strain approximately equal to the faUure stisn of the

[±2-5)2 laminates.

2s
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Figure 3.12 Density of Transverse Cracks vs. Applied Tensile

Stress in [±25/90n]s Laminates for n - 2,3,4 and 6.
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The damage development in the [+25/901/2 ]a lmiate (n - 1/2)

started with a free-edge delamination along the length of one side of the

test coupon and then grew larger with delamination on both sides. X-radio-

graphs of three specimens loaded to an axial strain of ix M 0.632 are shown

in Figure 3.13. These x-rays show what appears to be transverse cracks in

the delaninated region. As the ultimate load was approached, delaminations

on both sides were observed to grow stably until they coalesced In the middle

of the test coupon and resulted in final failure. This is shown by the failed

specimen in Figure 3.13. An oblique section cut from this failed specimen

was SEK examined. A magnified section view of the SEK picture shows that

the delamination crack seen in the x-radiograph actually occurred ainly inside

the 90*-ply, see Fig. 3.14. No transverse cracks were found to form in this

4 !laminate even after failure. The delamination is seen to initiate in the

mid-plane at the free-edge, but grew inward along the 25/90 interface. Several

oblique cracks are seen in the 90*-ply which may be responsible for the

delamination shift. The orientation of the oblique cracks strongly suggest

that a locally complex state of stress exists in the vicinity of the 25/90

interface delamination crack tip.

In the case of the (±25/90]a (n - 1) laminate, mid-plane delamination was

also observed as the first form of damage. However, transverse cracks occurzod

in the delaminated region, see P1go .15; and these eotended across the entire

width of the specimen. The strains at the onset of delamination and at the

final failure are approximately equal to those for the n - 1/2 case. It appears

that the transverse cracks in the C±25/90]a laminate did not have any effect

on the mechanisms that caused edge delamination. And the final failure is
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controlled by the load-carrying ±250-layere The sub-Immisiate crackingL

event did not *aem to affect the load-carrying capacity of the 250 -layer.

Thick 90-laver hggiates (A = 2.3)

The thickness of the 90-layex in these laminates is typically found in

most practical laminates. For both cases of n - 2 and n at3, transverse crack-

ing was the first damage mode under the load. A high density of trane-

verse cracks was reached prior to the onset of deleminatlon. Delamination

occurred mainly in the 90-layer for ni - 2, but mainly along the 25/90 inter-

face for a - 3. Delamination crack growth was generally stable, although

the growth was quite limited In the case of n -'3, see, e.g., Fig. 3.1. The

ultimte strength of the n - 2 laminates is also approximately equal to the

strength of the [±25J2 laminates. But, axreduoto4 in-the final failure
2s1

wbraiz Is' IndIcatod. for the case of n - 3, see Fig. 3.11. A degradation

In strength has aLso been found in the laminates to be discussed next.

Very Thick 0-slayer Laminates (n - 4,6.1)1I

The first form. of damage for the very thick 90"-layer laminates is also

transverse cracks,. which occur at a much lower stress level. Stress con-

centrations at the transverse crack tip and at the free-edge of the specimen

cause a delamination along the 25/90 Interface. The triangular shape of the

delamination plane observed in the z-radlographs Indicates that there is an

interaction between these two modes of damage. The growth of this type of

delamtination appeared very unstable; and the final failure occurred at a

laminate strength significantly loes than the strength of the [±25) 2a laminate.,
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The delamination growth process of a [±25/904]s laminate is illustrated

by the x-radiographs shown in Figure 3.16. The x-rays show that no typical

. edge delanination occurred up to a load of 96.8% UTS. At the load of 99.9Z UTS,

JI a delamination originated at the transverse crack tips is developed, which

extends across the full width of the coupon. A small increase in load was then

sufficient to cause the final failure. An important feature of the damage in

this (n - 4) laminate is the triangular shape of the delamination near the

free edge. The apex of the triangle is clearly aligned with the transverse

crack shown by the arrow in the figure. In the previously discussed cases

of n < 4, the delamination crack front was always of a thumbnail shape when

[ it first formed. This difference in the shape of delamination indicates

clearly a change in the mechanisms that control the initiation and grovth of

the delamination. The damage development process for the case of n - 6 is

similar, with more pronounced transverse crack-induced delamination which was

observed in the experiment of this laminate.

Figure 3.17 displays the damage in two (±25/90815 laminates after

tensile loading to 97% UTS. An example of transverse crack tip induced

[delamination is shown in picture (a), where a dark son* (delamination)

associated with a transverse crack is indicated by an arrow. The z-radio-IIgraph in (b) shows delaminations occurred n both the upper and lower 25/90

interfaces. The apex of the triangular shaped dark areas marked by the

arrows are clearly aligned with a transverse crack tip delamaation. It is

concluded that the stress concentrations at a transverse crack tip interact

with the free-edge stresses to cause this delamination.
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Figure 3.16 X .-radiographs Shoving Edge Delamination
Grovth In a [±25/904]1 Specimen.
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The foregoing discussions illustrated the significant effect of the

90"-layer on the damage modes and their growth mechanisms in the [±25/90 ]s

laminates. Fig. 3.18 provides a schematic sumary of the fracture sequences

In this [±25190n1 series. Column (a) shows the development of transverse

cracks Just before the onset of edge delamination, as seen In the plane view

x-radiographs. Column (b) shows the plane and edge views (the broken lines

are the 25/90 interface) of the test coupon immediately after edge delamina-

tion. Column (c) shows the plane views and edge views of the specimen before

their final failure (transverse cracks are shown in the edge views only when

they are associated with the initiation of a 25/90 delamination at the trans-

verse crack tip).

The fracture sequences shown in Fig. 3.18 illustrate that the chosen

grouping by 90"-U~yer thickness coincides with transitions In the several

different damage modes in the [±25/90 nI series found in the experiment.

Recall for the [± 25/90nls lainates, that the observed fracture modes

consisted of mainly fiber breakage. The failure section of the specimen

was essentially transverse to the load direction, see Fig. 3.4. Similar

fracture modes were observed for the +25"-layer in the final failure of all

the laminate@ in the [±25/90 n s series. The morphology of the fracture of

the +25*-layers appears to be the same for all of the laminates investigated.

However, the laminate strains 1x at the final failure show a strong dependence

on the thickness of the 90"-layer, especially when it is thick. Further,

once edge delamination occurs, final failure is tImwinent. Apparently, the

growth of delamination has some Ill-effects on. the final failure; the exact

mechanisms will not be Investigated in this report, however.
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* 7Figure 3. 18 Schematic of the Fracture Sequences in the 1±25/9OJ
Laminates, (a) Just Prior to Edge Delaintion,

r (Ph) Subsequent to Edge Delamination, and (c) Just
Prior to the Final Failure.
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(d) Mixed-M/ode Fracture in Notched [0 8 ]-Fsmily. This series of tests con-

sisted of a class of off-axis, [081 laminates. The test specimens were cut

with 0.15" double-side notches using a nominal 8-mtl diamond blade. The off-

axis angle 0 varied froa 0* to 90* at 15 ° intervals. A general configuration

of the test specimen is illustrated in Fig. 3.19.

Under uniaxial tension, fracture failure was induced'in each specimen

with the crack initiating from the notch tip and propagating along the fiber

direction. Thus, a class of matrix-dominated, mixed-mode fracture was ex-

pertmentally determined. Fig. 3.19 shows a plot of the far-field laminate

stress o0 at onset of fracture versus the fiber angle 0.

A finite eleament simulation of the crack propagating from the notch

tip along the fiber direction was then conducted (the numerical details are

4 presented in Section IV). The calculated energy release rates G and G1 1

for each value of 0 are displayed in Fig. 3.20. It is seen that for 0 > 60

the fracture is essentially of mode I only. For smaller 0, mode-1I contri-

bution increases rapidly. Fig. 3.21 shows the ratio of G 1/G I as a function

of 0.

Correlating the calculated energy release rates with the experimental

results, the materials fractare resistance property may be evaluated. For

example, Fig. 3.22 shows the experimentally determined mIxed-mode energy

release rate G(I,1I)c of the material as a function of the G11 /GI ratio. It

is seen that for 0 > 600, (,II)C'Ic because the fracture was essentially

of mode 1, the average value for G c is

G cIwO. 9 in-lb/in2  (3.4)

IcM
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Note that the value of G determined In this experiment repreemts

le

the fracture resistance of the unidirectional composite against the type

of cracking as illustrated in Fig. 1.8(a); it is essentially a case of 0*/0*

interface delemination.

Similar values for G (0.8-0.92 in-lb/in 2) were obtained by Cullen [11]

and Williams [12] vho used the AS-3502 composite system and tested uandet

a different set of specimen configurations.

From Fig. 3.22, it is also seen that the value of G(I,I,)c Incrmes

with the ratio of G I/GI, suggesting that the energy required to fracture

a mixed-mode crack is not constant; it may be dependent on the amount of the

shearing action. In addition, the plot in Fig. 3.22 indicates the existence

of GTic , being

G 2.80 in-lb/in2  (3.5)
Ile"

Dependence of the fracture energy on the G II/GI ratio has been encountered

recently by Vanderkley [13], who also tested the unidirectional AS-3502

composite system. And, the existence of GII, (at the macroscopic level)

has been discussed by Wilkins (28]. For the AS-3501-06 graphite-epoxy

system used, Wilkins found the value of G(,Ii)c(O/O" delamnastion) ranged

from 2.1 to 2.98 n-lb/in2 with G1I/G 1 1 equaled 3.4. This range is within

the same experimental range of the present study.

Apparently, the problem of mixed-uode crack propagation is uch more

complicated than the limited study has shown here. It requires concentrated

efforts on this particular subject, both experimentally and analytically.

92



In the case of the double-side notched [90.1 l2minate, the calculated

energy release rate G1 can be expressed In tern of the notch miss a,

G,(a) - 4.75z -6 . (3.6)

Now, using the failure strain of the unnotched [9081 specimen a3- 0.39Z

from Table 3.1, and the cLtical energy reloase rate G10, 0.9 lb/in from (3.4),

{ we obtained for the macroscopic material flaw size

a0 AL w.0125". (3.7)

This is about 2.5 times the thickness of a single material ply.
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IV.FINTEBMWNE ANALYSIS AND ERIHW.TAL 2ORNLflWSL

4.1 finite !Rant Foralation

Shown in Fig. 4.1 is the cross-section of a syetric laminsa. Ase

the laminate to long In the axial u-dixection. Than, under the axial

tensile load I's the displacemmnt field of the laminate, can be expresed, in

the general form (3].L

U(X,y,Z) - 60;z + U(y,s)

v(x,y,a) - V(7.2) (4.1)'I.YX - IYZ
where a is the uniform axial laminate strain induced by P, and V and

3- are the y and z displacements respectively, which are independent of x.

The function U represents the warping of the laminates cross-section. Owing

to syimetry, the solution field can be reduced to the first quadrant of

the laminate cross section as shown by the shaded region In Fig. 4.1. The

solution region is then represented by a network of nodes and triangular

elements as shown in Fig. 4.2 with the following syuetric boundary con

ditions,

u (O, ) - (O, Z) - 0
(4.2)

W(y,O) -0

The formlation of the (constant strain) triangular finite element

based on the displacement field of (4.1) begins with the nodal force-dis-

placement relationship for a typical element,
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LWhere K Is the element stiffess umatrix and R0 represents the element

Lresidual nodal force vector. The 8 vector denotes the u, v, w functions

at the three nodes of the element and R represents the "reactive" nodal

~4- [ iorea(swe details In Be. [6j).

Assmne the material of the element is described by the generalized

K LHooke's Law as

. o C cj(el - aj AT) ij - 1,6 (4.4)

Then, the elment stiffness matrix K is given by [6],

K ij (B IDmBnj)V iLJ - 1,9
m,n - 1,5

4
and the residual nodal forces RO are given by

I R0 -(B,.De, + gina*)V a,n - 1,5 (4.6)
n n 1,9

;. where B ts a 5 x 9 operator matrix depending on the coordinates of the

jjjthree nodes. In (4.5) and (4.6), V is the volume (area) of the element and

Un (m+l) (n+l)

e - -n+IAT m,n - 1,5 (4.7)

aI 0n = Cl(n+l)[e0 - a1AT]

If the axial strain e0 Is known, then the "residual" nodal forces R
0

can be calculated. Thus, for a total of N elements in the network, N sets

of nine equations are obtained. However, these 9N equations can be con-

II solidated into a set of 314 liner equations in the form

f - Ai d ,j 1, 314 (4.8)
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N being the nimber of node" In the network. In (4.68), f denotes the sytem

resultant nodal force vector which consists of both the residual force i0

and the reactive force R; A denotes the global stiffness matrix; and d

represents the displacement vector of the N nodes in the fields. Equation

(4.8) can be solved either given a force boundary condition, a displacement

boundary condition, or mixed boundary conditions for the nodal network.

The local stresses and strains for each of the N elements can then be

calculated from the nodal displacement solution as

71 0

*im4* Budi -~T)a-1,5; i1 1,9 (4.9)

ii 6 4*le~m~u*+ n~i)Gn*~ : :::1(.10) .

If the applied axial force F x is specified, then the value of so must

be determined to satisfy the equilibrium condition that the sum of the

forces in the x-directiou be equal to %. For the case of a thermal load

condition, the applied axial force Fx is equal to zero. Then, so must be

determined; ae0 represents the thermal axial strain in the plate ,caused

by the constant thermal load fAT.

The present formulation can be applied to solve the free-edge delami-

nation and transverse cracking processe" by means of the "crack-closure"

technique described In Section 11.
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-iThe delaminatloh process is iditid by tAking'the axial x-4 ctt~a is

the load direction of the laminate, and the applie" laminate -load ts %o . The

free-edge of the laminate is at y - L as sahon In Fig. 4.2.' the the dilinina-

L tion process may be modeled by a crack startin at the free-edge and et d-

.ng towards the s-axis along a chosen plane defined by z - constant.

t The transverse cracking process is modeled by taking the y -directloh as

the load direction of the laminate. The laminate is loaded by prescribing a

uniform y-displacement boundary condition along y - L. The applied load' In

I the x-direction, F, is specified as zero to maintain a uniaxial tensile load

condition in the y-direction. Then, the transverse cracking process may

be modeled by a crack starting at z = 0 and extending in the positive z

[direction.
Some simplifications in the calculation of G may be made when a crack

is extended along a line of syimetry. The details concerning these Siu-

plification., the loading conditions, and the boundary conditions wil be

Idiscussed next in the actual calculation of the transverse cracking and

delamination processes.

4.*2 Cqluation, Of, The InrSL ReLee: Rate

II In the present analysis, both mechanical and thermal loadings are

considered. The mechanical load is the uniaxial tension a0 and the thermal

loading is the uniform temperature drop AT. Within the context of lnear

elasticity, the mechanical and thermal loading cases ay be solved Irdepev-

dently under unit load conditi6as and then superiopoeed to obtata tht

solution for a combined load couition. It is cougUsat to chooe the

uachanical load as the far field lamints strain e0 eqal to one alcrostrain



(I x 10 - 6 ). This represents a "fixed-grip" load condition. The thermal

load AT is chosen as minus one degree Fahrenheit for convenience. Let
m

and l be the nodal forces and displacements respectively, due to the unit

mechanical strain load as determined by the finite element solution of

Equation (4.8). Similarly, let 7T and 7T be the nodal forces and displace-
Equtin 4.).siilrl, etT T

ments respectively, due to the unit thermal load of AT - -1*F. Then, under

a combined loading of e0 and AT, the nodal forces and displacements can be

expressed as

f f e + fTAT

d e + d TAT

To calculate the strain energy release rate it is necessary to intro-

duce a crack in the finite element network as described in Section II.

Referring to Fig. 2.4, let 5 be the relative displacements of nodes f and g

when the crack is extended to a + Aa defined as

-u - u(s 4.12)

D may be represented in terms of a combined mechanical and thermal load

of e0 and AT as

e + BTAT (4.13)

a T

where and DT are the relative displacements associated with the unit

mechanical and unit thermal loadings respectively. Let I be the nodal

forces required to close nodes f and g together. F may be expressed in

terms of a combined load of e0 and AT as

F- + "TAT (4.14)
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I
where and FT are the nodal closing forces associated with the unit

mechanical and unit thermal loadings respectively. The energy release

{ rate per unit thickness may then be expressed as

As -(Fe + TAT) *(Sme + 5TATl (4.15)

where Aa is the incremental crack extension as shown in Fig. 2.4.

Equation (4.15) may be rewritten in the form

I. Gm (C( 2 2 (.6G - [Ce(e 0 ) + CT(AT) + CeT(e)(AT)It  (4.16)

where *

C -( .)/2Aa

CT a (FT " DT)/2Aa (4.17)

1 CeT" ("m T + F T )12Ae

The parameter t, appearing in Eq. (4.16) is the scale factor of length

[ between the actual dimension and the finite element dimension of the specimen.

Note that, for a given geometry and material properties, equations (4.17)

are functions of the non-dimensional crack length a/t and are independent

of the applied loading. Thus, the functions C et CT , and C eT are character-

istic for a particular crack growth and are hereafter denoted as the "energy

[ release rate coefficient functions".

The mechanical load coefficient function C may be expressed in terms

of the x, y, z components of P and D as

[ "The expression for CeT is equivalent to Eq. (2,31)

[
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Cel -(F m D )/24.

C i D x P) /2Aa (4.18)

Cesil (F • D )/MA&

noting that

C5 - Cel + Cell + Cez111(4.19)

The subscripts I, II, and III are identified with the mode I, mode II

and mode III crack extension modes respectively. Similar expressions may be

obtained for the thermal and mixed load coefficient functions. Thus, the

mode I, mode II, and mode III components of the energy release rate may be

expressed in terms of the coefficient function as

2 +2+
G GI  t[Cei(e) + CTI(AT) + CeTI(e)(AT)]

G u t[C e 1 (e) 2 + CT1 (AT)2 + CCTII (e) (AT)] (4.20)

G II M t[C ell(e)2 + CT(AT)2 + CeTIII(e)(AT)]

4.3 Numerical Solution Convergence Study

The numerical solution of the transverse cracking and delamination

problems requires an optimal finite element discretization which yields

sufficiently accurate results with minimum computational requirements.

Lacking an exact solution for comparison, the acceptability of the numerical

approximation is determined here by comparisons between the results obtained

from various node and mesh distributions.
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For example, consider the interlaminar shear stress distribution In

the vicinity of a transverse crack of the [±25/90]s laminate, see Fig. 2.10

The calculated interlaminar shear stress -yz along the 25/90 interface is

plotted against the logarithm of the distance from the transverse crack tip

in Fig. 4.3. It is seen that by using different crack tip nodal spacing, the

convergence of the shear stress near the crack tip can be evaluated. For a

spacing of Aa - 0.025t (t being a single ply thickness), the semi-log plot

of the shear stress T is almost a straight line; the slope of the line isyz

nearly -0.5. This agrees with the comonly accepted notion that the stress

singularity at a crack tip in an isotropic medium is associated with 1/A.

Similarly, the calculated energy release rates GI for a transverse crack

growing in the (+25/90 1 laminates are plotted against the increment crack

length &a/ut in Fig. 4.4. Here, it is seen that for Aa 0.05t, the calcu-

L lated G reaches almost 99Z the converged value (using 1a - 0.025t).

Apparently, the numerical convergence of G is faster than the crack-tip stress,

Fig. 4.5. This is due to the fact that G is calculated from the nodal forces

-! and displacements, while the stress is calculated from the first derivatives

of the nodal displacements.

L Use of a nodal spacing Aa - 0.050t is sufficient for purpose of ex-

: iperizental correlation of the fracture processes discussed in this study. It

should be noted that, the single ply thickness of the material is nominally

t - 0.0052", Eq. (3.2). Then, Aa(- 0.05t) is in the order of 250 x 10 - 6 inch,

which is about 2-3 times the graphite fiber diameter. Thus, the choice of Aa

is probably the limit for which the assumption of "ply-elasticity" remains

f valid.
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1 4.4 Correlation with the (O/9On/O].-Fad*ly

R Recall in the experiment that laminates of the form [0/90n/O], a = 1,2,3,4

and (02/ 9 02n/02], n - 1,2 were tested under uniaxial tension under rom

temperature condition. The (02/902/02] laminates were also tested under

varying test temperatures. In all cases, except [0/90/0], transverse cracks

. in the 90"-layer were recorded before final laminate failure. Experimental

results obtained in this test series have been summarized and tabulated in

Table 3.2, Section III.

According to the finite element simulation procedures discussed pre-

viously for the growth of transverse cracking, energy release rate coefficient

functions are generated for each type of laminate in this series. The

I {material constants for the basic material ply used in the calculation are

given in Eq. (3.1) in Section III. Figs. 4.6, 4.7 and 4.8 display the

I" coefficient functions Ca, CaT and CT, respectively for the [0/90n/0] series.
In order to use the coefficient functions for predicting the initiation

Lof transverse cracking in these laminate, it is necessary to define, at

II the outset, the fracture quantities Gic and a

As has been already discussed earlier, transverse cracking in the

90*-layer is of mode-I fracture. The associated material resistance 0 Ic

must be determined experimentally in a manner analogous to the cracking

[1 process itself. The experiment discussed in Section 3.3(d), however, was

{ not appropriate for simulating transverse cracking. Rather, it determined

the G c value for cracking similar to 0*/00 delamination. In that case,

2
it was found that Giciv0. 9 in-lb/in
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William (12], vho used the AS-3502 graphtte-poxy systin, found that

G for 0*/0* delamination cracking van in the range of 0.8 to 0.92 In-lb/in
2,

and G c for 90"/90" delamination cracking was in the range of 1.2 to 1.4

in-lb/in2 . The latter siaulates more closely with the transverse crackingL

process discussed here.

Since the T300/934 material system used in this test series is very

similar to the AS-3502 system used by Williams [12], we shall use the value

G -= 1.3 in-lb/in 2 for all transverse cracking simulations conducted in

this study. Thus,

G ic 1.3 in-lb/in2  (4.21)

As for the quantity a0 , it is much more difficult to determine experi-

mentally. Recall that the definition of a0 must be viewed at the macroscopic

level and in the-sense of the Griffith's original problem (see discussion in

Section 11). It represents some effective flaw interior to the 90"-layer

Swith a size of 2a0.

Again, in the experiment discussed in Section 3.3(d), where specimens

of double-side notches were tested, on the basis of the experimental strength

of the [90.] specimens, it was suggested that the specimen had an effective

side notch of size a0 - 2.5 times the ply thickness (ply thickness - 0.0052").

This a0 value is associated with specimens having cut edges; man-made flaws

along the edge may have contributed greatly to the size a0 .
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In the case where the 90-layer without edges (the Griffith problem), or

its edges are constrained from cracking, it is believed that the effective

flaw should be much mller. Thus, without a direct experimental determine-

tion, ve shall assume here that if the thickness of the 90"-layer is un-

bounded, an Interior flaw of size 2a0 M 3t exists, which determines the un-

stable mode-I crack propagation of the 90"-layer under tension. Or, alterna-

tively, the quantity a0 associated with the transverse cracking simulation is

defined as

a0 - l.5t (4.22)

t being one ply thickness (equal 0.0052").

With Gic and a0 defined, the prediction of the onset of transverse

cracking in this series of tests are presented in the following.

Consider first the laminate [0/90/0], n - 1. The total thickness of

the 90*-layer is only t - 0.0052". Any inherent flaws in the thickness

direction cannot be more than 0.0052" in size, but can be anything smaller

than t. Thus, for all possible sizes, the largest possible energy release

rate is associated with a - 0.4t, see Fig. 4.6. The energy release ratem

coefficients Ce, CeT and CT at a - am are found from, respectively, Figs.

4.6, 4.7, and 4.8:

Ce(a) - 136x104; C (a ) - 39; CT(am) - 2.9x10-4.
C £ eT m

Then by means of Eq. (2.30), the maximum available energy release rate

for transverse cracking is

- [Ce(a) ;x2 + CTT(e%);.2T + CT(%)m& 2It (4.23)
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[I And, according to the criterion for initiation, Eq. (2.32),* onset of

transverse cracking is dsf ined by

G(a.) wGI (4.24)

Using the prescribed values of G Q- 1.3 in-lb/in 2, t - 0.0052" and

LiAT T T0  T Ttt - 300*-75 - 225*1, we calcul ate from (4.23) and (4.24)

the onset laminate strain e*,

ex 1-03Z.

LThe calculated laminate modulus E is 14.55 usi. Hence, the onset laminate

Ei stress 3. is

Ox .150 ksi.

Similarly, onset strains for the (0/90 2/01 and (0/90 3/01 laminates

jJ can also be found using the maximum strain energy release rate at a m

for n -2, %~- 0.8t, and for n 3, a3 a l .2t; all are smaller than

a 0 - I-St. Thus, for n a2

II C5(0.8t) - 270zl04-; COT (0.8t) - 77; CT(O.8t) - 5-SxlO-4

for n 3,

(1.2t) a 415z104; COT (1.2t) - 115; CT (1.2t) -8x10O

o The predicted onset strains are

7- 0.4K. for n -2

fl - 0.464Z forn a3

3The computed laminate moduli Ez are, respectively 11.35 and 9.4 asio; hunte,

the respective Onset laminat* stresse* are,

3 113



72.6 kei for u - 2

a 43.6 ksi for n - 3.
x

In the case of [0/904/0], n - 4, the total thickness of the 90°-layer

is larger than 2a 0  3t. Hence, the worst flaw in the thickness direction

cannot be larger than 2a 0 a 3t, Then, using the energy release rate

coefficient curves in Figs. 4.6, 4.7 and 4.8, we determine

Ce (ao 0 550x104; COT(a0) 0 150; CT(ao) - 0.lxlO- 2

By equating G(aO) 0 GIc, we obtain the onset laminate strain,

0 .37%
x

With the computed laminate modulus E 8.12 msi, the onset stress is

a- 30 ksi.x

The prediction for the C02/902/021 laminates is carried out using the

energy release rate coefficients found for the [0/90/0] laminate. But,

in this case, t takes the value of 2x0.0052" for double plies in each of

the layers. Hence, the predicted onset laminate strain is

% 0.63%

and the corresponding stress is

a 91.6 ksi.

114



1. As for the [02/904/02) laminate, the energy release rate coefficient

curve for [0/902/0] may be used. Here, the length scale t takes the value

Wx.0052" * The value of G is evaluated at a - a0 . 0.75t (because the

I 90*-layer thickness is nov larger than a0). Hence, from Figs. 4.6, 4.7 and

4.8, we determine C, C and CT at a/t - 0.75, from the curves corresponding

to n 2.

I C(a 0) 260x104; CeT(a0) - 70; CT(a) 5.2xl-

I -and the calculated onset strain for transverse cracking is then

-0. 384%

or the stress 
is

.= .43.5 ksi.

Table 4.1 below summarizes the calculated results. Values in the

parentheses indicate the corresponding experimental results. A comparison

between the calculated and the experimental results is illustrated in Fig.

4.9. It is seen that the transverse cracking model not only provided the

Acorrect trend reflecting the effect of the 90*-layer thickness on the
cracking initiation, but also yielded reasonably close agreement numerically

with the experiment. It should also be noted that the prediction actually

gives the "minimum" load required for cracking initiation, and it is,

therefore, the lower bound description.

In the calculations of the onset laminate strain or stress, it is

[ noted that the contribution to the energy release rate from thermal curing

stress is rather significant. Fig. 4.10 shows for the [0/90 /0] series,

I the actual proportions of Ge, GeT and GT in the total energy release rate.

I



It is seen that the thermal energy itself is relatively small, especially

in the laminates of thin 90"-layer. On the other hand, the thermal/

mechanical coupling energy is the most dominant; it is more pronounced in

the laminates with thicker 900-layer.

Table 4.1 Summary of Calculated Results

Laminate Ex , Mai Stress at Transverse Crack

[0/90/0] 14.55(13.9) 150(No crack), ksi

[0/902/01 11.35(11.3) 72.6(59-71)

[0/90310] 9.4(8.9) 43.6(44-53)*

[0/904/0] 8.1(7.9) 30 (34-44)*

(02/902/021 14.55(13.9) 91.6(76-98)

[ 02/904/02] 11.35(11.2) 43.5(42-57)

• Cracks found between the load interval indicated.

Finally, for the [02/904/02] laminates that were tested at different

temperature environments, see Fig. 3.10, prediction of transverse cracking

can be carried out similarly as before, except now

AT = TO  Ttest 0 300"F - Ttest*
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T.

Ezperiments [12, 28] have suggested that the value of G 1c is generally

affected by temperature, that G c increases slightly with increasing temper-

ature and vice versa.

Lacking an experimental determination of the dependence of G on

I. temperature for the T300/934 system, we shall defer this question in a latter

study. However, if we use - 1,2 and - 1.4 in-lb/in 2, respectively

* in the calculation, a narrow band is obtained for the onset laminate stress

(at transverse cracking) as a function of the test temperature, Fig. 4.11.

It is seen that the experimental results generally lie within the band,

except at higher temperature. The latter suggests that the material G

1 2ovalue may actually be larger than 1.4 in-lb/in at temperature > 1200C.

4.5 Correlation with the [+25/90] 5s-Family

In the experimental study on the [±25/90n3 family, it is recalled
ns8

that several different cracking modes occurred in the laminates. The sequence

of occurrence of the various cracking modes was found to depend on the

thickness of the 90*-layer, or the parameter n. In order to model these

crack growth events, we shall consider separately the onset of transverse

cracking and the onset of delamination that occur in the laminate series.

(a) Prediction for Onset of Transverse Cracking. For the [±25/90n] series,

the transverse cracking mechanisms are identical to the [0/90 n/0] laminates

that were discussed previously. The finite element simulation of the crack

provides the energy release rate coefficients Ce , C and C for each value
e eT T

of n(- 1/2,1,2,3,4,6,8). These coefficient curves are plotted as a function

of the crack length a/t, t being the thickness of a single ply (0.005"),

Figs. 4.12, 4.13 and 4.14. It is seen that these curves are similar to

those shown in Figs. 4.6, 4.7 and 4.8 for the (0/90 n/0] series.
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To predict the onset of transverse cracking for this series of laminates,

we shall use the same material constants as before. Namely, AT - 225"F,

- 1.5t - 0.0075" and G -= 1.3 in -lb/in 2. Table 4.2 below sumarizes the

appropriate values for Ce, CST and CT used in the calculation, and the

calculated onset laminate strains for transverse cracking in the-series.

Table 4.2 Summary of Calculated Results for
Onset of Transverse Cracking

[±25/90] C, x 106 CeT CT, x 10-  x

n =1/2 1.0 41 2.1 1.14

1 2.5 75 6.1 0.66

2 5.4 140 10.5 0.38

3 5.7 161 10.9 0.352

4 6.0 154 9.5 0.36

6 6.4 148 8.5 0.363

8 6.5 140 7.5 0.378

[+252/902] 9 2.45 73 6.0 0.375*

* ts t - 2 x 0.0052"

In the above table, it is seen that the thermal/mechanical coupling

effect is largest in the case of n - 3. Hence, the predicted onset laminate

strain for transverse cracking is also the lowest. Also, in the cases of

n - 1/2 and 1, the calculated onset laminate atrain are large, because of
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. the available energy release rates are small. In fact, for these two cases,

there was no transverse crack found in the experiment (instead, free edge

delamination occurred). These calculated results are graphically displayed

in Fig. 4.15 along with the corresponding experimental values found in

Section III. It is noted that the comparison between the prediction and the

experiment is exceptionally close, not only in the trend, but also in the

actual numerical value.

(b) Prediction for Onset of Edge Delamination It is recalled in the experi-

ment (Section III) that edge delamination was observed prior to final failure

in each of the laminates in the [+25/90 n] series. The observed edge delami-

nations generally occurred at loads in excess of 90% of the ultimate

laminate strength; it, therefore, may be regarded as the initiator of the

laminates final failure.

I )In the finite element modeling, the same ply properties were used

in the calculation, except (1) the appropriate critical energy release rate,

whether be it Gic or mixed-mode G(1,I)c; (2) the appropriate value for a0
4

j and (3) the ply properties of the 90-layer after it had suffered trans-

verse cracks.

[I As has been discussed previously, edge delamination along the mid-plane

of the laminate can be modeled as mode-I crack. Experimental observations

i. in this type of delamination, indicated that the cracked surface was similar

to the crack surface of a transverse crack in the 900-layer. Thus, for

mode-I crack, the value of G Ic 1.3 in-lb/in2 may be confidently used.

[
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126



I On the other hand, delamination along the 25/90 interface is generally

In mixed-mode. As will be shown later, the calculated G, to GII I (G1  0)

ratio is approximately one to one for laminates n a 3 and n - 4; GI I is

jmuch less than G Ifor n - 2. Referring to the experimental data discussed

in Section 1I(d) and in particular the data shown in Fig. 3.22, the possible

range of G(1,II)c should be

1.5 < G(III)c < 2.5 in-lb/in2  04.25)

The appropriate value for a0 in the free edge delamination cases should

be larger than 1.5t, which was used in the transverse cracking modeling.

The reason is that the crack is initiated from the cut edges of the specimen,

rather than from the interior as in the case of transverse cracking. In

7" Ji the calculations that follow, a0 takes the value of 2t,

Sa 0 - 2t- 2x0.0052" (4.26)

formed in the 90*-layer before edge delamination. The ply elastic proper-
ities of the 90°-layer have obviously been degraded. An approximate estimate

for the reduced 90*-layer stiffness may be determined by a backward calcula-

tion using the laminated plate theory. In the laminate series of n > 2, the

following reduced property for the 90'-layer is used in the calculation:

ELi - 21.0 Mis ET - 1.2 Msi Ez - 1.72 Msi

VLT - 0.3 VTZ 0.3 VLZ 0.3

LT 0.35 si - 0.94 Mai (4.27)

aL - 0.2 ue/F OT 16 ute/*? - 16 ueo/e
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Note that only four moduli are affected and they are underlined. The global

effect of the transverse cracks gives approximately the same reduction

in the effective laminate stiffness as observed experimentally. It will be

shown later that the reduction of the 90"-layer property is not sufficient

to predict the onset of delamination whenever transverse cracking preceded

delamination. In these cases, the interactions between the transverse crack-

ing and delamination processes become more pronounced as has been discussed

previously in Sections II and III.

Mid-Plane Delamination

Calculation for mid-plane delamination was carried out for laminates

of n - 1/2, 1,2,3 and 4. The energy release rate coefficients associated

with the mechanical, thermal, and the coupled components are calculated and

shown in Figs. 4.16, 4.17 and 4.18. The general shape of these coefficient

functions increase from zero to a maximum value followed by a

slow reduction in value as the crack propagates inward. This implies that

once a mid-plane delamination forms, it may undergo stable crack growth.

With the exception of the case of n - 1/2, the magnitude of these shape

functions decreases as n is increased. In the case of n - 1/2, the total

laminate is approaching the limiting case, say, of a [+25] s laminate, which

does not delaminate at all in the assumed opening mode.

These energy release rate coefficient functions are calculated based

on the assumption that delamination is the first mode of damage in the

laminate and hence the full ply properties are used for all plies in the

laminate.
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As discussed before, edge delamination occurred after the formation I
of transverse cracks in the 90*-layer for those laminates of n > 2. Thus,

the post-transverse cracking aid-plane delaminations are modeled a second

tine using the reduced effective moduli as given in equation (4.27) for the

cracked 90"-layers only. The corresponding energy release rate coefficient

functions for n - 1/2, 1,2,3 and 4 are shown in Figs. 4.19, 4.20 and 4.21 for

the mechanical, thermal, and the coupled components, respectively. These

coefficient functions are slightly larger in magnitude than those which do not

include the effect of transverse cracking. These indicate a larger available

energy release rate for delamination. Thus, the inclusion of the effect of

transverse cracks in this manner will predict a lower onset load for mid-

plane delamination.

For prediction of mid-plane delamination, we use AT - 225*F and

2
G, U 1.3 in-lb/in as before; and a - 2t as discussed earlier. The pre-

dicted onset laminate strains for n - 1/2, 1,2,3 and 4 are summiarized in

Table 4.3. It is seen that the predicted onset strains, with or without the

effect of reduced 900-layer property (due to transverse cracks) are practically

the same. Since, for the cases of n - 1/2 and 1, the predicted onset strain

for delamination is lower than the predicted onset strains for transverse

cracking (see Table 4.2), and since the predicted onset strains for delami-

nation are larger than the onset strains for transverse crack in the cases

of n > 2, the values that are underlined in Table 4.3 govern.

From Table 4.3, it is seen that the mechanical component of the energy

release rate generally dominates the fracture process while the thermal energy

is quite insignificant. Also, with the exception of n - 1/2, the onset
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S:laminate strain increases as the thickness of the 90"-layer also increases.

This trend suggests that mid-plane delamination may not be possible when n > 2.

1 l Indeed, as will be shown next, a mixed-mode 25/90 delamination is predominant

g when n > 2 (this was also observed in experiment).

Mixed-mode 25/90 Delamnation

I The schematics of this mixed-mode crack and the finite element representa-

tion have been shown in Fig. 2.13. The energy release rate coefficients Ce,

I CeT and CT for the laminates of n - 1/2, 1,2,3,4,6,8 are calculated for the

f 25/90 delamination. Figs. 22, 23 and 24 show the coefficients calculated

using full ply properties (no consideration of transverse cracking) for the

190 -layer. And, Figs. 25, 26 and 27 show those calculated with reduced 900-layer

properties.

<1 For predicting the onset strains for this type of delamination, we used

all the previously used material constants (AT, a0, etc) except that

Ii G (i,II)c - 1.5 in-lb/in . (4.28)

This quantity has been suggested as the lower bound value for mixed-mode

I: cracking. And, there is no other experimental evidence to indicate a more

definite value for G(r,11W

Accordingly, the theoretical onset strains are calculated; and they are

E tabulated in Table 4.4. Again, the effect of the reduced 90°-layer property

[is negligible. Although, the predicted strains for n > 2 are uniformly smaller

than that for mid-plans delamination, the 25/90 delamination may not govern

[ when n > 4, because the increasing trend of the prediction with the increase

of the 900-layer thickness suggests that a different mode of failure nay

Foccur before this type of delamination, which is due to edge effects alone,
U 137
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Mixed-4ode Delamination From a Transverse Crack Tip

From the previous discussions, it is evident that formation of free edge

delamination interacts with the formation of transverse cracking in the

I. 1±25/90n]. series. The relative dominance of one over the other depends

closely on the parameter n. For n > 2, transverse cracks always form before

* Idelamination. And, the shear stress concentration at the transverse crack

I tip can aggravate delamination along the 25/90 interface where the transverse

crack is terminated. Fig. 4.28 shows the interlaminar shear stresses Tyz as

plotted against the distance from a transverse crack tip along the 25/90 inter-

face. It is seen that the singular stress magnitude near the crack tip is

essentially the same for all values of n. However, the shear stress gradient

away from the crack tip becomes gradual as the value of n increases. Thus, in

terms of the available strain energy for delamination along the interface,

4 the larger the value of n, the more available strain energy. Clearly, for

a large n (or thicker 90°-layer), the likelihood of a transverse crack tip

induced delamination becomes predominant.

Fig. 4.29 illustrates the schematical representation of the transverse

crack tip induced delamination. Without considering other interacting factors,

such a delamination growth can be modeled as a 1-dimensional crack propaga-

tion in the load direction along the 25/90 interface. Accordingly, the finite

element simulation, in this case, is shown in Fig. 4.30. The applied load

I f8is represented by a uniform displacement 6 of the +25-layer, such that the

far-field axial laminate strain is a unity. Delaination growth is denoted

by the crack size a.
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Numerical calculations for the energy release rate coefficients are

conducted for the laminates of n - 3,4,6 and 8. And, these are shown in

Fig. 4.31. These calculated coefficients represent the total sun of the

mode I and I components; the mode-Ill component is negligible for all [
values of n.

It is noted that for this type of delamination, the mode- II shearing j
action is predominant. Initially, when the crack is small, the crack-tip

'opening" is actually closed. As the crack becomes large (greater than t),

then, the mating surfaces of the crack become separated with some "opening".

The emergence of the "opening" mode for each value of n is indicated by the

transition of the dashed lines to solid lines in Fig. 4.31.

Let us now examine again the schematic representation in Fig. 4.29.

Along the free edge of the [:t25/90 8 laminate, there is still the competing

delamination action due to the edge interlaminar stresses on the 25/90

interface. The available strain energy for this edge crack action has been

ivaluated earlier for the 25/90 mixed-mode delamination cases, and the

corresponding energy release rate coefficients are displayed -n Figs. 4.25,

4.26 and 4.27.

The driving forces (energy release rate) for the above discussed rack

are mutually orthogonal at the instant of Initiation; the trahaverse crack tip

delamination is in the load direction and the edge delamination perpendicular

to the load direction. Thus, in the absence of a truly 3-dimensional crack

growth simulation model, we simply assume that the two orthogonal energy re-

lease rates can be added as a vector sum, which is then the driving force

for the triangular shaped delamination, as observed in the experiment for

cases of n.> 4.
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Than, the vector sum of the energy release rate is given by

GMof +GE (4.29)

where GTC is the energy release rate associated with delasination emanating

from the transverse crack tip, and GjD is the energy release rate associated

with the mixed-mode 25/90 interface delmmination at the free edge. The

corresponding initiation criteria for such a delamination is then given by

GToT(ao) _G(I,)c (4.30)

As in the previous cases of mixed mode cracking, we again use values for

G(III)c , 1.5 in-lb/in 2 and a0 - 2t. A prediction for the onset of these

cracks are then calculated. These calculated results are given in Table 4.5

below.

Table 4.5 Calculated Critical Strain for Combined Transverse
Crack Tip Delamination and 25/90 Interface Free-
Edge Delamination

3 4 6 8

ex (Z) 0.611 0.596 0.573 0.555

Figure 4.32 smmarizes the predicted onset strains of edge delamination

for the series of laminates, along with the experimentally obtained values.

The different symbols used in the figure distinguish the various delamination
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nodes. It seems that the analysis captures the physical mechanisms quite

accurately, although the quantitative prediction showed some discrepancy

with the experiment, especially for n > 4. In the latter case, it is believed

that the reason for the low laminate strain at onset of delamlnation is due

to the excess strain energy released during the unstable propagation of the

transverse cracks (see Fig. 2.8 and the associated discussion in Section II).

This excess energy in laminates of n - 6 and 8 is very large; the associated

dynamic effect is believed to cause the prematured delamination growth, which is

emanating from the transverse crack tip. Indeed, if we examine the experi-

mental data shown in Fig. 3.11, we see for example that in the laminate of

n - 8, delamination along the 25/90 interface followed immediately the for-

mation of transverse cracking, while the final laminate failure followed

immediately the delamination. It seems that the sequence of events from

transverse cracking to final failure is almost continuous whenever the

90*-layer is excessively thick.

4.6 Mixed-Mode Fracture in [08]-Family

ln this sub-section, we shall present some of the numerical details in

simulating the crack growth emanating from the notch-tip, along the fiber

direction for the [08] family. In this case, the same finite element pro-

cedures were followed, except that the basic formulation of the finite

element stiffness matrix was based on a "plane stress" approach, rather than

the "generalized plane strain" approach. Thus, the mode of cracking generally

consists of mode I and mode II only. The ratio between Gi1 and G1 depends

on the fiber angle 0.
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I
P Fig. 4.33 shows the calculated energy release rats GI and 0 as plotted

against the crack growth size a (see Fig. 3.21 for the crack growth geometry).

The unit of G shown in the figure is in-lb/in2 per unit far-field applied

j strain.

From Fig. 4.33, it is seen that mode I action is predominant for fiber

angle 0 > 45; and the mode-II component of G is practically negligible.

G-curves for 0 > 45* are monotonically increasing with the crack size a,

i suggesting an unstable crack growth behavior. As the fiber angle decreases

from 45%, mode-II contribution increases rapidly. In particular, when 0 < 30'

the energy release rate curves show a decrease as the crack grows from the

jf notch tip. As the crack grows further, the available energy then increases

__slightly. Thus, a minimum value of G exists for 0.01" < a < 0.04". This

1. behavior of the energy release rate indicates a stable crack growth for small

fiber angles, say 0 < 20%,

Assuming that a macroscopic flaw of size about 0.01" exists near the

notch tip along the fiber direction (this is the same as ao 2t as before),

then, the values of GI and a taken at a a a0 will determine the onset of

crack growth along the 0-direction. These values of GI and G11 were shown

[ earlier in Fig. 3.20; and they were used to correlate with the experimental

data (Fig. 3.19). In the process, we detemined the material resistance

G(1,11) c under the varying degree of mixed-mode crack actions. As is shown

in Fl. 3.22, G(,II)c shows a dependence on the ratio GI/GI when it Is

measured at the macroscopic level.
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[V. CONCLUDING RENARKS

In this report, we have presented the research results obtained in the

AFOSR sponsored program under the contract F49620-79-C-0206.

I. Before this report, a total of six (6) technical papers and a Ph.D.

Il dissertation were published during the contract period from 1 September 1979

to 30, September 1981. These papers have dealt individually some of the

Sj" major developments accomplished in this program, see Ref. (29-35].

At the conclusion of this report, the following observations are made.

(a) Sub-laminate crack growth, such as transverse cracks and edge delamina-

tion discussed in this report, is basically a fracture failure process. It

has been demonstrated that the phenomenological description, via ply elasticity

I.and the classical fracture mechanics, can be applied successfully to model
some of the often observed cracking processes.

But, it must be pointed out that, given a laminate under load, there

may be a multitude of crack modes that interact with one another. The result-

ing complex network of crack propagation may present a formidable mathematical

[ problem if it is also to be described by the same fracture analysis approach.

Rather, we have learned from the simpler analysis the Important material

and geometrical parameters which have profound influences on the sub-laminate

crack growth behavior. For example, the effect of the 90*-layer thickness on

the transverse cracking and delamination processes deserves due attention

in practical design. Similarly, the material toughness Gc is another param-

eter which should be considered in composite laminate design.

I
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(b) Sub-laminate crack growth generally lowers the strength of the laminate.

The effect pertains to the growth stability of the sub-laminate cracks. In

the [2 5/90UIs series studied in this report, see Fig. 3.11, it is seen that

the failure strain of the load-bearing ply (the +25°-layer) decreases

dramatically when n > 4. The in-situ stresses in the +25"-plies just before

failure varies profoundly with the value of ni, as shown in Fig. 5,1. Clearly,

the failure process in the load-carrying ±25*-plies is again a fracture event.

This, however, has not been analyzed in this report.

(c) The finite-element/crack-closure procedure is a useful computational

simulation technique. In view of the dimensional requirement of the phenomeno-

logical model, it is felt that a simple formulation (without inclusion of

stress singularity, for instance) is sufficient for purpose of simulating the

kinds of crack propagation such as discussed in this report.

(d) It is felt that the determination of G associated with sub-laminate
C

cracks has been inadequate. In particular, the process of mixed-mode failure

remains almost unexplored. Continued and future researches may provide more

information soon.
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