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FOREWORD

This report summarizes experimental efforts for the period
1 February, 1975 through 1 May, 1976. The study was conducted for
the NASA-Lewis Research Center by members of the Department of Materials
Science and Engineering at the Massachusetts Institute of Technology.
The Principal Investigator in the study is Prof. F.J. McGarry; other
major participants are J. Im, J.F. Mandell, and S.S. Wang. The NASA-

LeRC Project Manager is Dr. C.C. Chamis, Mail Stop 49-3.

Efforts in this study are‘pfimarily directed towards the development
of finite element analyses for the study of flaw growth and fracture of
composites. The experimental work described in this report is meant to
complement the analytical efforts b& providing test data for comparison'

purposes, as well as to advance the general understanding of the subject.
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"ABSTRACT

The results of an experimental study of damage extension and fail-
ure in glass and graphite/epo#y laminates containing partially through-thick-
ness surface cracks are presented. The laminates studied are divided bet-
ween those containing four plies, 90/0/0/90, 15/-15/-15/15, and 45/-45/-45/45,
and those containing 12-16 plies of the general configurations 0/90, #45
and 0/x60. Most of the results are for surface cracks of various lengths
and several depths. Stable damage extension in laminates containing sur-
face cracks is predominantly delamination between plies, and tends to be
much more extensive prior to failure than is the case with through-thickness
cracks, resulting in approximately notch-insensitive behavior in most
cases. A greater tendency for notch-sensitive behavior is found for 0/90
graphite/epoxy laminates for which stable damage extension is more limited.
The rate of damage extension with increasing applied stress depends upon
the composite system and ply configuration as well as the crack length ahd
depth. An approximate semiempirical method is presented fbr estimating the

growth rate of large damage~regions.
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"INTRODUCTION

‘The confidence with which any material may be employed in a struc-
tural capacity depends, among other considerations, upon the degree of
understanding and the predictability of its response to the variety of
damage and pre-existing stress concentrators which it may encounter in
service. The wealth of experience with homogenous materials in this re-
gard stands in contrast to the relatively unknown behavior of fiber re-
inforced composites in the presence of any but the most basic types of
damage, consisting almost entirely of through-thickness cracks or holes
under uniaxial loading. The objective of the study described in this
report was tb obtain detailed data on the response of some common laminate
types to damage which does not completely pénetrate through the thick-
ness (surface flaws or cracks). The data are to be used in conjunction
with-the development of a three-dimensional finite element analysis in

another part of the study as well as to advance knowledge in this field.

Background

Studies of the fracture resistance of composites have largely
adopted the techniques available from the existing technolbgy of homo-
genous materials. Priméry attention with’hdmOgenous materials is focused
on dominant, through-thickness cracks [1}. This emphasis is logical

- for several reasons: (1) th£0ugh—crack geometries are more simple to
treat both experimentally and analytically, (2) through—cracks’are‘
generally the most severe, (3) other cfack geometries, such as surface

“cracks, propagate in a similar mannef, ofﬁen growing to become fhrough—

o REPRODUCIBILITY Op THE
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cracks, and (4) if the material is.isotropic, it has a similar resist-
ance to any type of crack, The study of failures in homogenous materials

is simplified by the characteristic features of a dominant spreading
crack which is colinear and self similar, and whose extension is resisted
by an identifiable material property, the fracture toughness, subject pri-

marily to variations in the degree of triaxiality of the stress field.

The behavior of fiber reinforced composités containing through-
thickness cracks is in some respects similar to that of homqgenous
materials. Depending upon the fiber, matrix and ply configuration inF
volved, the crack may be colinear a»d self similar on a macroscale, and
classical brittle fracture criteria méy be applicable [2}. Composites
may also display a 'quasi-ductilé' behavior, reaching complete notch=
insensitivity [3]. The fracture behavior, like other properties, is

highly anisotropic, and may vary from brittle to notch-insensitive for

specimens cut in various directions from the same plate of material [3].

While the behavior of some composites containing through-cracks may
resemble homogenous materials on a macroscale, the local stress and fracture
characteristics of crack extension are considerably different, The high degree
of anisdtropy,rparticularly within each piy; results in a complex array
of local damage at the main crack tip. For laminates composed'of uni--
directional plies with fibers oriented in various directions, the damage
tends’to occur on the weakest planes, resulting in a local system ofr
cracks running pafallel to the fibéfs of each ply and betwéen plies [4].

This damage zone grows’in extent as thevapplied stress is increased,

until complete fracture finally occurs, often,catastrophically. As long

-0



as the damage zone 'remains localized near the crack tip region, the
extension of the damage and the conditions of fracture appear to be
governed at least approximately by the classical stress intensity fac-
tor, KI (opening mode). If the inter and intraply damage becomes global,
spreading far ahead of the original crack, then the behavior becomes
notch-insensitive. Figures 1,2 and 3, taken from Reference [4], give
the size and geometry of the damage region fbr graphite fiber re~
inforced epoxy laminates similar to those uséd in the present study.

The 90/0/0/90 and 15/-15/-15/15 laminates in Figures 1 and 2 were
notch-sensitive, as the.damage remained localized until fractﬁre occurred;
the 45/-45/-45/45 laminate in Figure 3 was notcﬁ—insenéitiﬁe, as the
damage became global prior to fracture. Damage zones in 1amihates of
other ply configurations may be even more complex, involving fiber
bﬁeakage and buckling in some cases, as well as multiple fesin cracking

parallel to the fibers [3].

The characteristics of the damage zone in Figs. 1 - 3 are in sharp
contrast to a single crack in é metal, With a yielded zone at the tip.
The cracks within one ply of tke laminate do not generally penetrate ad-
jaéent plies, but terminate at the ply interface or at an interfacial
crack.’The material within’fhe damage zone remains generally elastic and
continuoﬁs except fﬁf the -individual crécks. Early tﬁree—dimensional
finite element feéults haﬁe shown the compiex mechanics of stressktréﬁs—
fer within the damage zone which iead_to a relagation bf the in—ﬁiane
stresses felative“ththose ékisting in ﬁhé ébsence of such damage [5].

These results also indicate the mechanisms tending to cause damage zome
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extension and the constraints on extension providedﬂﬁy neighboring

plies.

The Bigh degree of anisotropy evident in damage zones at through~
thickness crack tips may be anticipated to have even greater influence
with crackgywhich do not penetrate éompletely through thé laminate.
Existing literature on this topic is limited to véry simpie cases, but
the important. pﬁobleun of the unwinding of a rocket motor case illus-
trated in Figure 4 is typical of unwinding from surface fiaws encounter—
ed in many pipe and pressure vessel applications. The geometry of thev
crack iz Figure 4 is dindicative of partial through-thickness cracks in
general, These cracks have a strong tendency to propagaté paréllel to the
fibers causing unwinding7and éeldom penetrate further through.the thiékness.
If unwinding of the type in Figure 4 is extensive and 'stress concentrations
are not signficant, propagation of*“the crack may be predictéd by assuming
that the crack tip stress field remains constant as the crack extends,

leading to the approximatién [6]

2 ’ '
cty o, O = ; (1)

where Gé’is the critical strain energy release rate for peel-off-type
'deiamination, E. is the elastic modulus in the hoop direction, and a, is

the critical hoop stress. For t]_<<c this gives

1 % . : | : : (2)




The above relationships suggest a possible method of prediction for
the extension of global. damage zones which primarily involve delamin-
ation between plies, and such an approach has been pursued in the -

present case.
- Scope

The approach taken in this study was exploratory in nature, since
little was known about partially through-thickness cracks in laminates con-
taining plies oriented in various directioﬁs. Relatively simple geometries
such as thaf in Figure 4 were not considered, thus eliminating cases
where only the surface ply was damaged. The interest in the present study
was in crack geometries where free peeling or unwinding as in Figure 4
is constrainéd by neighboring plies having fibers which cross over one

another.

The work is divided betweenvrelatively simple laminates containing
four_plies; in the cbnfigurations 90/0/0/90; 15/-15/-15/15, and 45/-45/-45/45
(the ply angle is the direction of the fibers relative to the load, with
the initial crack cut perpendicular to the load direction), and laminates
-.éontai;ing a greater ﬁﬁmber of.ﬁlies in the coﬁfigurations.0/90,,iéﬁ;
and 160/6. Both graphite/epoxy and E-glass/epoxy are used in the four-ply
laminates,.with EégiaSS/ep0xy ﬁsed for the thicker laminates. Crack geo-
metries are primarily Surface cracks of varying depth and length, with

embedded cracks used in only a few cases for comparison.



Emphasis in this experimentai‘bhase of the‘work is in two areasgk

(1) gathering precise data for damage extension from precut cracks to
be used later in comparisons with analytical predictions, and (2), a
broader characterization of damage geometry, growth characteristics
én& f;acture behavior of laminates with a range of ply.éonfigurationé'and
crack lengths. This was done in order to gain a more general and in-depth

understanding of the behavior of fiber composite iaminates containing'suchk
cracks. As a result, data are given and discussed in greatest detail for
the 0%90 laminates, with less emphasis on quantitétive damage growth rateé

in the other cases. Tables 1 and 2 list the ply configurations and geometries

tested., .



'EXPERTMENTAL METHODS

" Materials

All materials used in this study were obtained from 3M Company
as prepeg, ahd were compression molded using a bleeder cloth arrange-
ment. The graphite/epoxy was SP288-T3 (Thornel 300 fibefs), a medium-
modulus material. Two types of E-glass/epoxy were used: Type 1002 was
~to be used for the entire study; but this line was discontinued mid-
&ay thfough, SO T&pe 1003 was substitﬁted, Type 1003 has a slight
1y lower ply thickness. The switch from Type 1002 to 1003 required con-

siderable;retesting since the properties were not identical,

Specimens containing surface cracks were prepared according
to the following procedure:
1. Pieces were cut to the desired size‘out of a roll of prepeg.
2. If a sufface.craék, m piies deep was to be‘iﬁcluded, then
only m plies were joined together by hand, in the desired
ply sequence. This is called Assemblage I.
3. Using a coﬁmercial razor blade, the assemblage was cut to
form thekdesired crack geometry as showﬁ;schematically in
kFigs 5. | |
4. Oﬁce this was done;. the Assemblége IT which would constitgte,
the-remainder of the specimen ﬁas-layed up siﬁilarly,kbut

without razor cuts.



5. Assemblages I and IT were stacked together, making one plate.

6. If a surface crack was also needed on the other surfacé of
the specimen; the same operation as was followed with Assem-
blage I was repeated to produce Assemblage III as shown in
Fig. 5. The Assemblage III was then put together with the
other two. Care was exercised to locate the two‘cracks as
nearly opposite to each other as_ possible.

7. On each side of the plate was placed a layer of permeable
Teflon~coated fiberglass, followed by one layer of bleeder
cloth (Mochburg Type CW1850) per evéry two plieé of the laminate,
followed by a layer of impermeable Teflon-coated fiberglass next
to an aluminum mold plate.

8. The whole assembly was placed in a press, in order to curekthe

- laminate. The cure conditions were

- glass/epoxy - k i gpappite/epoxy
preheat 330°F(166°C) 300°F(149°C)
contact pressure é)‘ : 9

and duration . 40 psi(276 KN/m 40psi(276KN/m™)
 for 2 min, for 2 min.
. gradual increase , A 9. v 9
in pressure to 100 psi(690 KN/m”) 100 psi(690 KN/m")
within ‘ 2 min 2 min
curing time S 45 min. S 2 hrs,

9. The cured plate was machined by rough cutting with a diamond-
edged wheel, and finished with a Tensilekut router to the
desired dimeénsion. Care was exercised to have the suface crack

as mnearly centered as possible.



The structure of graphite/epoxy was very sensitive to the molding
conditions. A series of specimens were molded by changing only the time
duration at contact pressure while keeping the other conditions the same.
The two-minute contact time gave the best quality laminates yielding
the fewest voids, so thiscondition was maintained,thfoughout the study
in molding the test specimens. The quality under these conditions was

good as indicated by a typical cross-section in Figure 6. The interlaminar

shear strength measured by short beam bend tests averaged 13,0 ksi (89.6

MN/mz) .

Glass/epoxy laminates are relatively difficult to observe using the
optical microscope because the fiber boundaries are less distinguishable
than with graphite. The fibers were made more observable by etching the
specimen with 17 hydrofiuoric acid (diluted in water) for 5-7 seconds.
The effect of etching on thé matrix surface was insignificaﬁt so
that fine cracks, when .present, could be viewed without distqrtion.

A micrograph of a cross seCtion using thié technique is shoﬁn in
Fig. 7:for Type 1002 Scotéhply in the Qirgin state. Unlike graphite/
epoxy, there appear to be numerous large voide&, but apparently no
_ temperature cracks. This quality is typical of previous experience
with Type 1002 Séotchply,_and efforts to decrease the void content
‘Qeré unsuééeésful; Tﬁe éverége interlaminar shear strengths for glass/ 
i epoxy wereé.OKSi(41fMN/m2).fof Type 1002 and 6.2 Ksi(43 MN/mz).for

the Type 1003.



The cracks introduced by cutting the prepeg prior to molding
showed good retention cf their original geometry, The crack flanks
appeared straight by visual inspection, and the tips of the crack
were relatively sharp where fibers were cut. Figure 6 shows a micro-
graph of a surface crack as molded§ the crack tip radius is in the

range of 10-3 in. (2.5 x 10-3cm)._

Testing Procedure

Tests were performed using an Instron universal testing machine

with the cross-head speeds of 0.05 and20.02 in/min. (.13 and .05 cm/min)

for glass/epoxy and graphite/epoxy, reSpectively.'The ultimate tensile

strength specimens for various ply sequences were prepared by bonding

tapered fiberglass tabs on the grip surfaces of the straight-sided strips

for four-ply laminates; a dog~bone shape was used for the thicker

laminates with a reduced width of 1.5in (3.81 cm). The appearance of

the precracked plates prior to load was not different from the uncracked

plates, because the razor cuts were completely closed up by flowing
resin during cure. However, the cracks opened up at applied stresses
in the range of 7 to 11 ksi (48 to 76 MN/mz) for glass/epoxy and 14

to 18 ksi (97 to 124 MN/mz) for graphite/epoxy.

For the purpose of investigating che characteristics of damage
which developed due to the ﬁfesenee of prevut cracks, the specimens
were loaded to some predetermicea stress level before beingbunloaded
and removed from the testing méchine. Iﬁ the notch regibn of the pre;
loéded glass/époxy; black india ink‘was‘applied, which stained de-
1aminaticn interfaces and beﬁetrated into splits; In selecting stain-

~ ing agents, consideration was given to penetrability, washability and

 REPRODUCIBILITY OF **
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color. Although some of the dyes normally used for biological purposes
were excellent in the speed of penetration, they were too easily

washed out during wet-sanding. The india ink chosen would not penetrate

as fast as the above, but it spread sufficiently after a duration of time,
and moreover was hard to wash away completely. The low interlaminar shear
strength of glass-epoxy made it possible to peel off one layer after
another, instead of sanding, in order to examine interfacial delaminations.
Wet sanding and polishing were employed when splits within a ply were

to be measured.

The staining technique was not effective for graphite/epoxy because
of the opaquéness of the speciﬁens. Instead, a fluorescent dye (Zyglo,
Magnaflux Corp.) was sprayed on the preloaded, notched specimen. After
waiting until the dye had penetrated and dried, the ‘specimen was bonded
to a flat surface of a solid plastic piece for better holding and hand-
ling. It was wet-sanded, polished and viewed under ultravioletllight =1e)
that the regions containing the dye were evident. Exposing delamina-
tion by sanding and p§lishing was a tedious process. If the plane of’
the surface being polished wasn't kept parallel to that of the laminate
interfages, the fluorescent dye was removed at one portipn~of delamin-
ation while other portions were;still unexposed. Also the polishing
had to be stopped at the right moment when the dye still remained at
thé valleys existing due to the Waviﬁess.bf’the delamination surface.

The dye could easily be lost completely by slightly more polishing.

The wet sanding, polishing and viewing were repeated sequentially through
the eﬁtirefspecimen; As the damage was uéually extensive for both glass and
graphite/epoxy, viewing was either direct or with the aid of a“lOX¢mag—
nifiet.~ ’
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" FOUR~PLY LAMINATES

Introduction

Four~ply laminates were chosen as the subject of a significant
portion of the study due to their relative simpl;city both for ex-
perimental observation and analytical modelli;é;\gefore considering
the actual results for four ply laminates it is imstructive to consider
the general nature of damage which is observed for surface cracks in
a variety of laminates. Figure 8 (a) indicates séhematically that damage ex-
tending from from a laminate with a surface crack completely across the width
is similar to that in Figure 4: the primary damage takes the form of a dela-
mination crack propagating along the length of the specimen. In many cases the
delamination:spfeéds compietely into the grips, leaving the uncut plies
to carry the full load. In some cases, particularly with graphite/epoxy,
the entire specimen may fail at some lesser value of L. figure 8(b)iﬁdicatesb
schematically a similar, but more complex damage geometfy for cases of surface
cracks with 2C < W. There is still a strong tendency to form a large dela-
mihatioﬁ, but now the growth of the delamination is constrained by
plies with transverse fibers, and a éomplex damage pattern may- develop,
possibly resulting in some lengthening of the original crack in the pre-

cut plies.

EQGlass/Epoxy Laminates

Results were obtained for Type 1003 Scotchply using three different
ply sequences : 90/0/0/90, +15/-15/-15/+15 and +45/-45/~45/+45 which con-

tained surface cracks-half-way through the thickness, and of various lengths.
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Figures 9 (a) - (c) show test results of nominal fracture stress

vs. normalized crack length. The notch insensitive lines represent

the nominal fracture stress level which would be calculated if the

stress state were uniform at the time of fracture, as opposed to a

state with concentrated stress near the cracks. Noting that the net-
section (measured at the notch) then would attain a stress approximately
equal to the UTS (ultimate tensile strength) of the same material without
a notch, ignoring the effects of nonsymmetry, etc., the notch‘insensitive

by
stress can be represented as

A
notch insensitive stress = UTS ( K¥S£~ ) (3)

gross

where Ag is the cross-sectional area of a straight edged strip measured

ross

away form the mnotched section and Ane is the drea at the notch. The notch

et

insensitivity as apprqached by the data in Fig.9 can be attributed to steady,
extensive growth of damage such as delaminations and splits which effect-
ively eliminate the stress concentrations that would be expected at the
precut cracks. While’i45 laminates tend to be notéh insensitive even for

through-cracks, the 0/90 laminate would be significantly notch-sensitive

for through-~cracks over much of the range of 2c/W [4].

Damage did not occur in a stressed specimen until ﬁhe applied stress
reached at least 20-30% of the UTS,'the stress being lower as the crack
length increased. The first damagerwas in the form of delamination, initiated
at the center of the root of the surface crack and expandiﬁg at the inter-
face separating the last precut'layer (second 1ayer) and the adjacent un-
cut layer (third layer). Althqugh‘some’other similarities in behavior can
be ‘obgerved amohg the three ply configurations, they are most conveﬁiently

~discussed separately.
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For 90/0/0/90 laminates, further growth of damage is shown
schematically in Fig. 10 and photographically in Fig. 11. When the
boundary of the expanding delamination reached the precut crack tips,
it was pinned down there, making only vertical expansion possible from
then on. However, the vertical growth itself was also constrained. The
situation was analogous to a metal containing a dislocation line
pinned down at two points (crack tips in the study), where the increase
in area enclosed by the dislocation line comes only through the change
in curvature of the line. Eventually, but well before the delamination
attained a full circular shape, the stress concentration at the surface
crack tips caused splits parallel to fibers within the second layer (0°)
as shown by the third schematic in Fig. 10. The splits apparently played
a dual role: first, that of relieving stress concentrations at the tips, so
that the 0°fibers at the crack tip did not fail, and second, that of acting
as boundaries within which the delamination could grow. The splits also
changed the shape éf the opened crack into a near-rectangle from a
thin ellipse, and changed the rate of delamination growth with respect
to applied stress. Since the crack opening is apparently accomplished
primarily by retraction during unloading of the mid-strips separatéd
from the body due to delamination and 0° splits, it involved the tearing
off and lifting up of the last continuous material still holding the mid-
strips, e.g., first layer (90°). As a result, another form‘df delamination
was created aroﬁnd the main cracktips, at an interface different from the
~previous one. It apéeared as a slender triangle beyond the crack tips with
the 0° split as its’iongest side. The 90° layer over this region was
severely damaged due to éplits parallel to the fibers on its own plane;

the split spacing was in the range of 0.0l to 0.03 in. (.025 to .076 cm).
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Figure 12 shows a series of photographs taken by peeling off
layers of the ink-stained specimen containing a surféce crack of 2¢c/W =
0.375, after preloading to 76% of the UTS. The first photo taken before
peeling faintly shows numerous 90° splits within the region of darker
triangular background. When the first layer ispeeled off, the triangular
delaminations can be seen to have grown almost up to the propagating
fronts of the major delamination underneath., The length of the long 0°
splits at the surface crack tips is concealed in this photo, but it
can be noted clearly after slight polishing of the surface to remove
the stain, as shown in Fig. 13. Note also from the Figure that the sur-—
face crack did not extend from its initial length (did not fail any 0°
fibers), the delamination underneath was completely contained within the
0° splits, and the splits constituted the longest sides of the triangular
delaminations. The last photo in Fig. 12,which was obtained by peeling
off one more layer, indicates that the upper and lower delamination bound-
aries are far from being circular but are rather box—sﬁaped. When the
specimen in Figure 12 was again polished, the stain was completely re-

moved and no further damage was found in the remaining uncut plies.

The principal quantitative results from the observations are pre-
sented in Fig. 14-17 . Figures 14(a)-(f) give the relation between £ and
Zs for various crack lengths. The following empirical equation relates £, the
central delamination length, with ls, the 0° split length,obtained by a weighted
average of the coefficients from a least—squareé fit of data from each crack
length

L/W = 0. 40 (2¢/W) + 0.98 (zs/w) (4)

The significance of the equation can be realized by Ietting Rq approach zero
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LIV = 0.40(2c/W)
s o* |
cr .
/2¢ = 0,40
s = 0+

This equation suggests that the aspect ratio, 2/2c of the central de-

lamination at the time of the 0° split initiationwithin the secord layer
is approximately comstant for all surface crack lengths.
8,02 o
The ratio, (——Er——D, the slope of the outer boundary of the trian-
gular delaminations, was approximatelyf&go for all crack lengths except

thosa which were long enough to cause interaction with the free edges

of the strip.

Figure iS(a) - (h) give the éentfal delamination length, &, as a
function of applied stress for various crack lengths. Most of the data
appéar to follow a power law relationship on the log.-log. plots except
at low stress levels. Deviation from the straight line tends td.occur at
the point where the value of XS first becomes non-zero. The initiation of
delamination occurs aldng the centrallportion ofkthe precut crack as in-
dicated in Figures 10 and 11. The value of stress when this delamination
is first observed’varies only slightly for,differentrcrack léngths in
Figure 15 from o/UTS of approximately 0.35 at 2¢/W =",125 to .25 at 2c/W =
1.0, Thereaftér the delamination grows ﬁuchnmore rapidly for thé longer
cracks.. The resulté in Figure 15 represent the extension Qf‘the_primary
damggg_in fhe.O/QO 1amina#es, and will be discussed in mdré detail in a
later section, where linearvplbts of the same data are‘aisa‘giﬁen..

| | 41674 | |
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The crack opening displacement (COD) at the center of the pre-—
cut crack has also been measured as a function of stress and crack length.
Figure 16 indicates a superposition of the data on to a nearly linear
power law relationship over the entire rapnge. A gradual change in the
geometry of the open grack, approaching a rectangle at high loads, has

already been noted in Figures 10 and 11.

Qualitatively similar damage is observed for *15 L;ﬁinates in Figure 17.
The first damage is again in the form of delamination at the interfacé between
the second and third ply. The delamination spreads more freely in the vertical
direction after the constraining effects of‘the intact material beyond
the crack tip are released by split formation parallel to the fibers
of each ply. As the splits extend along the fibers from each crack
tip toWard the center-line of the specimen, they evenually cross
each oﬁher at the center«line.kThis results in two identical isosceles tri-
angles symmetric with respect to the surface crack, above and below it. The
delamination grows’within the triangle boundafies as shown in Fig. 17 (b).
The triangles inevitably dictate the maximum growth of the delamination,
which is constrained within the cones. It slows down after a period of fast

growth.

The normalized’§ertical delamination length, Q/WQis plotted against :
o/UTS in Fig.’lS for the ﬁwq composite systems. The three domainé of differ—
bént growth rate are more‘evident when redrawn on logarithmic scale (Fig.
19), where thekslope of the central region suggests an éxponent ofv
’approximately 5.3. The delamination initially grows slowly, mainly due to
theconstraintefﬁan; UPtOOJUTS equals approximately 0.5, where splits re-
lieve the reétrictionkon the growth. The fast growth‘domain lasts until a
o /UTS valqeof approximatély,O.63.This rbughly‘corresponds té the instant“7
when the delamination assumes é full circular shape. Beyoﬁdithis point, tﬁe

growth rate decreases again. Fr-  Tig. 19, the delamination length at the
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time of fracture may be picked as approximately 0.90W. Since the crossover
points of the +15 and -15 fibers above and below the crack at center line of
the SpeCimen may be calculated as approximately 1.24W when 2¢/W = 0.333, this

indicates that the delamination does not expand beyond the peaks of the triangles.

Returning to Fig. 17, another form of delamination exists between
the first and second plies. The splits formed in the second layer subject the
first layer above these splits to kinking or shearing type of loading. This
is induced by the unloading of the mid-strips which are partially freed by
the central delamination. This results in additional splits parallel to the
fibers of the first ply in the neighborhood of the crack tips. Delamination
regions between the first and second plies instantly follow in-between these
splits, as shown in Figs. 17(a) and (c). Note also from the photograph and
séhematic, the short splits within the second layer which are lined up along
the splits formed in the first layer. Immediately prior to fracture, one or
both of the splits in the first layer bordering the delaminations below that
layer suddenly propagated close to the edge of the specimen. At this point !

the mid-strips were lifted up, distorting the whole specimen.

Damage extension in +45° speéimeﬁs was not measured quantitatively
for this group of laminates. The only significant damage prior to fracture
was intraply splits in all plies,parallel to the fibers, with little interf

ply delamination observed.
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Graphite/Epoxy Laminates

Fracture tests performed. to date on a limited number of graphite/
epoxy specimens indiéate that laminates containing partial through-thickness
cracks are notch insensitive for +15/-15/-15/+15 (Fig. 20 (b)) and +45/-45/
~45/+45 (Fig; 20 (¢) configurations, similar to glass/epoxy in Figure 9.

A relatively greater notcu sensitivity is evident for the 90/0/0/90 con-

figuration in Figure 20 (a).

Damage in the 90/0/0/90 laminates was not as massive as for
glass/epoxy of the same ply sequence (given in Figure 11). However,
the characteristics, e.g., central delamination between the second and
third plies followed by vertical splits within the second ply at
the main crack tips; followed by triangular delamination behind the
tips but’ this time in between the first and second plies, etc.  -—-— Were
identical for both materials.The origin of the increased notch sensitivity in
the case of 0/90 laminates as compared with glass/epoxy is apparently directly
felated to the decreased stablé damage extent at fracture. This was most evident
in the case 2c¢=W, where the graﬁhite epoxy specimens failed after an évarage
’ delamination growth, %£/W, of .23 rather than propagating the delamination
all the way to the grips. Figure 21 shows thé left half only of a pre-
loaded specimen which was later dyed, wet-sanded and polished dowﬁ tor
different deﬁths. The vértical split is cleariy shown to limit the
main Crack‘ekteﬁsion and sidewise expansion of the delaminétion under=
neath. The polishing technidue wasrun:succeséfdl in revealing the de-
laminations situated at the crack tips in between the first and second
plies | probably because the éones are so tiny and it is,very difficult-
~to stop polishing at the precise moment when the zones just appear bUt~
~ave not yet removed. These delminations were obs

erved on cross-sections only.
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The only damage growth data obtained for 90/0/0/90 graphite/epoxy
was the relation, £/W vs. 0/UTS which is plotted to log scales iﬁ Fig. 22.
The slope is Fig. 22 is approximately 6.2 at high stress levels. The slope
wasn't estimated at low stress levels because of the lack of data, but it

is evidently smaller than at high stress levels unlike glass/epoxy (Fig. 15).

Although Fig. 20 (b).indicates that the +15/-15/-15/+15 lami~-
nates are notch insensitive, the final fracture came catastrophically.
The appéarance of the fracture paths is shown in Fig. 23 for laminates
containing two types of initial cracks - surface and embedded. For the
specimens containing surface cracks, the fracture paths did not touch
the initial cracks, indicating a very high degree of notch insensitivity,

This was true of 45/-45/-45/45 laminates as well.

Two series of photographs are given in Figs. 24 (a) and (b), which
were taken at different depths through the +15/-15/-15/+15 specimens con-
taining surface cracks (the specimens were cut in half lengthwise along
the center line after preloading). At the lower load (Fig. 24 (a) ), the
damage is restricted to the crack tips and the interfaces which separate
the pre-~cut plies frowm the remainder . The third and fourthiplies
are unscathed, The vertiéal cross-section in this case is shown in Fig. 25;
When higher loads are applied, the previously intact layers are damaged
by splits throughout the central region’(Fig.Zé-(b))-The growﬁh rate -
of the central delamination is compared with that for glass/epoxy of the
same geometry in Figs. 18 and 19. Three aspects are ﬁotewoftﬁykfrom these :
Figﬁres: (1) the delamination for graphite/epoxy is ‘as extensive as for
fhe glass, (2) when the applied’stresses are normalized by the respect-.
ive UTS, the data pointé élmbst superimposé, and (3) there are‘thfee
regions differing in growth réte in Fig. 19 as was‘discussed for glass/
epoxy. | |
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The central delamination of +15/-15/-15/+15 laminates containing
ebedded érapks developed at two interfaces within a specimen - betﬁeen the
first and second plies and between thevthird and last plies. Fig. 26 shows
the damage appearance in different layers. There appear to be short splits
within the two outermost plies along the line of the embedded crack. The
second and third plies, which can act together as a unit (they have the
same orientafion), possess just one common split at the tip, apparently
with no other damage. The central delaminations in these plies are small.
Even at final fracture, the splits developed within the t&o mid-plies do not
seem to play a role at the delamination boundaries. The delamination lengths
plotted in Fig. 22 are an order of magnitude smaller than the corresponding
lengths for the surface cracks shown in Fig. 19. Despite this localization
of damage, the laminates containing embedded cracks were still notch-

insensitive.
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MULTI-PLY LAMINATES

Introduction

The approach.taken in this portion of the study is similar
to that with four-ply laminates. Experimental observations made on
several different ply sequences are described and quantitative re-
sults are presented for damage development and growth. Emphasis is
on laminates with more layers than in the previous chapter,.in some

cases with matching cracks on each surface.

Damage in multi-ply composites is more complicated than in
four-layered composites,in part because there exist more layers and inter-
faces. As a result, there are’additional damage characteristics not
recdgnized in thin composites, and‘data reduction is often difficult

due to increased scatter.

This section is concerned entirely with surface crack phenomena .

Embedded cracks are not specifically discussed. While the investigation
is limited to E-glass/epoxy (both Type 1002 and 1003), new variables such )

as crack depth and specimen width are ihtroduced.

Notch Sensitivity

Figures 27 and 28 give fracture test results for 90/0 laminates
vcontaining five layer deep surface cracks on one surface only and on both -
surfaces, respectively. The specimen width,when varied from one to two

inches,did not affect the nominal fracture stress as long as the normaliZed
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initial crack length, 2¢/W was kept the same. The notch insensitive

lines were obtained using the definition given in Equation (3),

but the Anet and Agross were replaced by the respective cross-~sectional
areas of thke D° layers only because the load carrying capacity of the

90° layers is expected to be insignificant.»The approximate notch in-
sensitivity revealed in both figures is, as in thé four—layer laminates;

a phenomenon not probable in the respective through-thickness crack cases,
where the fracture stress is still governed by a brittle fracture criterion
[3]. Consistent with the notch insensitivity, the crack tip damage was
large enough to be comparable in size to the specimen width. The actual

damage zone geometeries and the meaning of thé second peak stress lines

shown in the figures will be discussed in the following sections.

Figure 29 compares the tendency for notch sensitivity among specimens
having wvarious crack depths, The fracture stress deviates considerably
 downward from the notch insensitive line only when the crack is seven lavers

deep on both surfaces of a specimen, leaving only one uncut 0° layer.

Figures 30 and 31 show results for *60/0 laminates containing
four and five layer deep surface cracks, respecitvely, on one éidé of
the specimen. As in the case of the 90° plies, the notch insensitive
prediction lines are drawn wiﬁhout considering the~coqtribd;ion of
the +60° or ~60° plies. For the material considered héfe;rthé”transf
verse plyrstrength is su low that‘it makés oﬁly'a few percent differ-
ence at most in calculating the notch insensitive stress. The fracture
stresses in Fig. SOkdeViate somewﬁat from the notch insenéitive 1ine,Whﬁle’
Fig. 31 Shows'COnSiderably'mofe downward’déviation. The immediate depart-
ure of tﬁg data from the notdh‘insensitive'line in the latter figure, al-
éhéugh.ﬁof so seﬁefe,resembles the’bebaVior of a specimen with a through—‘"-
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thickness crack. Considering that not just one, but two ineffective layers
(60°) are separating the assembly of pre-cut layers from the counterpart of
exactly the same configuration, it may be that the results in Fig, 31

are a ccmbination of the pre-cut assembly behaving in a brittle fashion,
like a specimen with a through-thickness crack, while the remaining portion
behaves like an unnotched specimen. The data in Figs. 30 and 31 fall bet-
ween the NI prediction and a prediction based on the UTS of the uncrécked

plies only (the second peak stress).

Presented in Figs. 32 and 33 are the fracture test results for 45
laminateswith:surface cracks on one and both surfaces, respectively. The
behavior in each case is clearly notch~insensitive, as is by now anticipated

" for +45° laminats.

Damage Formation and Growth

As in the four-layered composites, the first form of damage in
multi—léyered composites for all ply configurations Wastﬂuadélamination
inititated at the center of the root of the surface cfack, which then
expanded at the interface separating the last pre-cut layer and-the
édjacent un—cut’layer. This separation 1s designated as the central
delaminéﬁion. The delamination was then followed by split fotmation at

' the crack tips accompanied by délaminations at the other interfaces.

Figure 34 (a) is a schematic of the céntral»delaﬁination and 0°splits
'for 90/0 laminates at low load, As the load is 1ncreased(F1g 34(b)), the crack
tip damage becomes severe .and complicated Flgures 35 (a) and (b) present
two sets of photographs showing damage throughout the thlckness of spec1mens
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which were preloaded to 68 and 79% of the UTS, respectively. The 1-2
interface, ehe interface between first and sewond plies of the first

set shows two relatively smaii,dark areas representing delaminations

at the crack tips. Hidden below the gtain are vertical splits as shown

in 2 (the second Ply ). This was obtained by removing the surface stain
with slight polishing. The polished surface of the third ply (designated
by 3) shows 90° splits within the ply, . but the Vereical extent of the
splits is not clear from the photograph. Note from both sets of photo~
graphs that the horizontai extent of delamination at interfaces (1-2),
(2-3), and (3-4) and of splits within ply (2) are similar, The vertical
extent is also similar between the delaminations- at (1-2) and (2-3), but
much more elongated for (3-4). These are illustrated schematically in

Fig. 34 (b). Also shown in the figure is the horizontal extent of the
remainder of the damage; e.g. splits within .ply = (4) and delaminations
at interfaces (4-5) and (5-6) which progress together, lagging behind

the other regions. This was observed for all load levels, as shown
clearly in Fig. 36. Here, the farthest splits from the initial crack tips
" within the fourth layers coincide with the delaminations underneath.
Another signifigant phenomenon illustrated in the figure is that the D°
fibers within the distance between the original crack tips and the last
splits are aceually being broken, which was ﬁoe ebservea.in four-layer
laminates. Although the split lengths in the fourth ply (as well as in
the second ply ) vary irregularly, the first splits right et the initial
crack tlpS are 1nvar1ably long. Figure 3% (c) shows cross-sectlonal micro-
: graphs deplcting the splits in the plles, although it is dlfflcult to see

all of the damage w1thout adjusting the mlcroscope focus
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In contrast to the irregular variation of the split lengths, the
delaminations spreading within the regions bordered by the splits (e.g.
interface 3-4) take on a definite shape when fully developed. Note the
similarity in shape between that shown in Fig. 37 and interface (3-4)
in Fig. 35. The large extent of the delaminations and splits, having
dimenéions on the order of the specdimen Width, apparently rendered the

90/0 laminates motch insensitive as shown earlier in Fig. 26.

Figures 38 and 39 compare the characteristics of damage in +60/0
laminates containing four and fiﬁe plies deep surface cracks, respective-
ly. For cases with the crack four plies deep (including only one 0°
layer), the damage grew relatively unrestrained. The central delamina-
tion (4-5) expanded, maintaining an approximately circular shape, and the
horizontal propagation fronts of the other damage originatingzatthecfacktips
spread simulatneously. Although the splita parallel to fibers in eachiply were
also observed in the remaining layers previously unéut, actual fiber break-
age was limited to the second ply, and occurted near the original crack

tins.

For *60/0 laminates with five plies deep surface cracks, the
fifth ply (0°) played a major rolerin keepipg fhe damage small compared
with tﬁe aﬁove. Ply (S) in Fig. 39 showé no damage exéept the two splits,
one at each tip, which bloék the extensioﬁ of the precut crack iﬁ this
ply..Sincé the fibers in tﬁsi ply constrain damage in the other pliés,
théir damage regibns were consequently smaller than befére, due to the
avoidance éf fiber failure in this case. However, in the second plyk(also

' D°), three plies away from ply (5), the main crack continuously
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extended by the breaking of fibers within the ply. A new develop-

ment not seen previously in any of the configurations was the presence

of two central delaminations - one at the usual interface demarcating

the precut and uncut plies , and the other at interface 7-8 within

the uncut plies as shown in Fig. 39. A schematic showing the cross-section
of the specimen is given in Fig. 40 (a), while the micrographs taken at
Section B-B are shown in Figs. 40 (b) and (c) in order to emphasize the

"rolé of the two aforementioned splits at the tips in the fifth plies.

The results for the .45 laminates are given in Fig. 41. These photo-
graphs indicate that the damage in the precut plies is localized around
the crack tips, while extensive delamination and splitting is present in
the uncut layers in the entire region be;ween the crack tips. This is an

unusual example of the most severe damage occurring in the uncut plies.

Residual Strength After Precut Ply Failure

The load ~extension curves recorded on the Instron chart during
fracture tests exhibited two distinct peaks'as shown schematically in Fig.42
This phenomenon was absent in #45 laminates; but itwas dominant in the other con-
figurations, especially when the surface crack lengths were long. The first
peak was associatedrwithunstable fracture qf éome’of the precut plies and
the seéond peak was the load at final fracture of the residual cross-ssction.

‘As will bé discussed later,the first peak was not necessarily higher than the second.

In connection with the 90/0 laminates, it was stated earlier that
the main crack extension associated with fiber failure propagatéd further

in the second ply than in the fourth (Fig. 34 (b)). The first peak load
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occured when the crack in the second ply suddenly extended to completely
fail the ply all the way to the edge of the specimen. The load suddenly
dropped because the compliance of the specimen was increased while the
displacement was maintained. Figure 43 (a) shows schematically the re-
sidual net-section after the first peak, indicating that the outer three
plies are .completely broken. The remainder of the fourth and twelfth plies
is still intact and continue to act tégether with the inrer (uncracked)
layers. After the first peak, the load rises agian steadily as the dis-
placement is increased, up to the second peak. The fourth ply,which had
been fracturing more slowly than the second before the first peak, does
not break further in this interval, so that the net section shown in Fig.
43 (a) is maintained between the peaks. The variation of the ligament
width in the fourth ply relative to initial crack length, was rot studied

in detail beyond the first load peak.

Figures 44 and 45 give the experimental results of the residual
strength for 90/0 laminates containing surface cracks on one and both
-s8ides, respectively. The significant scatter of the data necessitated a
large number of tests in order to confirm the general trends. The second
peak stresses were mostly unrecognizable from the Instron chart when the
initial crack size, 2¢/W was small. This is épparently because the first
peak‘stresses are so high that dynamic effects.resulting from the initial
breaks 1ead to total specimen failqre. As the initial crack size, 2co/W
approaches 1.0, thé first peak stress decreases and the second peak stress
apprbaches the ﬁalue of the notch insensitiﬁe stress at 2co/W = 1.0. The
trend lines in Figs. 44 and 45kWere drawn such that they not only hit the

NI streses at 2cO/W,= 1.0, but also passed through the averages of the
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data as closely as possible. The lines so obtained were redrawn in Figs.
27 and 28. The lines, however, played only a minor role in the figure be-
cause the 90/0 laminates were approximately motch insenstitive and the
notch insensitive predictions were a close approximation of the fracture

stresses for almost all crack lengths.

For *60/0 laminates with four- ply deep surface cracks, the
damage in the precracked plies (including fiber breaks in the 0° ply)
| was shown to expand relatively rapidly toward the free edges of a specimen
(Fig. 38). The first peak occurred upon complete separation of the precut
plies along the plane of the main crack. Complete separation was achieved
regardless of the initial crack length because: (1) the +60° plies backing up
the second (0°) ply weren't strong enough to effectively constrain the
latter without being split, and (2)the two consecutive -60° layers (e.g.,
third and fourth) virtually isolated thg second ply (G°) from the
main body. Therefore, the net sections prior to the total fracture assume
an identical shape independent of the initial crack lengtb,as shown schematically
w Fig.43 (b). The prediction made of the residuai section strength under the
assumption that the met section would fracture ét its UTS was a slight |
overestimation as shown in Fig. 46. When fhe average line (instead of the
prediction) obtained from :Fig. 46 is incorporated into fhe fracture test
results (Fig. 30), one notes that the residual strengfh line is an approximate
limit load for large crack lengths, while the notch insensitive prediction
is appropriate for small ones. For intermediate crack lengths, they serve

‘as a lower and upper bounds,respectively.
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Finally, for +60/0 laminates with five ply deep surface
cracks, the residual net section is as shown schematically in Fig. 43 (c).
The fifth ply (0°) that was precut did not fracture at all at the tips,
which can be seen from Figs. 39 and 40. The residual strength prediction
Based on the same assumption as before was also an overestimation as
showm in Fig. 47 . Referring to Fig. 40, thé second peak stress line is
seen to closely approximate the actual fracture stresses even when the

-initial crack lengths are very large.

For +45 laminates, the second load peak phenomenon was nonexistent.
This can be attributed to the fact that the central regions of the plies

previously uncut are not immune from damage (Fig. 41 (a)).

Damage Extension iﬁ 90/0 Laminates

The rate of extension of damage has been determined only for the
90/0 laminates in this group, and is given for various crack lengtbs and
locations in Figures 48-51. Data in,;hese figures are given for both types
1002 and 1003 Scotchply. The major difference in mechanical properties
between the two materials in the 90/0 configuratibn is,that the 1003
has‘a UTS  approximately 277 higher than 1002: 70 ksi (483MN/m2) ﬁs. 55
ksi (379 MN/m>). o

.

Figure 48 gives the central delamination length as a function of

applied stress. These results are similar to those found for 90/0/0/90

laminates in Figure 15, with very similar growth rates at the same values

of 2c¢/W. The data for Type 1002 in Fig. 48 (b) fit in well with the data for 1003.
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when normalized by the UTS. As in Figure .15, the data appear to show

a shift in this case when the fibers begin to break in the precut plies
(AC=O+); more detailed data at lower stress levels hight'also show a

shift when the splits in the 0° plies initiate. It is of intevest that

the growth rates at higher stress levels.are similar to those of the four-
ply laminates despite the additional factof of fiber failure (Ac) iﬁ the

present case.

Figure 49 indicates the relatiénship between the central delamination
1engfh and the amount of crack extension, Aé,);p the fourfh, 0° ply, which
results from fiber fracture. The figures cleé;l§ indicate that the initiation
of Ac will not take place until the,delaminétion has grown significantly.
Also shown iﬁ the figures afe>1east—square fit curves which approximate

each set of data, through a second degree polynomial represented by:

0.30 + 39.1x - 298x"
' 2

Fig.49(®): vy

0.61 + 42.7x - 412x
0.735 + 34,4x - 288x2
2

()iy
(d:y

(e): y= 0.39 + 18.1x - 78.2x

where x = Ac/W and y = Z/W;

The values of &/W at which the intitiation of Ac takes place can be de?

termiﬁéd,from the above equationé_at"k%O.'The_results are summarized
in Table 3. The last column in the Table suggests that the aspect tatio-

of the central delamination, l/2co,-at the initiation of Ac may be uni-

form for a given material, regardless of the initial crack length. Taking

‘the averages,



Average of 2/2(:o ~ 1.20 for Type 1003
Ac = 0+A

< 1.04.for Type 1002

This means that the delamination at the initiation of Ac must have grown
to a full circular shape for 1002 Scotchply and a slightly more elongated

shape for 1003 Scotchply which is stronger.

Figure 50 shows the rate of the grack tip delaminatip@'gfbwthkat
the interface between third and fourth plies. Although a great deal

of scatter is evident, the data for lv and &, roughly follows

, h
linear relationship indicated by the straight line drawn in the figure

with the slope of 1.0. If so, the aspect ratio of the delamination, Zv/ﬁﬁ

would be constant of approximately 5.0 throughout the applied stress

range..

Figure 51 gives approximate inter-relationships among /W, and Ac/W,
QV/W;'and kh/vaor 1002 Scotchply.ylt is suggested that the results be
treated as only qualitative. The figure shows that Ac/W increases more
rapidly than 2h/W, but the former will not overtake the latter before the
first peak load which occurs when the lh/W bgComes 0.31; that is, when the
delamination reaches the free edges of a specimen.kThus,the 1igéments,in :
the‘fourth plyi ﬁill be left still partially intact as shown in Fig. 43

(a) until the final fracture of the residual cross-section.
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APPROXTMATE ANALYSIS FOR LARGE DAMAGE ZONES

Introduction

The prevalent notch-inseusitivé conditions aﬁ failure for part-
ially through~thickness cracks»suggest that the stress figlds associated
with extensive.delaminatioﬁ gro#th are relatively uniférm, aﬁd witﬁdut
‘major stress conceﬁtrations around the cracks and damaged regiéns;'This
condition approaches that assumed in the estimation of_thé critical streés'.
for the unWinding of rocket motor éasings discussed in the first section
of this répdft. The present Section describes an attempt to predict the
growth rate of large damage zones by aisimilar simplified analysis based
upon1n1energy balance at the border of the propagating damage for the
relatively simplé damage observed in 90/0/0/90 laminates. Prior to that
derivation, the simpler ca;e of a surface crack in a unidifectionaly
laminate is‘considered.bThe results obtained are extended to crossplied

laminates with a surface crack completely across the width of the specimen.

It is essential to keep in mind thatithéée approximate deriﬁatiqns

" are relevant only to cases of Qery iarge damage zones, where the stresses
~are néariy uniformly distributed. The cri#ical early deﬁelopment and
gfowth‘of damage is impossiblekto treat in‘this fashion and a;coﬁplete
three-dimensional aﬁalysis is necessary in this more complex case. It ﬁay
prové to be convenient if large aamagé régiohs can be treated in an approx-

imate manner, since a precise analysis of suchvgeometrieswouldbe difficult.
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Unidirectional Laminates

Consider the model shown in Fig. 52, The model is subdivided
into three domains, A,B,C, for convenience. Assume the strips C are
stress free and the domains A and B retain uniform stresses within,each

domain. Then the stresses in A and B at applied stress J are

=0
%A
Oy (.t ___yo _ __ o | (6)
t : ,
tW -~ 2ct -2c 1
1 @ W T
The elastic sﬁofed energy,
U, = o, de, dv= 0> = tW(L- L)
A A TTA CT .
E
)
(7
2
v, = 0 tW 2
B () I 1
2Eo (1~ ES- - )
W t
where -v. 'is the VOﬁﬁme, and Eo is the:elastic modulus in the loading
direction. The total energy, U is
L 2 : 2¢c t1 | o
U'=UA'+U = g tW L+ W £t ) : (8)
B g €
o L2 i
' T W ot
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As it should, the L term representing a uniformly stressed body of un-
cracked specimen increases without bound as L+ %®, So the energy

difference between the cracked and uncracked body,

2 2et. L |
ct (9)

AUég__ 1
2Eo (1- 2¢ _El)
W t

The area created during delamination,

A= (2¢ + ,2t1)2 (10)
kHence
AU _ ZCtl 0_2_ 1 ’ »
G = — = ~ (1)
(2c+2t,) 2E :
A 1 (1- 2 L
W t

When ZC/W**O, t > tl and Eq. (11) reduces to Eq. (1), the unwinding problem,

If 2¢/W = 1, Eq. (10) must be revised to include only the 2c term, and the

subsequent equation for G is

2 } .
tc, 1, 2e/u=1 (12)

Although the uniform stress assumptions are more tenuous, Equation
(12) may be applied to composites of different orientations when E0 is
replaced by E , Whefe Ec is the composite modulus in the loading direction

Letting‘tl=;t/2 suftable to the four ply specimens in this study, Eq.(12)

becomes
: ~35-



G=—gg v 2eM=1,¢ =¢t/2 . a3
e

In the case of a 90/0/0/90 laminate, the contributidn of the
two outer plles to the strain energy is negligible, especially when
the load is high enough to produce splits throughout the specimen faces
within the 90° layers. The G suitable to the situation can be derived

similarly,

G = tg> | (14)

=)

. where EL is the elastic modulus along the direction of fibers in a uni-

directional ply, and 0 is the applied stress based on the total cross-

sectional area, O = P/tW.

Referring to Table 4 for E and Fig. 54 for 0 at spontaneous

L
' deiamihétion expansion, the G, for the 90/0/0/90, 1003 gléss/epoxy is

~(0.032) (29.7 x 1052

¢ 6.6 x .10°

= 4,28 lbs/in; ~ (15) .
(750 N/m)

ThiS compares favorably with a value of CE determined By interlaminar cleav-

age [7] of 4.18 1bs./in. (732 N/M) for Type 1002 Scotchply.

90/0/0/90 Glass/Epoxy Laminate with Surface Crack

"Befofejinitiating the”derivatibn;‘it_is_helpful to list some of the ex-
perimental observations relevant to the'prbblem.
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1. The vertical splits, at the surface crack tips in the

second ply, act as vertical boundaries of the delamination

underneath (Fig. 13).

2. The initial surface crack does not extend, so there are
no regions of broken fibers in the second ply (Fig. 12 and
13). In faét, there are no regions of broken fibers in the

entire specimen until the final fracture.

3. The propagating fronts of the central delamination are arc-

shaped, but far from being semi-circular (Fig. 12).

4, The triangular delaminations occurring at the interface between
the first and second ply are well contained within the bound-

daries composed of the side 28 and height a (Figs. 12 and 13).
5. The ratio, vertical split length to transverse split lengthj%s/Z)/aZS.OO

6. The segments within the first ply, over the triangular dela-
minations act as ligaments connecting tongue-shaped central

strips to the main body (Figs. 10 and 12).
7. The material is notch insensitive (Fig. 9 (a)).

8. The central delamination length, % and vertical split length,
%,aTe related by a simple equation (Eq. (4)): &/W = .40(2c/W)
+ .98 (L /W).
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Taking advantage of these empirical observations, the system

is converted to a simplified model shown in Figs. 53 (a) and (b); and

through incorporation of the model, the follwoing assumptions are made:

The 90° plies make negligible contribution to total elastic
energy, except the portibns above the triangular delaminations

where the segments are shear loaded by a constant stress, q -
There are no stress concentrations in the body so that when:
the model is subdivided into Regions 1 to 6, the tensile stress
in each region, 05 = oj (y only).

The central delamination fronts are box-shaped.

In Region 4, the tensile streés changes linearly in the domain

£ =0 to (R—ZS)/Z.

The Region 6 is exactly triangular so that the boundaries are

straight lines.

= const.
qo ’

‘There exists a material property, Gcawhich is defined as the

critical strain energy release rate for delamination.

The Gc's associated with creation of the central and the trian-

gular delamination are identical.
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Details on the derivation of an equation relating %W to O

are presented in Appendix A using the above assumptions and empirical

damage geometry. Rewriting the result,

?_E_ 2 - (_%3){(.97'0— .Q6 qo)q0 + %’(1 - %%g)
(s - %T qg Yy
+ 39 {13 (80-q )0~ 1.92
a-329s)=0 (A16)
where S = GCEL/t (A17)
Y = &)y - .40(2¢/W) ‘ (A18)

and

E./ G, ~ 8.0 from Table 4, t = ,032 in. from Table 1.

In applying the equation, it is necessary to keep the units consistent.
Therunits of o and q, must be the"same, and the units of § mustkbe the
~square of these. To détermine the constants S and qo, -actual experiment—
al values chosen réndomly from Fig; 10 (b) are SU‘bStitLVlted into Eq. A 16

as’ follows:

2¢/W - OJUTS o LW Y
.25 .57 51.3 .52 .43
.25 .71 - 63.9 1.10 1.01
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Solving the resulting equations simultaneously,

- 987.5 (ksi)2 (46,946 TN>/u') (16)

q = 6.24 ksi (43 KN/n)

The values so determined are used without any modification to predict

damage growth for other crack lengths. From Eq. 16 and (Al6),

9.77 Y2 - “W“ { 6.12 0 - 2.34 + 237.0(1- %5-€¥§ }y
[462] [42] [111] (45,1001

+<%S 2'{(.960 - .72) 0 - 1856(1 - %——{?% } =0 @7
[.96] [5.2] [88,300]

where the top numbers are ksi based and the bottom numbers in brackets are
in SI units as in Eq. (16)

The curves predicted by Eq. (17) are drawn in Fig, 54

]

which agree fairly well with experimental results in the intermediate

range of stresses for all values of 2c/W.

The physmcal significance of the S can be realized if Eq. (14)

is rewrltten at the critical state of spontaneous delaminatlon,
G = _cr ‘ ’ . ’ . (18)
* Comparing Eq.(18)with Eq. (Al7), one notes

. S
S = O'CI'.’ or /S- = OCT.' ‘ FERA : (19)
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As discussed earlier, the value of Ocr picked from Fig. 54 at cons-~-
tant load delamipation growth is approximately 29.7 ksi (205 KN/mZ).
On the other hamd, the value of ¥S calculated from Eq. (16) is 31.4 ksi
‘(217 KN/mz). This suggeétS'that the value of Ucr obtained for the

best curve fit is close to the actual 0cr within an acceptable margin

of error.

The wvalue of q, is more difficult to check independently, as is the
assumption that it is constant. The stress-strain curve for a 90° ply
in shear is highly nonlinear, but a value of 6.24 ksi (43.KN/m2) appears

to be in a reasonable range [8],

The analysis given in this section can, in theory, be extended to
other ply configurations and materials if the general shape of the damage
is known empirically. It has not been applied to graphite/epoxy of the
90/0/0/90 configuration because the extent of damage was too limited at
fracture, and some notch-sensitivity was evident. Although the analysis
worked as well as could be expected considering the degree of approximation,
the empirical input necessary reduces its usefulness relative to a method

which would predict both the geometry and rate of growth of the damage.
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SUMMARY - AND CONCLUSIONS

The behavior of a variety of glass and graphite/epoxy laminates con-
taining partially through~thickness(surface) cracks has been studied. The
work was divided between four-ply thick glass and graphite/epoxy laminates
in the configurations 90/0/0/90, 15/~15/-15/-15, and 45/-45/-45/45, and
multi-ply giass/epoxy laminates of the configurations 0/90, *45, and 0/%60.
The degree of notch sensitivity and the characteristics of damage exten-
sion ha%e’been investiaged for each case, with the most detailed attention

given to 0/90 laminates containing surface cracks.

Several general observations may be made about the results in

addition to the detailed discussion throughout the report:

1) Almost all specimens tested approached notch-insensitive con-
ditions at fracture. The major exceptions to this were 90/0/0/90
graphite /epoxy in which the damage region was relatively small,
and 0/%+60 multiply laminates in which significant crack extension
occurred in the precut plies prior to failure. One other except-
ion was 0/90 multi— ply laminates in which the deep surface

cracks penetrated all but a single 0° ply.

2) Initial damage almost always occurred along the interface
separating the precut plies fpgr the remainder of the laminate.
The delamination at this interface spread alongand above the crack as

~the load was increased, and further damage initiated parallel

‘to the fibers of the precut plies. In most cases the damage geometry, .

“once established, remained similar in shape (self similar); thé
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3)

4)

ratio of damage extent at various locations tended to re-

mairn constant. In most cases, the damage which extended under
higher loads was dominated by the central delamination between
the precut plies and the remainder of the specimen, but other
important damage was evident at other interfaces in the pre-
cut portion, particularly beyond the original crack tips. No
significant regions of broken fibers were present in the four-
ply laminates prior to fracture, but significant fiber fractur-
ing occurred in the precut plies of the multi-ply laminates.
The only extensive damage in the uncut plies occurred with

the multi-ply %45 laminates.

The rate of damage growth was semsitive to the ply configuration,
constituent materials, and specimen geometry. The rate of ex-
tension in many cases remained relatively constant as long as
the damage geometry was maintained, and transitions in rate were
observed as damage initiated in different locations. Damage was
less extensive for graphite/epoxy than for glass/epoxy laminates
in the 90/0/0/90 configuration, but was almost identical in ex-

tent and growth rate for the 15/-15/-15/-15 configuration. Damage

for embedded cracks in 15/-15/-15/15 graphite/epoxy was much

more localized than for surface cracks.

In multi-ply laminates a portion of the precut plies tended to
fail all the way to the edges of the specimen, creating a
sudden drop in load. As more displacement was applied, the
load again increased to a second peak, whefe the remaindexr of
the specimen‘failed.
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5) An appro¥imate semi- empirical rglationship was derived to
predict damage extension for large damage zones in 90/0/0/90
laminates. Although the predictions were in good agreement
with measured growth rates, the method is not useful in the
absence of empirical knowledge of the damage geometry. Pre-
diction of damage initiation and initial growth requires an
‘accurate 3-dimensional analysis due to the complex stress fields

involved.
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APPENDIX A
DERIVATION OF AN EQUATION RELATING VERTICAL
DELAMINATION LENGTH TO APPLIED STRESS

The model to be lopted for the derivation is shown in Fig. 53
and the underlying assumptions are given previously.

Let the subscript L in Oy and EL stand for the direction of fibers

L

in a unidirectional ply. The stress in each region based on the cross-

sectional area which excludes that occupied by the 90° layers is

011, = 20 = 2(B/tW) “ (A1)
o £ty ty - .
Oor, = 2085 g ¥/ (e v ) = qyle (a2)
(0} O, q .
- 1, -~ 2L __©o + 2
R € BV A T = 3
oy B %
(o - —9— L&, E2 y=-2 /2 (a3)
- t _ ‘ _t t
P=0g 7 M-c) +0,Q@) .7 =9, 7 ¥
. G = v GlL G OAL .
** 51, W-c ' (A%)

Also,
P= 0y 5 W=-c)+2(q, 7 7) 5.7 = 0. 5w -c) =5, 5 W

0 “(A5)




Rewriting Eq. (4)

/W = 40 (2c¢/W) + .98 ZS/W

(46)

Considering only the upper half of the model, the elastic stored energy

in Region 1 is

Replacing 4 by 'Q's using Eq. (A6),

1”25, W 2

Similarly, €2~ R,S 312
1 R TR 2 .t
U, = iﬁ; ; [oSL 2(w c) + O, 4(2c)] dg
Substituting Eq. (A4), ,
' (a-0 /72
_ tW 2 _g_(_:_ (3 2
" TE (L - /W) COn "W %1 %a tw ) 96
0
Here,
(2 - QS)/Z
L -2
-1 + % ' s
o 4 9 =500 50 L) 3
2 -2)/2
' q q 2
2 =Ly - 2 4 0 o
S & =g -2 logn + = 91 oY &

(o}
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Hence,

(48)

: q q
W -8 2 _2 g 1 0o i
U, +Ug = 8EL(1—c/W) (£ -% s){ %11 (1- 3 w) 3w O IR S
Eliminating %using Eq.(4),
U, +U,. = Sl - (-.02 s + .80 £) o? a - 1-259
4 57 BE (1-c/wW) YW Pl 1L 3w
2
1 Yy 9%
3 % % A teaam
In Region 3, 9
s/2
WO, -q vy 2
1 1L 0
U, = 5= ( ) 5 (W=-1¢) dy
3 ZEL o We-2¢
2 . 2
- _EHE_,_*_, {3 02; (—> - 3. g (—= ?
TIE (/W) T2 Ty W 9% 1LY w
'
1 2 8.3
+'§ qo ('—w-—) }
Similarly,
i ew? 2 23)3
2 96 EL (c/W) ©W% Y
‘2S/2 )
q 2 £ 2
2 s
U, =2 °© - L ay) dy = = q°(—)
s v
6 “ 5 ZULT 4 256GLT o W

(A9)

(A10)

(A11)

where M is th: shear modulus of a unidirectional ply, the subscript T

stands for transverse direction. The relation Qé/Z/a‘= 8.0 was used in Eq. (All).
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The total energy in the upper half of the model,

6
= 3 U

Uy . .
Tot . i=1 i

The energy difference between the cracked and uncracked body is then

obtained by subtracting the first term in Eq. (A7).

V 6
- tW 2
AU = X U, -5 0. L (A12)
Tot. j=1 1 8EL 1L :
Aside, the delamination area
= a.l /2 L2
A= s =wlr e 2,1 Sy
A=3 (2¢) + 2( 2 ) f Wigw?t §§'(ﬁ~—) ]
L L 2
- WArs (= 2¢ L8
=W [w ( w T .40 (w )) + 33 (w ) ]
* JA = ﬁ L .(_2’_9.) + _2_‘3.]3(_&3) : '
* T2 8 w W W (A13)
Therefore 6
W 2 .
[ U, - == ol 1)
o o Mror. _ o gm * %y M
¢ A w1, Fs L 2era s
T{-g(—ﬁ‘—) + W—}a(-—ﬁ—)
or ,
S RUTEI R S N
e s (&g (AL4)
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Partial differentiations of Egqs. (A7-All) with respecttoAﬁs/W give

au 2
1 _ _.98tw" 2 s
a(k /W) 8E 1L (Al5-a)
s L
U 2 g 2
2= B 2 (A15-b)
JONR) 326, (c/W) "o " W
31(12 Wy T 8}t:wz(1 W) lo iL ~ % UlL(Tii) + '%(;E) 2}
g’ O - ¢ ' (A15-c)
28
3(U, + U.) ) e . 5 (fg)( . _‘-oz(ﬁ—) )
&7 8E, (1-c/W) 9, Tyt 2(2c/W)
2c ‘ gs - 1 2c 2
=4 Oy, Gy -0l g) - 020 -3 ) 0y (A15-d)
ﬂ_ = IT'S:EE__ q2 ( ZS ) (Al5-e)
[ ¥
B(QS/W) G ) W
Substituting Eqs. (Al) and (A1l5) into (Al4) and rearranging,
qz
0 vy2 _ (2c 71 = g 212
4 Yo - 7 )y {¢.9 a, .06qo) q, + 4(1 5 )
E
S - 30= - qi)} 4
LT
' 2C2{ . 0‘ ' (l__l;g_c'_) S}=0 | (A16)
+ (ﬁ—) .13 (8‘0’00 =~ qo) » = 1.92 5 W
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Here the ratio EL/ GLT= 8.0 as given by Table 2 and S and Y are defined as

v
]

= GCEL/ t (A18)

<
]

L/W - .40(2c/W) = .98 ( g /W) (A18)

The Eq. Al6 contains two kinds of parameters - one related to the crack
geometry, 2¢c/W au. the other associated with the material properties such
as q_, S and EL/GLT' Another geometric parameter that seems missing in

Eq. (Al6) is the one representing the thickness of the unloading mid-strips.

This is because the particular thickness has already been converted to the

total thickness , t,during the derivation.
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‘CONFIGURATIONS AND GEOMETRIES"

éABLE 1

OF FOUR-PLY SPECIMENS

Tgs:cif Material Configuration 2c/W
Surface graphite/ 90/0/0/90 .333, 1.0
epoxy 15/-15/-15/15 .333
45/-45/=45/45 - .333 —
1003 90/0/0/90 .125,.25,3333,.375,.5,.625,.75,1.0
‘Scotchply 15/-15/-15/15 .333
E glass/epoxy 45/-45/-45/45 .333
Embedded graphite/epoxy 15/-15/-15/15 .333
Wav =-1,5 1in.(3.8cm)
te ™ 0.020 in.(.051 cm) graphite/epoxy

10.032 in.(.081 cm) 1003 Scotchply

Note: Surface cracks are two layers deep, and two inner layers

are cut for embedded cracks,.




TABLE 2
SPECIMEN CONFIGURATIONS AND SURFACE CRACK

GEOMETRIES FOR THICK LAMINATES

Material; Type 1002 and 1003% Scotchply E—Glass/Epoiy
Ply Sequence

1. 90/0/90...0/90 (15 layers)

2. +60/0/-60/-/0/+/0/-/-/0/+ (12 layers)

3. +45/;45/+/—/+/-/+/—/-—/+/-/+/-/+/—/+ (16 layers)
Specimen width, W: 1, 1.5 and 2 in. (2.5, 3.0, and 5.1 cm)
Surface Crack Depth
1. 90/0 a) Five layers deep on one surface, (layers 1-5 cut)

b)’Five layers deep on both surfaces, (1-5) and (1-15)
2. Y6070 a) (1-4)
| b) (1-5)
3. %45 a) (1-5)
b)k(l—5) and (12-16)
Initial Surface Crack Length:
2¢_/W = .125, .25, .375, .5, .625

The averages thicknesses, t, for the 90/0, t60/0, and t45 laminates
were .128, .102, and .136 inches (.325, . 259, and -.345 cm) respect-

ively.

* 1003 Scotchply was used only for 90/0 laminates

-53—



TABLE 3

ASPECT RATIO OF CENTRAL DELAMINATION, %&/2c_, at
AC INITIATION, GLASS/EPOXY LAMINATES e
CONTAINING FIVE~-LAYER DEEP SURFACE CRACKS ON
BOTH SIDES OF A SPECIMEN

2co/w (/W) pooot (2/2c )Ac_
.125 ? ?
Type 1003 .25 .30 1.20
.5 .61 1.22
.625 .735 1.18
Type 1002 .375 .39 . 1.04
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Property $ymbols
Longitudinal EL
Modulus
Transverse ET
Modulus
: G
Shear LT
Modulus
Longditudinal -

Tensile Strengh

Fiber Volume

Fraction

TABLE 4

UNIDIRECTIONAL PLY PROPERTIES

Units

10%psi

GN/m2

10%ps1

N/

106psi

GN/m2

10”psi

MN/m

Thornel 300
Graphite/Epoxy

16.5

114

1.5

10.

0.75

5.2

200,

1380.

0.55

Type 1002
Glass/Epoxy

6.0

41.

1.4

9.7

0.80

5.5

150,

1035.

0.55

*Type 1003
Glass/Epoxy

6.6

46.

1.6

11.

0.83

5.7

190.

1311.

0.60

* The properties are representative values taken from manufacturer's data and various

literature sources. The values for Type 1003 glass/epoxy are estimated from experiment-—

al measurements and limited information available from the manufacturer.
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SUBCRACK OR DELAMINATION SIZE, /.., £, ., OR £

o
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0] ' 500 ~ 1000 1500 2000

Kf( ksinfim.)’

FIGURE 1.

DAMAGE ZONE SIZE vs. (KI)Z, (90,/0,/0,/90) GRAPHITE /EPOXY

WITH A THRU CRACK.



SUBCRACK LENGTH, £
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| | ' I 0.288 in.!
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400 800 1200 600
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FIGURE 2.

SUBCRACK LENGTH vs. (K,)*, (15/-15/-15/15)
GRAPHITE/EPOXY WITH A" THRU CRACK.
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FIGURE 3.
' SUBCRACK LENGTH vs. (K,)°, (45/-45/-45/45)
GRAPHITE/E POXY WITH A'THRU CRACK.
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FIGURE 4.

SURFACE CRACK MODEL OF KIES
AND BERNSTEIN (FROM [6]).
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RAZOR CUT
ALL THE WAY THROUGH

ASSEMBLY I
(IF NEEDED)

ASSEMBLY Ir

ASSEMBLY I

FIGURE 5.

SCHEMATICS OF LAYUPS AND RAZOR CUTS, PRIOR
TO MOLDING FOR SURFACE-CRACKED SPECIMEN.
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Section A-A
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FIGURE 6.

MOLDED RADIUS OF RAZOR CUT,
90/0/0/90 GRAPHITE/EPOXY.
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FIGURE 7.

CROSS-SECTIONAL VIEW OF 90/0, 1002 GLASS/EPOXY
IN VIRGIN STATE, ETCHED 1% HF, 6 SECONDS.
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(a) Surface crack all the way across the width
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(b) Intermediate length of surface crack
FIGURE 8.

- SCHEMATICS OF TYPICAL DAMAGE IN SURFACE-
CRACKED COMPOSITE SPECIMEN.
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NOMINAL STRESS AT FRACTURE
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0 .25 5 75 1.0
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(a) 90/0/0/90
FIGURE 9.

FRACTURE STRESS vs. 2¢/W, TYPE 1003 SCOTCHPLY
WITH TWO-PLY DEEP SURFACE CRACK.
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NOMINAL STRESS AT FRACTURE

NOMINAL STRESS AT FRACTURE

ksi

(MN/mZ)

(c) 45/-45/-45/45
FIGURE 9 (continued).
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FIGURE 10.

SCHEMATICS OF DELAMINATION AND SPLIT GROWTH IN 90/0/0/90,
1003 SCOTCHPLY WITH TWO-PLY DEEP SURFACE CRACK.



0.70 0.77
(failed)
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0.40

FIGURE 11.
TRANSMITTED LIGHT PHOTOGRAPHS OF SEQUENTIAL GROWTH OF DAMAGE IN 90,0,0/90,

1003 SCOTCHPLY WITH TWO-PLY DEEP SURFACE CRACK, 2¢/W = 0.375.
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2-3

Interface 1-2

FIGURE 12,

DELAMINATIONS AND SPLITS DEVELOPED IN 90/0/0/90,
1003 SCOTCHPLY WITH TWO-PLY DEEP SURFACE CRACK.



(a) After peeling off (b) After slight polishing
of first layer of (a)
FIGURE 13.

LONG VERTICAL SPLITS AT BOTH CRACK TIPS WITHIN
SECOND LAYERS, 90/0/0/90, 1003 SCOTCHPLY WITH TWO-
PLY DEEP SURFACE CRACKS.
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L/W L /w
(a) 2¢/W = .25 (b) 2¢/W = .333

FIGURE 14.

DELAMINATION LENGTH vs. SPLIT LENGTH, 90/0/0/90, TYPE 1003
SCOTCHPLY WITH TWO-PLY DEEP CENTRAL SURFACE CRACKS.
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FIGURE 14 (continued)
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FIGURE 14 (continued).
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DELAMINATION LENGTH vs. NOMINAL STRESS, 90/0/0/90, TYPE 1003
-SCOTCHPLY WITH TWO-PLY DEEP CENTRAL SURFACE CRACKS.
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FIGURE 15 (continued).
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FIGURE 16.

DELAMINATION LENGTH vs. COD, %0/0/0/90 TYPE 1003 SCOTCHPLY

WITH TWO-PLY DEEP CENTRAL SURFACE CRACKS.
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(a) After peeling off of first layer

4

(b) After slight polishing of (a)

DELAMINATION BETWEEN
FIRST AND SECOND LAYER

DELAMINATION BETWEEN
SECOND AND THIRD LAYER

T SPLITS IN
‘ SECOND LAYER
NO SPLIT HERE
/
/
| <
e G
(c) Schematic
FIGURE 17.

DELAMINATIONS AND SPLITS DEVELOPED IN -15/15/15/-15,
1003 SCOTCHPLY CONTAINING SURFACE CRACK.
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FIGURE 18.

£,W vs. o/UTS FOR 15/-15/-15/15, 1003 GLASS/EPOXY AND
GRAPHITE/EPOXY CONTAINING TWO-PLY DEEP SURFACE
CRACKS, 2c/W = .333.
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FIGURE 19.

Log £/W vs. Log ¢/UTS, 15/-15/-15/15, 1003 i3LASS/EPOXY
AND GRAPHITE/EPOXY CONTAINING SURFACE CRACKS,
2¢/W = .333. ‘
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NOMINAL STRESS AT FRACTURE
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(a) 90/0/0/90, Surface Crack
FIGURE 20.

FRACTURE STRESS vs. 2¢/W, GRAPHITE /EPOXY WITH
TWO-PLY DEEP SURFACE OR EMBEDDED CRACK.
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(b) 15/-15/-15/15, Surface or Embedded Crack
FIGURE 20 (continued)
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(c) 45/-45/-45/45, Surface Crack
FIGURE 20 (continued).
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Interface 1-2 Layer 2

Preload: o/UTS = .53

FIGURE 21,

ONE HALF OF PRELOADED SPECIMEN POLISHED DOWN
TO DIFFERENT LEVEL, 90/0/0/90 GRAPHITE/EPOXY WITH
TWO-PLY DEEP SURFACE CRACK, 2¢/W = ,333.
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FIGURE 22.

L/W vs. o/UTS FOR TWO DIFFERENT PLY SEQUENCES OF
GRAPHITE/EPOXY CONTAINING PARTIAL THROUGH CRACKS,

2¢c/W = ,333.
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(a) Surface crack

(b) Embedded crack

FIGURE 23.

APPEARANCE OF FRACTURED SPECIMENS CON-
TAINING SURFACE AND EMBEDDED CRACKS,
15/-15/-15/15 GRAPHITE/EPOXY.
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Layer 1 2 Interface 2-3 3 4

(a) Preload: o/UTS = .80

FIGURE 24.
DAMAGE DEVELOPED AT TWO DIFFERENT LOAD LEVELS IN -15,15/15/-15
GRAPHITE, EPOXY CONTAINING SURFACE CRACKS. (SPECIMENS WERE CUT
IN HALF AFTER PRELOADING.)
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Layer 1

Interface 2-3

(b) Preload: o/UTS = .98

FIGURE 24 (continued).
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Section A-A

Composite micrograph

FIGURE 25.

INTERLAMINAR DELAMINATION IN 15/-15/-15/15
GRAPHITE/EPOXY SPECIMEN CONTAINING SUR-
FACE CRACK.
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Layer 1 Interface 1-2 2 3-4 4

FIGURE 26.

DAMAGE DEVELOPED AT o /UTS = 0.83 IN -15/15/15/-15 GRAPHITE/EPOXY CONTAINING
EMBEDDED CRACKS. (SPECIMENS WERE CUT IN HALF AFTER PRELOADING.)
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FIGURE 27.

NOMINAL STRESS AT FRACTURE vs. 2c,/W, 90/0 (15 LAYERS)

TYPE 1002 SCOTCHPLY WITH SURFACE CRACK ON ONE SIDE

(LAYERS 1-5 PREC UT).
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’ FIGURE 28.

NOMINAL STRESS AT FRACTURE vs. 2c,/W, 90/0 (15 LAYERS)
TYPE 1002 SCOTCHPLY WITH SURFACE CRACKS ON BOTH SIDES

(LAYERS 1 5 AND 11-15 PRECUT)
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NOMINAL STRESS AT FRACTURE
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FIGURE 29.

NOTCH SENSITIVITY DEPENDENCE ON CRACK DEPTH IN
90/0, TYPE 1002 SCOTCHPLY WITH SURFACE CRACKS ON
BOTH SIDES. ' '
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FIGURE 30.

' NOMINAL STRESS AT FRACTURE vs. 2c, /w :i:60/0 (12 LAYERS)

TYPE 1002 SCOTCHPLY WITH SHALLOW SURFACE CRACK ON
ONE SIDE (LAYER.: 1-4 PRECUT) |
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- FIGURE 31

NOMINAL STRESS AT FRACTURE vs. 2c /W +60/0 (12 LAYERS)
TYPE 1002 SCOTCHPLY WITH DEEP SURFACE CRACK ON ONE

SIDE (LAYERS 1-5 PRECUT)
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FIGURE 32.

NOMINAL STRESS AT FRACTURE vs. 2¢,/W, 45 (16 LAYERS)
TYPE 1002 SCOTCHPLY WITH SURFACE CRACK ON ONE SIDE
(LAYERS 1-5 PRECUT)
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FIGURE 33.

NOMINAL STRESS AT FRACTURE vs. 2c,/W, +45 (16 LAYERS)
- TYPE 1002 SCOTCHPLY WITH SURFACE CRACKS ON BOTH
SIDES (LAYERS 1-5 AND 12-16 PRECUT).
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(a) Low load

FIGURE 34.

(b) High load

GROWTH OF DELAMINATIONS AND SPLITS IN 90/0 (15 LAYERS) 1002
SCOTCHPLY CONTAINING SURFACE CRACKS ON BOTH SIDES.
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(a) Preload: o/UTS = .68, W = 1,5 in. (3.81 cm), 2c,,

FIGURE 35.

DAMAGE DEVELOPED IN 90/0 (15 LAYERS), 1002 SCOTCHPLY CONTAINING

FIVE-LAYER DEEP SURFACE CRACKS ON BOTH SIDES.
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FIGURE 35 (continued).
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FIGURE 36.

PHOTOGRAPHS SHOWING LOCATIONAL COINCIDENCE
BETWEEN LAST SPLITS FROM SURFACE CRACK TIPS
WITHIN FOURTH LAYER AND VERTICAL BOUNDARIES
OF DELAMINATION BETWEEN LAYERS 4 AND 5, 90/0
(15 LAYERS) 1002 SCOTCHPLY.
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FIGURE 37.

SHAPE OF CRACK TIP DELAMINATION AT
INTERFACE (3-4), 90/0 (15 LAYERS), 1002
SCOTCHPLY WITH SURFACE CRACK.
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-60/0/60

Layer 1 Interface 1-2 2-3

4-5 5-6

Prelocad: o/UTS = .76

FIGURE 38.

DAMAGE DEVELOPED IN +60/0 (12 LAYERS), 1002 SCOTCHPLY
CONTAINING FOUR-LAYER DEEP SURFACE CRACK, W = 2 in,
(5.1 em), 2¢,/W = .375.
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FIGURE 39.

DAMAGE DEVELOPED IN 160/0 (12 LAYERS), 1002 SCOTCHPLY CONTAINING
FIVE-LAYER DEEP SURFACE CRACK, W = 2 in. (5.1 em), 2¢,/W = .375.
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SECTION A-A

(a) Schematic

FIGURE 40,

SCHEMATIC AND MICROGRAPHS OF DAMAGED REGION,
60/0/-60 (12 LAYERS) 1002 SCOTCHPLY CONTAINING
FIVE-LAYER DEEP SURFACE CRACK.
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(c) Enlargement of 0° split
region in (b)

FIGURE 40 (continued).
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5-6 6-7 7 7-8 8

Preload: o/UTS = .74

FIGURE 41.

DAMAGE DEVELOPED IN 45 (16 LAYERS), 1002 SCOTCHPLY CONTAINING
FIVE-LAYER DEEP SURFACE CRACKS ON BOTH SIDES, W = 2 in. (5.1 cm),
2¢c,/W = .375.



LOAD, P

<«—Ist PEAK LOAD, P

<«—2nd PEAK LOAD, P'®

EXTENSION, 8

FIGURE 42.

TWO DISTINCT PEAKS REFLECTED IN LOAD-
EXTENSION CURVE FOR COMPOSITE SPECIMENS
CONTAINING SURFACE CRACKS.
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(a) 90/0 (15 layers) with five-layer deep
surface cracks on both sides

- mm e = P -~ INITIAL
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00
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(b) 60/0/-60 (12 layers) with four-layer
deep surface crack

mE <«—— Sth LAYER
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‘T——; ————————— 1 {. _______ .1|/ 'N'T' L

(c) 60/0/-60 (12 layers) with five-layer
deep surface crack

FIGURE 43.

NET SECTIONS REMAINING INTACT AFTER FIRST PEAK AND
PERSISTING UNTIL FINAL FRACTURE, MULTI-LAYERED 1002
SCOTCHPLY WITH SURFACE CRACKS.
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FIGURE 44,

RESIDUAL STRENGTH AFTER PRECUT PLY FAILURE vs. 2c_ /W,
90/0 (15 LAYERS) TYPE 1002 SCOTCHPLY WITH SURFACE CRACK
ON ONE SIDE (LAYERS 1-5 FRECUT).
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FIGURE 45.

RESIDUAL STRENGTH AFTER PRECUT PLY FAILURE vs. 20 /W,
90/0 (15 LAYERS) TYPE 1002 SCOTCHPLY WITH SURFACE CRACKS
"ON BOTH SIDES (LAYERS 1 5 AND 11-15 PRECUT)
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FIGURE 46.

RESIDUAL STRENGTH AFTER PRECUT PLY FAILURE vs. 2¢c,/W,
+60/0 (12 LAYERD) TYPE 1002 SCOTCHPLY WITH SHALLOW SUR-.
FACE CRACK ON ONE SIDE (LAYERS 1-4 PRECUT).
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FIGURE 47.

RESIDUAL STRENGTH AFTER PRECUT PLY FAILURE vs. 2c,/W,
+50/0 (12 LAYERS) TYPE 1002 SCOTCHPLY WITH SURFACE CRACK
' ON ONE SIDE (LAYERS 1-5 PRECUT).
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FIGURE 48.

DELAMINATION LENGTH, £/W vs. NOMINAL STRESS, o/UTS, 90/0 (15 LAYERS)
TYPE 1002 AND 1003 SCOTCHPLIES WITH FIVE-LAYER DEEP SURFACE CRACKS
ON BOTH SIDES, W, = 2 in, (5.1 cm) (o) AND 1 in. (2.5 cm) (e).
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‘ " FIGURE 49. |

EXTENT OF DELAMINATION, //W vs. MAIN CRACK EXTENSION WITHIN
FOURTH LAYER, Ac/W, FOR 90/0 (15 LAYERS) GLASS/EPOXY CONTAINING

- FIVE-LAYER DEEP SURFACE CRACKS ON BOTH SIDES.
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FIGURE 49 (continued)
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FIGURE 49 (continued).
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FIGURE 50.

SIZE OF DELAMINATION AT INTERFACE BETWEEN THIRD ANDV,

FOURTH LAYERS, 90/0, 1002 SCOTCHPLY WITH FIVE-LAYER
DEEP SURFACE CRACKS ON BOTH SIDES, W = 1.5 in. (3.81 cm).

-117-



1.0

o)
3

ac/w, £,/w, oR £,/w

o

.005

.00!

'llf?ll

1 I[l[l'

i i

/

//

| I!!:Il-

/l /W OF
INTERFACE
(3-4)

-4

/
/ 4

/,0,/w oF
INTERFACE
(3-4)

L Lol

FIGURE 51

APPROXIMATE INTER-RELATIONS AMONG £/W, Ac/W, £, /W,
AND /, /W, $0/0, 1002 SCOTCHPLY WITH FIVE-LAYER DEEP
SURFACE CRACKS ON BOTH SIDES, W = 1.5 in. (3.81 cm),

2c,/W =

315,
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FIGURE 52,

_MODEL FOR UNIDIRECTIONAL COMPOSITE

CONTAINING SURFACE CRACK.
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' (a) Schematics
FIGURE 53.

SCHEMATICS OF MODEL AND DESCRIPTION OF EACH
REGION, 90/0/0/90, 1003 SCOTCHPLY WITH TWO-PLY
DEEP SURFACE CRACK. '
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Region 1:
Uniform thickness, t/2

. _ ot
Uniform stress, oy, = P/(f W)

Region 2:
Tongue-shaped mid-strip
Uniform thickness, t/4
‘Constant stress, q_, acts on split
surfaces °
Region 3:

Same cross-sectional area as Region 1 minus
Region 2

Constant force, (qo %) per unit height acts
along the boundary of Region 6

Regions 4 and 5:
Have same cross-sectional areas as Regions 2
and 3, respectively
Region 6:

Consists of outermoStl90° layer above
triangular delamination

Uniform shear stress, q acts along the
boundaries

(b) Description of regions

FIGURE 53 (continued).
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DELAMINATION LENGTH, 4/w

3.0 T T T 1

4 ) PREDICTION: SOLID LINES

EXPERIMENTAL DATA

SYMBOL 2c/W

o 1.00
v .75
A .50
° .25
0 .125

o/UTS

FIGURE 54.

COMPARISON OF PREDICTED AND MEASURED DELAMINATION
GROWTH CURVES FOR VARIOUS CRACK LENGTHS, 90/0/0/90

TYPE 1003 SCOTCHPLY GLASS/EFOXY.
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