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TOREWORD

This report describes a portion of the analytical and experimental
work for the period 1 May, 1976 through 30 April, 1977. The study was
conducted for the NASA-Lewis Research Center by members of the
Department o1 Materia.: Sicenc 2d Engineering at the Massac w-otts
Institute of Technology. The Principal Investigator ~f the ove il
program {s Prof. F.J. McGarry; other major ~articipant. are 5.5. Wang
and J.F. Mandell. The NASA-LeRC Project Manager is Dr. C.C. Chamis,

Mail Stop 49-3,

Efforts in this program are primarily directed towards the
development of finite element analyses for the studv of flaw growth
and fracture of fiber composites. The work describe. in this report
is meant to complement the development of a three-dimensional
analysis capability, as well as to advance general underctanding of

the =ubject.
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ABSTRACT

A two-dimensional hybrid stress finite elment analysis is described
which has been used to study the local stress fleld around delamination
cracks in composite materials. The analysis employs a special cro-k tip
element which is embedded in a matrix interlayer between plies of the laminat
Results are given for a unidirectional graphite/epoxy laminate rontaining
a delamination emanating from a surface crack through the outside ply.

The results illustrate several aspects of delamination cracks: (1) the
localization of the singular strese domain within the interlayer, (2) the
local concentration of stress in the ply adjacent to the crack, (3) the
nature of the transverse normal and interlaminar shear stress distributio s,

and (4) the relative magnitudes of K_ and KI associated with the delaminat!

1 I
A simple example of the use of the analysis in predicting delamination crack
growth is demonstrated for a glass/cpoxy larinate. The comparisons with

experimental data show good agreement.
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INTRODUCTION

This paper is concerned with the analysis of delamination cracks
propagating between the plies of fiber reinforced composite laminates, This
general class o problems has been of concern throughout the history of
laminated materials for the obvious reason that the bonding "etween plies
is commonly the element of the material system which is the softest,
weakest and most prone to enviranmental attack. In the case of fiber
reinforced plastics, to which this paper 1s specifically addressed, de-
lamination problems have been of concern from some o/ the first applications
involving the unwinding of missile casings and pipes, to current difficult-

ies with delaminucion-induced failures in aircraft structures.

Analyses of delamination-type pr blems have ta'en the form of very
approximate predictions of strength [1,2] and damage extension rates [3]
or else more rigorous solutions for very simplified models [4,5]. A full
understanding of such problems requ're: an accurate solution for the local
stress distribution in the interply region which takes into a coun® the
true geometric and material variables and structural parameters..uc
analysis described in this paper ic intended to provide an accurate numerical

solucion for a more representative model than those previously used.

MECHANICAL MODEL AND ASSUME TIONS

The geometry of the problem involves a crack situated between plies
which typically have fibers oriented in different directions. Each ply is
actually heterogeneous, consisting of fiber and matrix regions, and there
may bc o matrix-rich region betwen plies., Figuo: * shows a micrograph of a
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araphite/epoxy composite containing interply matrix regions which are
particularly prominent; other composites may have less identifiable
interply regions depending upon the materials and fabrication methods.
The mechanical model used in the present analysis assumes that the in-
dividual plies are homogeneous and anisotropic, and includes isotropic
interply matrix regions .irterlayers) between each ply. The interlayers
may vary in thickness, but are generally on the order of 1/10 to 1/20 of
the ply thickness, similar to Figure 1. The crack tip is embedded in the
matrix interlayer as indicated in Figure 2. Linear elastic behavio: is

assumed for the plies and for the interlayers.

The crack geometries considered in the present study are £ milar to
that in Figure 2. A surfa - crack is assumed to penetrate one or more
plies, initiating the delamination crack. The remainder of the compsosite

is assumed to be well bonded and defect-free.



METIIOD OF ANALYSIS

General Formulation

The hybrid stress approach of the finite element method, pioneered
by Pain [6,7]), is characterized by the use of an assumed stress field in
the element and an assumed displacement field along the element boundaries,
The formulation of the analysis is based on the minimum complementary energy
principle (a modified complementary energy functional is uc.u .a the for-
mulation of the crack tip superelement). Additional features of the method
are flexibilicy of formulation, selection of elements and expedient
achievement of interelement compatibility. More accurate solutions and
faster convergence rates than those of conventional displacement models
can be obtained. The singular bohavior of the crack tip region, vhich
18 eritical to the fracture problem, can be exactly modeled in the
fromulaticn without an fncrease in the nuaber of elements. The complex
geomagric varfables and multiphase materials effects also are convenlent-

ly taken into account,

The hybrid stress finite lement method procedure is specialized
for application to the current plane crack problem by the introduction of
a crack tipsagperels t withir which the singular stress behavior '
is considercd b coperly selected ct 288 fu “ilone, T™is assumed
¢ .ress hybrid model for the problem was first introduced by Plan,
[6], and later refined by Tong et al [8] by the us: f thke complex
variable formulation of the Muskhelishvili stress function. The general

formulation of the procedure is gliven here for che case of the plane crack
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problem in a compoglite laminate with the superelement embedded in the
interlayer. The formulations for the crack tip super-element and its
surrounding ruvgular (non-singular) hybrid elements have been described

in detail elsewhere [6,8), and only a brief outline is given here,

Consider a crack system of the type shown in Figure 2. The complemen-
tary energy functional of the whole domain of the specimen (after division

into a finite number of discrete clements) may be expresscd as

To Tl ¢+5Y% (1)
ke W42 )

e

n (i)

where “ is refered to the crack tip superelement and ﬂr to the lth
regular surrounding element in the given domain. Applying the variational

energy principle to the functional “c, one obtains

~h AL

ﬂcaél—i_%rkn n"%:é,.,] (2)

where

5-;‘ Q: H: 9,,

Nt A

represents the general form of the element stiffri~- matrix, and is cal-
culated in different ways in the crack tip superelement and the surround-
ing regular elements as decribed in the next section. The equivalent nodal

force ﬁn is defined as

gn b E:gﬂ (3)



The matrices, gn' ﬂn and gn are defined in following sections in detail.

Assembling all the element stiffness matrices together, a set of

linear equations of the form
= 4
Kg=9 @

is established. The displacemnt field can be solved by a standard Gauss-

Chulosky elimination scheme

$=K'9

(5)
~s

The stress parsmeters En for the nth element arc¢ then calculated from

ﬁ?n -'zj;| Ei. 2&“ (6)

The associat~d stress field a* the locaticen (x_,

) of Liisest emn L3
P

obtained from

g(xl'-ﬂf) = f(x’,‘jﬂ)ﬁ: gq %\ f\ (7)

where Pn i8 a Boolean transformation.
Crack-Tip Element Formulation

The conventional displacement model and non-singular hybrid stress
element have difficulty handling the crack problems even in a monolithic

material, since the use of high order polynomials as interpolation
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functions doas not improve the rate of convergence for this kind of
problem., The reason for this is that the convergence rate of che

finite element methiod is controlled by the nature of the solution near
the singular region [B]. However, use of the complex variable technique
in the hybrid elenent formulation permits proper consider:. fon of the
stress singularity and of higher order effects in the crack tip region,

and it leads to highly accurate results with a relatively coarse mesh.

The modified complementary energy [unctioral, L is used for
the crack tip element. Consider a plane elasticity problem with pre-

scribed boundary traction T, over th« boundary s and prescribed displacement

i

ug over the boundary 8, The functicnal is defined in the form

’le‘ (&;' W) T ds -&5 Tde +‘§S£E:ns(“hj“ﬁ..;)' S-ua:a' G;R]JA (8]
) 4

The Euler equationes for this functional are

(9]
t ('t‘iaj > Uj,i) . S;gd! q:.g

Q' (107
§.4 O
Following Muskhelishvili's formulation [9), the stress and
displacement fields in the plane elast'city problem can be expressed
in terms of two stress functions ¢ () aru Y (3) of the complex vari. le
# as
L) g 2
0;‘s +Q =2 (d@+ g ] o

Tyy =Ty + 24 Ty = 202 #7® 4 4 (0]



and

26 (weam) @ -24@) - U@

where both # (&) and V(%) are analytical in the Z-plane, and G = E/2(1* V)

with

7=(3'V)/(|+V) for plane stress (12)

or )? - (3_4,)) for piane strain (13)

In ordeér to choose proper stresses and displacements for the crack
elenen” which would account for possible singularities of all oude.,
as w.ll ax higher order terms, the following mapping function is intro-

diicoa

2= w(,S)*Jt (14)

with

~ilj2 $arge £ T/

Thus, on the C=-plane the stress functions ¢( C) and Y ( °, are

analytical functions of 7 , Using this mapping function, Eq. (11) becomes

Tau T = 4 RELLC) /WE)]

—— ., . ‘ ; 15)
L TymG, e 240, =2 fWB MW (SN + W (5] /W (5)
2€ 11i R =N B(E)-WISIET(B) /7 75N - W (y)
By imprsine ,'e ¢ _ -ction free boundary condition (Tx'Tv-O) on the crack

su.faze, au
"'i (T, +aT,) ds zo=g@+2 g2+ v (2 (16)
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Y(5L) can be calculaced from ()

7 ' ' (17)
() = ~@¢-8)-w(8) g5 /W)
In corstruct ing the superel ment stiffness matrix, ¢ (7 ) is assumed
to have the “orm
~
d(: ~ § §e (18)
Thus, from Eq . (17) we have
(19)

W (8) = - £Lh; N+ ibyple?

-

whutre

b) . ﬂJ ra ﬂ,,.“ (non=-symavtric ca.e)
by = f3; (symmetric case)

with ibhe f'g bein: cea. onstants,

Substituting 2qs. (18) and (19) back into Eqn. (15), the stresses

and displacements can be explicitly expressed in terms of © as

. . : »e . ! -
O, =il = LGS ')'f(-*;'i)—gz -4-4¢034¢" g, S s
- % I} Y o T - r)'
. Z:_\O- (18" ) -4 [( v 343 (0 gj ‘f B

¥ 4
L W e T TR 1 . .3- L )
Oy iy~ £ LRGS ToERSE) 1 - 4007567 ] 8,

+ TRGET G - 4 o VT 604,

e
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From Eqs . 20 (a, , and ¢, one can e¢ip the boundary trections

and interior displacem % as

1 34

(21,
w=URg,
Pl Nt ~
vhere “c 10 a <olumn vector with 1ts componencs being Pl' ﬁz. ..,,HzN.

~

ihe boundary displacement u shall be assumed in .erms of generalized nodal

displacement q as

"-

-
-
y

I8

g %

-

<

A e-sbstituifon of F's . (21) and (22) inuo Eq . (B) and wariation of

the functional = & tth respect to Rc yi21ds the crack eleme.r

stiffriase mitrix Bc

T (23
B9 LS ’
lld
-l
L) § g (26)
e =] -
whaere

ﬂr-.i-J(UTS'RTQ)Js and g-.-.l.j
AA

e e



Jfter obtaining the displ:cement field of the system by solving

£t asscenbled j.obal stilfness matr x K, the stress field in the super-
elenent can Le calcen atc! from Eqns, 20 (1,b and ¢). The riruss iu-

*¢ . +lty factors K. and KI

I p con be relate’ to o by

c

,
Kt ' ' A8, (2°)
=20

Ky | 4.,

Re, ‘uar Hybrid stress Element rormulation

The complcuentary energy functional bo be varied for the reg lar

element is give, by

g TP L o
"7{ ’5) ty S TdA- | KoTds (26)
A &

whe' the cowpliance nntr:,'f;lb wpressed o8

"“)‘ rs' 5-"-- e {
e 3 i-t i s‘»h'
i Ser Sedta)

for genera’ 1th anisotropic ply of the compesite.

Along each boundary o' :he element, an assumed displacement fiel!l

is selacter, and expresse. "1 teims of the nodal dicplacer :nts q

A=<L g

(27)

wh ! 1s the interpolation funection. The stresscs in the *‘nterior of the

clement a2

expressed by undetermined stress parameters f
~

=$ 0



(28)

‘s

3
[

A

=Py
A
where P is chosen to satiely ‘he homoponous equilibrium (quat on
0.:,- Tt (29)
/

The surface tractions, which are relac>d to th stress components

by Ti- o nJ, can be writcen in th form

i]

T=B4

Substitution Pye . (27), (28), and () into (26), tlhe functional

(m)

n beco s
(™)
f'\ = .l_ T ' e 7'(. 31
AT RUEE R EY (an
where

H = .55‘ ESPds . G=R"L s

Taking the variation of the functional “r(m) with respect to the

stress parameters § to minimize the complementary energy, the element

stiffness matrix can Le obtained as

y EI

=%

e

3

(32)
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Accuracy of the Analysis

The accuracy and convergence of the analysis are complicated by
scveral unusual features of the problem and of the crack-tip superelement.
As mentioned ruarlier, the finite element mesh must accommodate both the
small dimensic: of the interlayer thickness and the larger dimensions of the
remainder of t1 specimen, a diiference of three orders of magnitude., It
is essential to model the interlayer and the crack tip region accurately
with a number of element «+ across the interlaver thickness .o that the high
stress gradient within rthe interlayer may be discerned. This geomeiric
characterstic combines with the extreme differeac. in interlayer and ply
elastic modulus to cauce siganificant nuwerica. round-off arrors, so doulle

precision mode was required for accurate so'utions.

Optimization of the mesh discretization is also complicated by the
differences t _(vween the crack tip superelement and the surrounding clements.
The uw 2reieme.nt rives an exact stress distri».itlon, and it 1s advantageous
to use &= 1roe o crack tip superelement as possible., On tlie other hand,
the regular elements surrounding the crack tip must be sufficiently small
to give uccurate results in the domaln beyond the superelement, which
also is of irterest. As a result, o compromise must be reached which yields
an accurate solution both very close tc¢ the crack tip and in the surrounding
region,which also gives the minimum band width for the stiffness matrix.
Arrangement o. the mesh must alsc satisfy the geometric contraiut that
the crack tip superelement be embedded in the interlaver, and that the
number of degrees of freedom of the entire system be minimum in terms of

computer run time.
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A study of the accuracy and convergence of the asalysis has been made
using test cases for which independent solutions are avaiiable in the
literature, The test cases studied were double-edge-notched plate and
the double cantilever beam type crack geometry. Results described e¢lse-
where [10] {ndicate excellent agreement with the existing solutions for
tho test cases, These results, as well as convergence studies for adhesive
crack problems similar to the present case, indicate an accuracy within

approximately one percent of the converged solution of ¥ and KI for

1 1

mesh arrangements of the type indicate! In Figurc 2,

=13~



RESULTS AND DI' JUSSION

Strcss Distribution for Unidirectional Laminate

This “ectfon gives the stress distribution forin four-ply nni-
ditcetloral laminate with the fibers parallel to the applied :.ress. The
elastic constants for the plies given in Table 1 are tvpical of graphite/
epoxy. The interlayers between plies have a thlckness of one-tenth of
the ply ¢ ‘ckness and have elastic constants, also given in Table 1,
typical of epoxy. The surface crack in this case penetrates through only
one ply on the outside, and the delamination crack has a length of three

times the ply thickness.

Figure 3 gives an isosti2ss contour plot ¢ the distribution of the
longitudinal stress, Uxx' for a section of the laminate v und the de-
lamination crack tip. The isostress contours are plotted by the computer
and are only approximate, but give an overall view of the nature of the

stress fileld. (ev 141 featur s of the e#tress field are evident:

1. There is a vz y localized disturbance in the stress field within

the interlayer at the crack tip.

2. There is a local stress concentration in the uncracked adjacent ply

just above the delamimation crack tip.

3. The cut ply shows some local compression alo. the crack flank, and

a gradual build up of stress beyond th: delamination crack as stress is

transferred by shearing of tle interlayer.

Y=



4, The far-flell stresses gradually decrea<e through the thickness

reflecting the bending of the speciwen resulting from the nonsymmetry.

The stresses in the interlayer very close to the crack tip are given
more accurately on the log-loy plot in Figure 4, Ar expected from previous
work on adhesives [10]. The stresses very close to the crack tip follow a
1/¥y singularity indicated by a slope of =1/2, The associated stress in-

tensity factors, KI and K, ., are .0290_ and ,0450 respectively. The singular

11

stress domain 18 completely chedded within the interlayer.

Figure 5 gives linear plots of the variation of O <X through the
thickness at various distances ahead of the crack tip. As before, the
severe redistribution of lccal stress in the ply adjacent to the delamination
is cvident. It should be noted in Figures 3 and 5 that the domain where
S is very high encompasses only a small part of the ply thickness ad-
jacent to the delamination, dropping significantly within several fiber
diameter~, This suggests that the assumption of lhomogeneity within the ply
may be qucstionable in this domain. This local stress concentration also

preculudes the application of laminate theorv.

Figures 6 and 7 present isostress ~ontour and linear p.ots for the

transverse normal stress, O . The distribution of is centered about

o

X s
the delamination crack tip and is continuous across the ply bouudarics. The
interlaminar shear stress, (sz. given in Figures 8 and 9,13 more dis-
torted along the fiber direction. ‘JXS reaches higher values

than does ‘338 for this case.
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Crack Growth Prediction: Unidirectional and Crossplied Laminates

The useufulness of the analysis in predicting crack extension acspends
it a large extent upon the choice of approrriate crack growth criteria.
While no attempt has yet been made to select the best criterion for the
mixed-mode crack extension, one . the most elementary criteria, the =" {ical
total strain energy release rate for composites, has been emplcrved as an
example. The critical total strain energy releas~ rate criteriern [11] ~tates

that crack extension will occur when
¥ S 3
& * &t G i

This cricerion may be expressed in terms of KI ond K. as

(%

-
e

(34)

<

‘J"
+

~

I~

=

v'_

|

This criterion was applied by ~'tafr ‘ng valu £ KI and ¥ for
several cracl lengths from the computer analysis. The value of applied
stress necessary for (v ack xtenslon was then calculated at each delamination
crack length from Eq . (34) and a prediction for the delamination length,_fd.
v . the applied stress, o, » was thus obtained. The composite system chosen
for this calculation was Type 1003 glass/epoxy (3MCon.) in the ply configuration
cn/00/90, due to the availability of experimental data for the delamination
crack growth [12] as well as data for Glc and GIIc for an almost identical
material, Type 1002 glass/epo: [ 1), The geometry tested was ~imilar to that

in Figure 2 except that two plies were surface cracked, one 90° and one 0°,

T



giving a surface crack depth of one-half of the total thickness. Since

the crack growth occurs in the matrix interlayer, the values of K[C and Kll

S and hl!c by the following equations, using the

matrix elastic constants,

¢

were calculated from G

7
!
KIe =0-v") Gue Ew)

's‘/l
L (GG
Ke '(:-m( e B

The justification for use of these relationrhips is discussed elsewhere [1C].
Table l-clists the values of the various parameters, and Table l-c gives the

elastic moduli for gla e/epoyv used in the analysis,

Figure 10 indicates good agreement I >tween calculated and measured
delamination crack growth rates under in:reasing applied stress. The
delamination spreads in a stable manner initially due to the decreasing values
of KI and K[I with increasing crack length. The applie‘ stress must be
increased to promote further crack extension until the delamination becomes
long enough such that it propagates under constant stress, The delamination
length in Fig, 10 is normalized by w, the experimentral specimen width,

hich was 100 to' Since the crack extenrion is stabl~, the calculation based on
successive crack iiitiations from different del mination lengths appears to be
adequate, without the need for predicting the rate or magnitude of extensions at

at each step. The calculated stress values at discreet crack lengths are simply

fit by a curve to provide a continuous prediction.
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SUMMARY AND CONSLUSIONS

A two-dimensioanl finite element analysis has been developed which
glves an accurate solution for the local stress distribution around delami-
nation cracks in laminates. The laminate is modeled as consisting of homo-
geneous, anisotropic plies separated by an isotropic matrix interlayer.

A special superelement is em' dded in the interlaver at the crack tip.
For the cases studied, the geometry consisted of a strip of material con-

taining a surface crack intersecting a delamination crack.

S..aple results for 1 unidi <ctional graphfte-epoxy laminate illustrate
the fundamental aspects of the stress field, including: (1) the localization
of '“ie singular str~ss domain in the interlayer, (2) " very local con-
centration of stress in the portion of the first continuous plv adircent to
the delamination, (3) the nature of the transverse normal and inter . .ainar

shear stress distributiosn, and (4) the relative magnitudes or KI and KII

associated with the delamination. An example of the prediction of delamination
crack growtl under increasing applied stress shows good agreement with ex-

perimental data.
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Tahle 1. Ply Elastic Constants used in Analysis

a. GRAPHITE/EPOXY

By = 138, Gia 120,00 x 10% pea)

-

“rr " By

Gy, = 5.87 GPa (0.85 x 10° psi)

Vo, * Viz * v,rz" .21

, = 14.5 GPc (2,10 x 10% pst)

b. FIBERGLASS/EPOXY

E = 34,5 GPa (.00 x 10%s1)

')

- = 6
Bop = E 10.4 GPa (1.50 x 107 pst)

22
Gy = 5.18 GPa (075 x 10% psi1)
Yoo *Vz * Yz 0.25

c. EPOXY INTEKLAYER
E = 3,45 GPa (0.50 x 10° pst)
G = 1.28 séa (0.185 x 10° pst)

ve=20,35
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DISTANC. AHEAD OF CRuCK TP, x/L

FIGURE 3.

LONGITUDINAL STF =72 CONTOURS (0,, /0,) NEAR DELAMINA-

TION CPRACK TIP IN /0/0/0 GRAPHITE/EPOXY.
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DISTANCE AHEAD OF CRACK TIP, x/L
FIGURE 6,
TRANSVERSE NORMAL STRESS CONTOURS (o, Oy, / O'm) NEAR

DELAMINATION CRACK TIP IN 0/0,0,0 GRAPHITE, EPOXY.
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L!ISTANCE THROUGH THICKNESS, @2

DISTANCE AHEAD OF CRACK TIP, x/L

FIGURE 8.

INTERLAMINAR SHEAR STRESS CONTOURS (o,,, 0,) NEAR
DELAMINATION CRACK TIP .1 0/0,0/0 GRAPRITF,FPOX™.
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FIGURE 10,

DELAMINATION CRACK GROWTH vs. NOMINAL STRESS.
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