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1.0 SUMMARY

In-situ observations of delamination fracture in the scan- %

ning electron microscope have indicated that a well defined

damage zone develops in advance of the crack tip. The size of

this damage zone which consists of microcracks depends on both

matrix ductility and mode of loading. Delamination fracture is'0

often dominated by interfacial failure, indicating that tougher

resins will not necessarily enhance delamination fracture

toughnesses unless the interface is also proportionately tougher. O0

Strain field mapping based on an experimentally measured

displacement fields and finite element analysis based on

orthotropic linear elastic constitutive properties of the-5

material are consistent with the observed damage zone size and

shape determined through the in-situ fracture observations.

Delamination fracture toughness has been observed to .

increase mononotically with increasing mode II component of

loading in brittle systems, with Gllc/Glc 3 for brittle

systems. The delamination fracture toughness of composites with

very ductile matrices is relatively insensitive to the loading

mode. Micromechanistic interpretations for these observations

have been made based on direct observations of fracture in the
o..o- %

SEM.

A J-integral approach for mode I delamination of a split
--* IL

laminate specimen has been developed. Experimental work to

confirm the approach is under way. ,

2.0 OBJECTIVES L jv-e

The objectives of the research program proposed herein are:

9-. .-- -
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2.1 to better define the deformation and fracture physics of

delamination fracture in graphite/epoxy composite materials so.. .

that realistic micromechanics models of matrix dominated fracture

can be developed; and CON.., %

%

2.2 to develop and refine reliable experimental and analytical 01P

techniques to measure mode I, mode II and mixed mode delamination

fracture of both unidirectional and multidirectional composite

laminates to provide meaningful design parameters and bench- .-.-

marks against which predictions of the various micromechanics .0-

models may be tested...

3.0 SUMMARY WORK STATEMENT 
4-

The following areas of work have been performed to ach-

ieve the stated objectives:

3.1 in-situ fracture studies in a scanning electron microscope .- ,-
(SEM) to better define the deformation and fracture processes

which accompany mode I and mode II delamination fracture and

delamination under compressive buckling conditions; i%-,.%

3.2 utilization of a technique to determine the strain field

around a crack tip in a composite using displacement fields

measured on specimens loaded in the SEM;

3.3 further refine testing and analytical techniques for
\. % .,.

characterizing mode I, mode II, and mixed mode delamination ,

fracture using split laminates and distinguishing between

initiation and propagation (or resistance curve) behavior; . '

3.4 develop a simple mathematical model consistent with the

observations made in 3.1 and 3.2 which is capable of predicting N:.

the results obtained in 3.3.

.- ,.. . .. .



4.0 SUMMARY OF ACCOMPLISHMENTS BY AREAS STATED IN WORK STATEMENT 1 '-

4.1 In-Situ Fracture Observations

A new fixture has been designed and constructed to

allow mode II delamination fracture to be performed in the scann-

ing electron microscope (SEM). The fixture is essentially a

three point bend fixture which uses a standard end-notch flexure

test specimen (ENF).

The mode II delamination fracture of a very ductile system

(T6C145/F185 by Hexcel) and a very brittle system (AS4/3502 by

Hercules) have been studied this year. The size and shape of the

damage zone for mode II delamination are very different from that

previously observed for mode I delamination, as seen in Figures 1

and 2. Note the scale in the y-direction is much finer than the
.' . .

scale in the x-direction. Thus, the actual damage zone for mode , ..

II loading is much more long and narrow than it appears in Fig-

ures I and 2. Figure 3 shows the appearance of the damage zone

as observed during delamination fracture in the SEM for AS4/3502.

The details of the formation of the "hackles" which are charact-,-

eristic of mode II delamination fracture of composites with a

brittle resin are seen. By contrast, Figure 4 shows a much

thicker damage zone for the T6C145/F185. This system shows a

much greater amount of shear deformation, some microcracking but

very few large "hackles" formed. Figures 5 and 6 show the post- - .---

mortem fractography for these systems, with "hackles" being the

dominant feature in the AS4/3502 and shear deformation being the

dominant feature in the T6C145/F185. o, -

The difference in the size and shape of the damage zone ...7

%, .- . ,
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comparing mode I delamination to mode II delamination (compare

Figures 1 and 2) can be understood in part to be a result of the

difference in the stress fields for the two loading conditions.

Figures 7-10 indicate the results of a finite element analysis %

for the test coupons loaded in mode I and mode II conditions.

While we incorporated linear (orthotropic) constitutive material

properties into the finite element analysis code used, making the

results somewhat approximate, the difference in the shape of the

Srespective stress fields and the different rates of decay of the _

stress fields are very consistent with the observations of damage

zone size and shape shown schematically in Figures I and 2.

The size of the damage zone for several different composite .

material systems loaded in mode I is summarized in Table I.

These results compare the damage zone size and shape as a

_0 function of matrix ductility whereas Figures I and 2 compare mode

I loading to mode II loading. A comparison of Figure I to Figure

2 and a careful study of the results in Table I and II indicate

the effect of resin mechanical properties on damage zone size and P

shape. The neat resin fracture toughness as well as the delami-

nation fracture toughness for each system are also indicated for

these same systems in Table II.

4.2 Crack Tip Strain Field Measurements

The strain field mapping technique using stereo-imaging has

been developed and utilized to measure the strain field

around a crack tip for mode I and mode II loading of AS4/3502.

Results are presented in Figures 11 and 12. The relatively high

levels of strain indicated would appear to be in error. However,

a careful examination of mode II delamination in Figures 3 and 4

'-...-.#
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indicates that indeed very large local strains are involved

through the microcracking damage that precedes crack advance.

The stereo-imaging technique treats the material around the crack .•.

tip as if it is a continuum. Thus, voiding or microcracking will

give a much higher indication of local strain than the resin

could deliver in the absence of cracking or cavitation. .

An alternative approach to mapping the strain field around a

crack tip is currently being developed that is less tedious and ,A.

more accurate than the current stereo-imaging technique being

used. This technique will use a fine grid of points burnt onto

the surface using a laser. The two dimensional grip will have '

points at five micron intervals. A photograph of the crack tip

region prior to and after loading will allow a direct measurement

of the displacement field, from which the strain field can be

calculated.

4.3 Fracture Mechanics Characterization of Materials

Work in this area may be divided into two areas. First, we -.- ,

have continued to utilize already established techniques to ;* '

characterize mode I and mode II delamination fracture toughness

of materials where the test coupon geometry allows the
determination of load-displacement curves which are essentially

linear. Some of our results are summarized in Tables I and II.

Mixed mode I/mode II delamination studies have been made on

several composite materials systems. These studies have been ....

made using asymmetrically loaded split laminate specimens. The .,

results indicate a monotonic increase in the total energy release

rate with increasing mode II loading. This increase is greatest

2: , 1
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for more brittle systems. The greater the observed increase in

total energy release rate with increasing mode II loading, the

more pronounced the observed hackle formation on the fracture 0

surface. Composite materials with relatively ductile matrices do ,

not form a very hackled surface, even for pure mode II loading,

and they have a GIICGIc that is not very different from unity.

Further details of this work are summarized in a paper entitled

"Correlations Between Micromechanical Failure Processes and the

Delamination Fracture Toughness of Graphite/Epoxy Systems" in

Appendix I.

Mode I delamination of multiaxial layup specimens has been.-.•..

studied, with delamination as a function of layup stiffness for .

0/0 ply angle at the delamination interface and for constant

laminate stiffness but variable angle of plies across the

delamination interface. The results so far indicate that the S.

mismatch angle of the plies across the delamination interface ... -.

does not significantly effect the delamination energy release

rate for T6CI45/F155. This resin is s,, ficiently viscous during

processing that fiber nesting does not occur in the

unidirectional specimens. A different result might be obtained

on a system where fiber nesting does occur for unidirectional

laminates. On the other hand, a significant variation in the

energy release rate for delamination was observed for various

layups of the panel which gave different stiffnesses, the angle '-w

between the plies at the delaminating interface being held '-,,

constant. It has been determined that this variation in .NI

calculated energy release rate results from varying degrees of f

damage in the far field in the arms of the split laminate,

.-

& p~... ,a - ...
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Reanalysis of the energy absorbed per unit area of crack

extension using a J-integral approach (to be discussed later in

this report) indicated the more reasonable result that the energy

absorbed per unit area of crack extension did not vary with

laminate stiffness. The apparent increase in such energy was the '

result of varying degrees of far field damage in the various

plies with different ply stiffness.

A second area of activity has been the development of new

experimental and analytical techniques to assist in the fracture

toughness characterization of materials. Our work in this area

has been in three different directions. '

4.3.1 J-Integral Analysis for Split Laminate Coupons P

In conjunction with Dr. Richard Schapery, we have been .

working to develop a general J-integral approach to the

characterization of delamination fracture toughness for mode I

loading. While unidirectional laminates of 16-24 ply thickness -

tested for mode I delamination fracture toughness can be analyzed

using linear analysis, testing of quasi-isotropic specimens has

demonstrated that a nonlinear analysis is needed. The

nonlinearity in this case is not just geometric (such as has

previously been analyzed by Devitt, Schapery and Bradley). It is

a result of significant permanent damage in the far field (i.e.,

in the cantilevered arms of the split laminate). The analysis

and preliminary experimental results are summarized in the paper

in Appendix I entitled "Delamination Analysis of Composites with .

Distributed Damage Using a J-Integral".

4.3.2 Mode II Delamination Fracture Toughness Measurements

*" -. %
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A method for measuring GII c by bending a split laminate has

previously been developed at Texas A&M University. More

recently, Street and Russell have developed an alternative test I

to measure GII c called the end notch flexure test (ENF) which

utilizes a three point bend test. We have made measurements of

GIIc using our end load split laminate test and the end notched

flexure test (ENF) to see how the results compare. The two test

geometries are shown in Figure 13 with the results compared in

Table III. It should be noted that the results from the two _

different tests are very consistent. It should also be empha-

sized that both tests suffer from permanent far field deformation

(indicated by the load-displacement curve not returning to the I

origin when the specimen is unloaded) due to shear when a rel-

atively ductile material such as T6C145/F185 is studied. Thus,

the measurement of mode II toughness G determined using the

area method should be considered upper bound values for the

T6C145/F185 system. These results have indicated the need to

develop a J-integral analysis for the mode II test as well. This I

will be done in the coming contract year.

4.3.3 Fracture Toughness Measurements of Tougher Neat Resins

The use of tougher neat resins in composites has increased

the need to develop a technique similar to ASTM-E813 for

measuring the fracture toughness of neat resin constituients of

various composite materials. Current practice has been to

introduce cracks using razor blades and then use a linear elastic

analysis. We have found that different values of J are -

obtained if one introduces a fatigue precrack and properly

analyzes the load-displacement using a J analysis. For example,

".S-.
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the widely published value of Gic for Hexcel F185 is 5-6KJ/m 2 . We
•-, .--i ,

measured a Jlc of 8.IKJ/m 2 . Further efforts are planned in this

coming year using polycarbonate as a model system to develop the
%. .•; -. '

technique and also study the effect of strain-rate on the mea-

sured Jlc values.

4.4 Micromechanics Modeling

A simple micromechanics model has been developed to try to

predict the delamination fracture toughness from the neat resin

toughness. This model considers the size of the damage zone in

the neat resin compared to the size of the damage zone in the

composite and also considers the effect of the fibers which act

as rigid filler in the deformation/damage zone. The details are

presented in the paper in Appendix I entitled "A Comparison of

the Crack Tip Damage Zone for Fracture of Hexcel F185 Neat Resin

and T6CI45/F185 Composite". The simple model overestimates the

actual mode I delamination fracture toughness. This may be due

to the lower strain to failure present in the composite at the

crack tip due to constraint and/or interfacial failure. The

details of this work are summarized in a paper in Appendix I

entitled "The Relationship Between Resin Ductility and Composite

Delamination Fracture Toughness". Strain field mapping of both

the neat resin and the composite in this coming year should

provide some clarification of the reason for the discrepency. We

will also be utilizing a more detailed micromechanics model

developed by Dr. Don Adams to try to improve our predictive - -'-.
• % . %

capability. We should also be able to improve the micromechanics

model as we see where it significantly deviates from the measured
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strain field around the crack tip.

4.5 Fractography and Failure Analysis

While not specifically called for in this research work

statement, we have spent some time assisting Mr. Frank Fechek of

the Air Force Wright Aeronautical Laboratories in developing a __

failure analysis methodology. Because we have been doing in-situ

and post-mortem fractography to achieve our other objectives, it

has been a simple extension of this work to apply it to failure

analysis. The results of this effort are summarized in a paper . -

in Appendix I entitled "The Meaning and Significance of Hackles

in Composite Materials Failure Analysis".

5.0 PUBLICATION RESULTING IN WHOLE OR IN PART FROM WORK SUPPORTED

BY AFOSR (Note all manuscripts are provided in Appendix I.) -

5.1 "Micromechanisms of Fracture in Toughened Graphite-Epoxy

Laminates", W.M. Jordan and W.L. Bradley, ASTM STP entitled

TOUGHENED COMPOSITES, submitted, 4/85; accepted with revisions, %

9/85.

5.2 "The Meaning and Significance of Hackles in Composite .

Materials Failure Analysis", W. Jordan, M. Hibbs, and W. Bradley,

Proceedings of International Conference: Post Failure Analysis

Techniques for Fiber Reinforced Composites, Dayton, Ohio, July,

1985. -

5.3 "A Comparison of the Crack Tip Damage Zone for Fracture of

Hexcel F185 Neat Resin and T6C145/F185" Composite", E.A.

Chakachery and W.L. Bradley, submitted, September, 1985; accepted

without any revision in March, 1986, for publication in POLYMER

%o. -
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5.4 "Correlations Between Micromechanical Failure Processes and

* the Delamination Fracture Toughness of Graphite/Epoxy Systems",
V .. 6..

M.F. Hibbs and W.L. Bradley, submitted for publication in ASTM d.-

STP on Fractography (November, 1985, Nashville).

* 5.5 "The Relationship Between Resin Ductility and Composite

Delamination Fracture Toughness", W. Bradley and W. Jordan, %

Proceedings of International Symposium on Composite Materials and

* Structures, submitted February, 1986; published, June, 1986.

5.6 "Delamination Analysis of Composites with Distributed Damage

Using a J Integral", Proceedings of International Symposium on

* Composite Materials and Structures, submitted February, 1986; p

published, June, 1986.

5.7 "J-Integral Measurement of Fracture Toughness on Tough

* Resin Systems", to be presented and submitted for publication,

ASTM Meeting on Nonlinear Fracture Mechanics, Knoxville, TN,

October, 1986. . V

• 5.8 "Mode II Delamination Fracture Characterization of Composite

Materials", to be submitted to Journal of Composite Materials,

(August, 1986).

5.9 "Study of Possible Microcracking in Gold/Palladium Film Used

to Prevent Charging in SEM", to be submitted to Journal of

Materials Science (August, 1986).

6.0 PROFESSIONAL PERSONNEL ASSOCIATED WITH RESEARCH EFFORT

6.1 William M. Jordan, Ph.D. awarded, December, 1985,

dissertation title: "The Effects of Resin Toughness on the

Delamination Fracture Behavior of Graphite/Epoxy Composites". "

6.2 Carlos Corleto, M.S., awarded, June, 1986, thesis title:

4' . .e -... . . - .
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"Mode II Delamination Fracture Toughness of Unidirectional

Graphite/Epoxy Composites". U

6.3 Mike Hibbs, Ph.D. candidate with expected graduation date of

fall, 1986.

6.4 Robert Jones, Jr., new Ph.D. student on project.

7.0 PRESENTATIONS

7.1 "The Meaning and Significance of Hackles in Composite

Materials Failure Analysis", International Conference: Post _
S~ N

%."k.05Failure Analysis Techniques for Fiber Reinforced Composites.

%." .'
7.2 "A Comparison of the Crack Tip Damage Zone for Fracture of

* Hexcel F185 Neat Resin and T6C145/F185", invited paper presented

at Symposium on Fracture in Polymers and Composites, sponsored by

the American Chemical Society, Chicago, September, 1985. ".

* 7.3 "Correlations Between Micromechanical Failure Processes and .4
•.. ,.. ..-

the Delamination Fracture Toughness of Graphite/Epoxy Systems", -

presented at ASTM Symposium on Fractography and Fracture,

* Nashville, November, 1985.

7.4 "Direct Observations of Fracture in Composite Materials in

the SEM", invited presentation at Gordon Research Conference on

Composite Materials, Santa Barbara, California, January, 1986.

7.5 "The Relationship Between Resin Ductility and Composite

Delamination Fracture Toughness", invited presentation for

OL International Symposium on Composite Materials and Structures,

Beijing, China, June, 1986. F

7.6 "Mode II Delamination Fracture Toughness Testing", workshop

meeting for round robin on Delamination Toughness Testing, ASTM

spring meeting, Charleston, May, 1986.

* __.4
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8.0 SUMMARY OF SIGNIFICANCE OF ACCOMPLISHMENTS ,•
d

Our work this past year has given a new insight into the

details of the fracture process that occurs during delamination.

For mode I delamination, failure in many systems is controlled by

interfacial failures. Thus, increasing the resin toughness

without a commensurate increase in the interfacial properties 'N-

will not give any net increase in the delamination toughness.

We have also come to understand why the delamination

toughness for mode I versus mode II is relatively similar for a

ductile matrix composite but very different (3X) for a brittle .4-

composite. The fact that the fracture process is preceded by the 4

development of a significant damage zone whose size depends both

on resin properties and mode of loading is also significant in

guiding the development of meaningful micromechanics models. 4

.% .-
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_ABSTRACT

The combination of low crosslink density and elastcmer

additions has been seen to give the most potent toughening for

* neat resins. A relatively small increment of the additional neat0

resin fracture toughening above 800j/m2 is actually reflected in

the delamination fracture toughness of a composite. M4ode II

* delamination toughness of brittle systems may be as much as three0

times the mode I delamination fracture toughness while a ductile

system may have a mode II delamination fracture toughness thaz is

* similar the the mode I value. The energy aborbed per unit area .

of crack extension for delamination seems to be independent of

... ',.5
". . . .

ply orientation if proper accounting of the near and far s r-ield

energy dissipation is made.

KEY WORDS: composite materials, delamination, modeI, mode II,

mixed mode, toughened epoxy 

4 P--.5 ".?
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INTRODUCTION .. ,,.

Graphite/epoxy composite materials are very attractive for a

number of aerospace applications because of their high strength

and stiffness to weight ratios. Furthermore, the ability to

tailor the stiffness and thermal expansion coefficients by the -

appropriate layup of the material gives them great appeal. The

first generation of graphite/epoxy composites were developed to

maximize stiffness and glass transition temperature, Tg by utilizing

were found to delaminate rather easily when out of plane stresses

were applied.

Subsequently, attempts have been made to improve the

composite toughness by improving the toughness of the resin

systems. This has had somewhat disappointing results in that a

large increase in resin toughness has not been found to give a

proportionate increase in composite toughness. Scott and

Phillips (1) found that a tenfold increase in resin toughness

increased composite toughness by a factor two. Similar results

on different systems were found by Bascom et al. (2,3), -

Vanderkley (4) and Bradley and Cohen (5,6).

In this paper we will consider the question of whether some

types of resin toughening mechanism are more effective than

others in enhancing delamination toughness. In particular

toughening by reductions in crosslink density and elastomer

additions will be considered. The efficacy of the toughening

mechanisms for both mode I, mode II and mixed mode loading will 

be considered.

EXPERIMENTAL PROCEDURES AND ANALYSIS

A 5-
°°

. .. .. .,- .- z _% < - .. . . . . . . ,.*-%. p"%-_- wb. . .. . . . , ., - ..
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Materials

Four graphite epoxy composite systems have been studied in

this research effort. Hercules AS4/3502 composite which %64

utilizes a highly crosslinked, and therefore, relatively 1.

brittle, resin system was chosen to be compared with three W

tougher systems; namely, Hexcel T6T145/FI55, T6TI45/F185 and

T6T145/HX205. The Hexcel F155 resin has a lower crossl ink

density [280 atomic mass units between crosslinks(7)] than the .

Hercules 3502 resin [a.m.u. between crosslinks not available] .

The Hexcel F185 and HX205 resins have even lower crosslink

densities [430 a.m.u. between crosslinks(7)]. Thus, the threee

Hexcel resins differ from the Hercules 3502 resin in that they

have lower crosslink densities, with the associated lower T

values and higher resin ductility. . 4

A second difference between the Hexcel F155 and the Hexce"

F185 resins and the Hercules 3502 resin is that the two Hexcel

resins have elastomeric material added to enhance their !40

respective toughnesses. Approximately 6% carboxy-terminated

butadiene acrylonitride (CTBN) is included in the F155 resin.

This CTBN rubber precipitates as a second phase with a diameter

which varies from 0.1 micron to 1.0 micron (2,3). The F135 resin

includes both a 6% addition of the CTBN rubber which precipitates

and approximately 8% of prereacted rubber which has been

mechanically blended into the resin (2,3). These prereacted

rubber particles have a bimodal distribution of diameters with

peaks at 2 microns and 8 microns. The Hexcel HX205 has had no "+"

elastomer additions. Whatever toughness it manifests is a result

A °C/A .

I@ 41

- 'I-,'-%



42

of its relatively low crosslink density, which is the same as the e.

Hexcel F185 resin, as previously noted.i/ -.. _

Unidirectional, 24 pls anels of the AS4/3502 and the

T6TI45/FI55 were laid up using prepreg from the respective

manufacturers and then cured in an autoclave/press at Texas A&M %."

University. Additional panels of T6T145/F185 containing some

plus and minus 450 plies were prepared to study the effect of ply

orientation across the delaminating plane on the delamination

fracture toughness. Unidirectional, 24 ply thick panels of

T6T145/FI85 and T6T145/HX205 were prepared at NASA Langley f- r
~~~this study•.. ,.

All panels contained a 0.025 mm thick strip of teflon laid

to a depth of 3cm from one edge of the panel between the center

two plies to provide a crack starter. Since the teflon strip

introduces a relatively blunt notched "crack", a natural crack

extension of at least 3 cm was made prior to the measurement of

any critical energy release rates. Thus, the Gc values reported

in this study are for crack growth rather than crack initiation.

Split laminate specimens 2.5cm wide by 30cm in length were "

cut from the coinposite panels (fibers running the length of the %

specimens for the unidirectional panels) for macroscopic testing

while much smaller specimens (3 cm long by 0.6 cm wide) were cut

to be fractured in the scanning electron microscope.

Castings of neat resin were provided by Hexcel for the F155, rV

F185 and HX205 systems. Rectangular specimens 1.27cm wide by .,

0.313cm thick by 3.56cm long were machined from the neat resin

castings to be tested on a dynamic mechanical spectrometer

manufacturered by Rheometrics, Inc. Standard tensile specimens-
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were also machined from the neat resin castings, as were compact

tension specimens for fracture toughness testing. The compact

tension specimens were a standard IT size according to ASTM-E399,

but with a thickness of approximately 0.5cm, which was the

thickness of the castings. P

Mechanical Properties Testing

Delamination Fracture Toughness Tests--Delamination fracture

toughness tests were run at ambient temperature (24C) in opening m

mode (mode I), shear mode (mode II) and mixed mode conditions on

split laminate test specimens using an MTS materials testing

system operated in stroke control at 0.0085cm/s. Load and

displacement were continuously measured, while the crack length

was measured visually at the surface at discrete intervals (about

once every 1cm of crack extension). Unload compl iance

measurements were made at intervals of about 2-3cm.

Mixed mode and mode II tests were also performed using split

*laminate specimens. This was accomplished by asymmetrically

loading the cracked end of the split laminate while restricting

vertical displacement of the uncracked end, which was still free

to translate horizontally, as seen in Figure 1. This procedure

was first developed by Vanderkley (4) at Texas A&M University.

The mixed mode loading can be analyzed by utilizing the

superposition principle and noting that an asymmetrically loaded

split laminate can be treated as the sum of pure bending and pure

mode I loading, with the pure bending giving essentially a pure

mode II state of stress (see Figure 1). When the specimen is

loaded as shown in Figure 1 with the uncracked end and the upper

Pr- t... . .
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arm of the split laminate held stationary and the lower arm of

the split laminate displaced (through actuater displacement), the

percentage of mode II loading will vary continuously throughout

the test from pure mode I to a mode II energy release rate that

is approximate 40% of the total energy release rate.

Two special cases of the loading configuration seen in

Figure 1 may be noted. First, if the upper arm of the cracked

end of the split laminate is unconstrainted (Pu=O), then the

specimen will experience a constant fraction of mode II loading

throughout the test, which gives a mode II energy release '-te

that is 43% of the total energy release rate. Second, if both -

upper and lower arms of the split laminate are pulled down with

equal force using the actuater (P= PL) , then a pure mode II

loading condition results. This loading arrangement is, in

effect, one half of a three point bend test, and thus, is very

similar to the end notch flexural test developed by Russell and

Street (8).

For the mode II tests, a 0.79mm teflon spacer was placed

between the crack faces of the split laminate specimen to

minimize any frictional effects which might occur by the rubbing

of the two surfaces together. This spacer would constitute a

superimposed mode I loading, but because the spacer was very

thin, the mode I energy release rate it produces is trivially

small. A scanning electron microscopy examination of the

fractured surfaces after mode II testing gave no indication of

rubbing between the two fractured surfaces.

Neat Resin Fracture Toughness Tests--Fracture toughness

tests were run on several of the neat resins where Glc values ..-

lc-

4 . -O -.
. . . . . . . . . . . . . . . . . . . . .

* .. ,-.,
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were either unavailable or were regarded with some suspicion

(literature values on F185 used linear elastic fracture

mechanics, which is questionable for such a ductile system). The

procedures specified in either ASTM-E399 or ASTM-E813 were

followed, with a single specimen, multiple compliance approach

used for the ASTM-ES13 on the Hexcel F185 system. Fatigue

precracking was used to introduce cracks in the compact tension

specimens.

Rheometrics Tests--Rheometric tests were run on neat resin

specimens. These specimens were subjected to dynamics torsional

cycling over a wide range of temperatures which bracketed the

glass transition temperature, T The loss and storage modulus

were recorded as a function of temperature. The glass transition

temperature was assumed to correspond to the temperature where

the loss modulus value was a maximum. -.

Tensile Tests--Tensile tests were conducted on the neat

resin systems according to ASTM D638. Strain was measured using

strain gages which were mounted on the front and back face of

each specimen and were capable of measuring strain of up to 10%.

Complete stress-strain behavior was determined for each specimen

from which tensile strength, yield strength and elongation were

noted.

Analysis of Delamination Fracture Toughness Tests 7 V '

Mode I Critical Energy Release Rate Analysis, Glc, For

Delamination Fracture--Generally the term critical energy release .

rate is used to refer to initial crack extension from some

preexisting flaw or fatigue precrack. In this work it is used to ".
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refer to the work required per unit area of new crack surface

created for stable crack propagation, rather than for initiation.

The mode I critical energy release rate was calculated using

linear beam theory as described by Vanderkley(4) where

GIc = [PsLc ] 2 /3EI (1)

where P5 is the symmetric loading ([Pu+PL]/ 2 , see Figure 1), Lc

is tne crack length, B is the specimen width and El is the

flexural stiffness of the arms of the cracked portion of the

specimen.

The flexural stiffness was calculated from measured values

of load, Ps, displacement 5 , and crack length Lc using a

relationship also derived from linear beam theory; namely,

E1 = 2P Lc3/3/.s (2)

A value for EI was calculated at each of the approximately 20

points per specimen where crack length was measured. An average

value of E1 for the specimen was then determined and used in .

Equation 1 to calculate Glc values, also at approximately 20

points for each specimen. Three split laminate specimens of each

composite were tested in mode I with the reported GIc values:

being the average of approximately sixty calculated values.

The results from all mode I tests were also analyzed using

the unload compliance measurements analyzed using the method

suggested by Wilkins et al., with the calculated values of G,. .

typically falling within 3%s of the values calculated using linear

beam theory (i.e., Equations I and 2). The only mode I tests for.

which it was not possible to use the linear beam theory analysis

(or the Wilkins analysis) were the T6TI45/Fl55 specimens

containing all plus and iinus 450 plies. Because of the lower
• . \ % '.

. . .. .. . . .. . . . . . .~ .. - -"',.' . -' -
°- ..--.- --.. --o • ° • . -'. . . . - .. , . . . . . . .- -. .- - . . . .-. .,. . + , . . . - . _.N . . N -7 -..

_. .._. ... .. ... ...:._. .. .. -. ..= _ ..... _. _._ .._. _. .. .. ._. ... ..._. _. .._, _, _ -'. _ _ __ .,,.- .. . .'7. _ _. ' -' %



compliance, a significant degree of geometric nonlinearity was

- noted in the load-displacement records for these specimens.

Furthermore some far field damage in the split laminate arms was

evident in view of the fact that the load-displacement record

did not return to the origin on unloading. As a result, the V

nonlinear beam theory analysis first developed by Devitt et al.

(10) was used to analyze these results. However, this approach

0 is only good for nonlinear elastic behavior. A J-integral

analysis is currently being developed to use in analyzing these

results which include not only geometric nonlinearities but also

( nonlinear viscoelastic behavior of the resin.

Mixed Mode and Mode II Critical Energy Release Rate

Analysis, Gii, For Delamination Fracture--For mode iI-

0 delamination fracture toughness analysis, the fol lowing

relationshfp for mode II critical energy release rate was derived %

by Vanderkley (4), again assuming linear beam theory and

I• superposition (see Figure 1):

GIc 3[PaLc] 2/4BEI (3) ""c "a

where Pa is the asymmetric load (pu-PL)/2 and the other terms are

as previously defined.

For all pure mode II tests, the load-displacement records

were found to be significantly nonlinear. Calculation of G 1 1 c

values using Equation 3 based on linear beam theory gave

artifically high values of GI c in comparison to the results of

Russell and Street (3) on similar material. A critical energy

release rate calculation for split laminate specimens based on

nonlinear elastic beam theory has previously been published f r

.. N.,
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mode I loading (10) but not for mode II loading. Thus, we chose

to use the area method approximation, whereby the area under a*J

load-displacement record for loading, crack advance from LI t -''

L2 and unloading is determined and assumed to be equal to ne .

work required to increase the crack area by B[L 2 -LI], where B is

the specimen width. This method assumes all of the work

represented by the area bounded by the load, crack advance,

unload-displacement curve goes into crack advance. Any far field

energy dissipation would erroneously be lumped into the enero'

absorbed per unit area of crack extension relationship. Thu> ,. -

the calculated values of GIIc using this approach may te

considered upper bound estimates. Nevertheless, our results fr

GIIc using the area method were in reasonable agreement wioh

Russell and Street's results (8) (which implies far field damage

is minimal for the unidirectional, split laminate specimens

studied in this work) and were much smaller than the values one

would obtain by naively using linear beam theory on the obviously -

nonlinear load-displacement records obtained on the mode II

specimens.

Mixed Mode Critical Energy Release Rate Analysis, GTotc For

Delamination Fracture--Most of the load-displacement records for

the mixed mode delamination tests were quite 1 inear so that C.

and GIIc could be calculated using Equations (1) and (3) with

GTot,c calculated as the sum of GIC and GrIc. Where this was not

the case,, no analysis was attempted since neither superpositirn

nor linear beam theory would be appropriate.

- . -
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Real Time Observations of Delamination Fracture ''.

In Scanning Electron Microscope

Real time observation of fracture in the scanning electron

microscope (SEM) is a relatively new technology. Theocaris and

Stassinakis (11) have fractured composite specimens loaded in

tension in the ,EM while Beaumont (12) has fractured composite

and polymeric systems using torisonal loading in the SEM. In

this study small split laminate specimens were fractured in a

JEOL 35 scanning electron microscope specially equipped with a

loading stage. Delamination is obtained by pushing a delaminating

specimen over a blunt stationary wedge. A blunt wedge was used

so that crack growth would result from pushing apart the two

crack surfaces in essentially mode I loading, without any direct

pressure applied at the crack tip by the wedge. The wedge tip

remained well away from the crack tip so that mode I conditions

would dominate at the crack tip. The fracture process was

recorded on video tape and standard sheet film. A post-mortemS:S"
fractographic examination was made of the fractured macroscopic

split laminate specimens and the miniture split laminate specimens~fract

0. EXPERIMENTAL RESULTS

Results from Mechanical Properties Tests

The results of the various mechanical properties tests are

summarized in Tables 1-4. The glass transition temperature

results are presented in Table 1, where the 3502 is seen to have

the highest Tg, F135 has the lowest and HX205 and F135 nave an .. ..

4 identical value of T The three more ductile systems, HX205,

F15 and F155 all have T values well below the relativeIy--

'* . d .. f. C C4 4 * J* C ' ih'it . j.. ..A . . . . .A A.
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brittle 3502. The tensile tests results are summarized in Table

2. No as-cast 3502 resin was obtained. Thus, a tensile test was

not run on this resin. The F155 and the HX205 have nearly

identical tensile properties, which is not surprising since they

have the same Tg. The F185 resin is much more soft and ductile,

than the F155 or the HX205, as expected. Though tensile

properties were not obtained for the 3502 resin, it would be

expected to be somewhat stronger with a smaller elongation to

failure than the other three resins.

The neat resin fracture toughness values, G c, ar re

summarized in Table 3 and correlate nicely with the T results

and the tensile test results presented in Tables 1 and 2. The

different values of mode I and mode II delamination fracture -.

toughness noted in Table 3 for T6TI45/FI55 are for two different

batches of material purchased approximately one year apart. The

ratio of composite delamination toughness, Glc , to neat resin

fracture toughness, GIc, is seen to decrease as the resin*O
toughness increases, as previously noted by Bradley and Cohen (5)

and Hunston (15). A second important trend to note from Table 3

is that the mode II delamination toughness is always higher than

the mode I delamination toughness, with a ratio of mode II

delamination toughness to mode I delamination toughness of

approximately 3X for the brittle system decreasing to a value -'

just barely larger than 1.OX for the most ductile system.

The effect of fiber orientation across the plane of

delamination on delamination fracture toughness, Gc is seen in%,

Table 4. For a specimen with plus or minus 450 plies across the

interface that is debonding but with a stiffness similar tr; a

-. °.
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unidirectional composite, the delamination critical energy

* release rate was found to be very similar to the results for .

unidirectional laminates (600J/m2 compared to 520J/m 2 ). Chai(16)

has previously noted a similar result; namely, that ply orientation

|O across the plane of delamination does not significantly effect -. ..

the delamination fracture toughness for laminates with similar -

stiffness. The much larger value for Gic indicated for the -

* second multi-axial layup is a result of far field damage due to -

nonlinear viscoelastic behavior by the resin. As will be seen

presently, the resin carries a significant load in the axial

( direction for a comDosite laminate with all +-450 plies. This

significant resin loading not only in the crack tip region but at

other locations removed from the crack tip will cause the resin

to undergo nonlinear viscolastic deformnation. This energy

dissipation in the far field should not be counted in the crack

tip energy dissipation per unit area of crack extension. The use .

* of a J-integral approach allows one to properly distinguish

between the far field energy dissipation and the crack tip energy

d issipation.

L Results From Real-Time Observations o Delamination

Fracture in Scanning Electron Microscope

The observations of fracture in the SEM had as it purpose

the determination of the details of the delamination fracture It

process for the various systems to gain a better understanding of

how resin toughness can be translated into delamination fracture

toughness. The damage zone size around the crack tip as wel 1 as

the critical event (i.e., resin fracture, interfacial debond,

"* "-
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etc) can be determined from such observations.

In-situ fractography for the four composite systems are

shown in Figures 2-5. The damage zone as evidenced by fine

microcracking is seen to be very small for the AS4/3502 and the
AN

critical fracture event is usually interfacial debonding (see

Figure 2). In Figure 2, the cracking appears to be through the

resin, but is in fact along a fiber just beneath the surface, as

indicated by the charging (light colored region) adjacent to the

fracture plane. Crack advance in the AS4/3502 was usually

discontinuous. As the wedge was inserted further into the

specimen, crack advance would not occur continuously but in a

burst of interfacial debonding which resulted in significant

crack advance. This unstable mode of crack growth suggests that

the interfacial bonding in this system is quite heterogeneous.

Crack arrest probably occurs at some local ly better bonded .. ..

region. The energy release rate must be increased to initiate

crack growth. However, once the locally better interfacial

bonding is overcome, crack advance occurs until the energy I%-
..'% %" .'.

release rate decreases (which it does for crack extension under % V?

displacement controlled loading) to a value lower than the local ...

resistance, Glc, which is probably at the next region of better

interfacial bonding.

A much more extensive damage zone is seen around the crack

tip for T6T145/FI55 (see Figure 3). The microcracked zone is -

much larger in extent than for the AS4/3502 and has a much

greater density of microcracks. Inspite of this fact, a

significant amount of crack extension occurred by interfacial

failure. It did not appear that the interfacial failure in the
. 1
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T6T145/F155 was always due to debonding. Rather it sometimes

appeared that the microcrack density was greater adjacent to .

fibers, and therefore, made coalescence more likely in that

region. Thus, it was rather exception to see a bare fiber in the

post-mortem fractography of the T6TI45/FI55 while bare fibers O

were quite common in the AS4/3502.

The in-situ fractography for the T6TI45/HX205 is presented

in Figure 4 where the damage zone is again seen to be O

characterized by significant microcracking. The extent of the

damage zone is somewhat greater than for the T6TI45/F155, but the

density of microcracking is much less. Failure seemed to proceed O

in the interfacial area between resin and fiber, not by debonding

but by coalescence of microcracks which seemed to exist in

ro greater number in the interfacial region in the T6TI45/HX205.

Finally, the damage zone around the crack tip in the

T6TI45/FI85 is seen in Figure 5 to be both large in extent and

high in density of microcracks. Again, the failure is still

frequently near the interface, but due to a higher density of

microcracks in this region rather than debonding. Very few

regions of bare fiber are noted in the post-mortem fractography.

The in-situ fracture behavior of the T6T145/F155 composite

with off angle plies is seen in Figure 6. Because the fibers are

at an angle of 450 to the length of the specimen, mode I loading

of the split laminate gives significant loading of the resin

along the length of the specimen as well as in the mode I opening

direction. Thus, while microcracking similar to that observed in

the specimens made from a unidirectional laminate is still .

%.

o e - .
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evident, the orientation is different and voiding at the

resin/fiber interface is noted. In fact coalescence of these

voids seems to play a significant role in the delamination

fracture process in a split laminate with a large number of off

axis plies.

Typical damage zone sizes around the crack tip of the

various composites tested have been quantified and are summarized

in Table 5.

Results of Post-Mortem Fractographic Examination of

Fractured Surface of Delaminated Specimens

The post-mortem fractographic examination included specimens

fractured for mode I, mode II and mixed mode loading conditions.

The results for the AS4/3502 consistently indicated bare fibers

(except possible sizing) and interfacial debonding, whereas the

three ductile systems gave only occasional indication of fiber

debonding. Post-mortem fractographic results for T6Tl45/F155 and

T6TI45/HX205 are seen in Figures 7 and 8. The duplex appearance

to the fracture surface in the T6TI45/Fl55 appears to be the

result of a variable thickness of the resin rich region between

plies. Only a few bare fibers are noted.

Figures 9-11 present highlights of the results from the

post-mortem fractographic examination of the specimens fractured

in mode II and mixed mode. At the time this work was done, our
*7

stage was not yet adapted for mode II testing in the SEM. Thus,

the post-mortem fractographic results on the mode II and the

mixed mode delamination fractures constitute a 1 of the

fractographic information obtained for these loading conditions.

The distinctive features on the fractured surface of the three

1 ~~~% .. ... .-. . . . . . . . . .'.a.
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more ductile composite systems loaded with a significant

percentage of mode II loading are leaf like artifacts whose

orientation relative to the delamination plane increase

monotonically with increasing percentage of mode II loading. The

• more brittle AS4/3502 had a very regular array of what appear to

be sigmodial shaped microcracks which have coalesced to give

macrocrack advance.

*DISCUSSION

The significant results to be discussed in this section

are as follows:

C (1) the efficacy of rubber particle additions and lower

crosslink density in enhancing neat resin fracture toughness;

(2) the efficacy of rubber particle additions and lower

* crosslink density in enhancing composite delamination fracture 4

toughness;

(3) the change in fracture toughness with increasing

* fraction of mode II shear loading; and

(4) the effect of ply orientation and laminate stiffness on

delamination fracture toughness.

K These macroscopic fracture toughness results will be discussed in

light of the in-situ and post-mortem fractographic observations.

Neat Resin Fracture Toughness

The neat resin toughness was found to correlate with Tg and

with elongation in a tensile test for the four systems studied.

It is interesting to note that the F155 and the HX205 had quite

similar tensile properties and T, though they were toughened J-

somewhat differently; i.e., HX205 rel ied entirely on decreasing

................................ "S S-
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the crosslink density while the F155 used a combination of

reduction in crosslink density (compared to epoxy like 3502) and

rubber particle additions. The F155 had a better fracture

toughness for both neat resin and composite delamination.

Materials with similar tensile elongations may have significantly

different fracture toughnesses since fracture toughness depends

on the ductility under a triaxial rather than a uniaxial states

of stress. Since rubber particle additions can relieve this

triaxial state of tension by voiding, the same elongation in a

tensile test may correlate with a higher fracture toughness fr.-

rubber particle toughened resins. .. *

The beneficial effect of rubber particle additions is

particularly evident in the F185, whose neat resin toughness is

18X that of the HX205 even though their tensile ductilities

differ by only a factor of 3X. The elastomer additions while

giving some enhancement to elongation give a dramatic increase to

the fracture toughness. Yee and Pearson (17) have noted that a

resin needs to have some intrinsic capacity to deform in response

to shear stress if it is to be benefited by rubber particle

additions, which principally increase the shear stress in the

crack tip region by relaxing constraint. Again, the very large

fracture toughness of the F185 compared to the other systems

suggests a strong synergistic effect between lowering the

crosslink density, which increases the freedom to deform in

response to shear stress and rubber particle additions, which

allow larger shear stresses to be developed at the tip of a

crack.

"0L 7% .% -% .'' % -. .% . . . : .._ % % % % ._ ._.u. ' % . % _ % % . ,J .-. ' % _ % _ . % - _ .,. . % . * -.
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Translation of Neat Resin Toughness into Delamination

Toughness .

The -appear to be at least two reasons why tougher resin

systems give a much smaller fraction of their neat resin fracture

toughness in delamination toughness. First, a tougher resin has
O . 4

a deformation zone that is much more extensive than the resin

rich region between plies. In the composite, the fibers act

like rigid filler in this deformation zone, which reduces load -

redistribution away from the crack tip, allowing the critical

strain or critical stress condition for local failure to be

achieved more easily. For resins where the deformation/damage -

zone ahead of the crack tip is on a scale less than or equal to

the height of the resin rich region between plies, one might

expect the neat resin toughness and the delamination toughness to '

be similar if interfacial failures do not dominate the

delamination fracture behavior. Only in the case of the F185 is

there extensive damage outside of the resin rich region between

plies, and only in this system is there a dramatic difference in

the neat resin fracture toughness and the composite delamination

fracture toughness.

A second way the fibers may prevent delamination fracture

toughness from achieving neat resin fracture toughness is that

they allow heterogeneous nucleation sites for fracture. For mode

I loading, all four of the composite systems studied had failure

primarily in the interfacial region. Even where fiber bonding is

good, the interfacial region seems to have a greater density of

microcracks (or deformation), which leads to premature failure of

the composite prior to extraction of the full toughness from the

..1 -.€
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resin system. Z%

Mode II Delamination Fracture Toughness

The more brittle the system, the greater is the ratio of

GtIc to Gic. This is the generalization from this work and other %

unpublished work at Texas A&M University. The increase in total

energy release rate for increasing mode II in brittle systems can

be understood to be the result of a whole series of sigmodial

shaped cracks forming as brittle microcracks , impeded in their _

growth on their respective principle normal stress plane by the

presence of the fibers. This both increases the area of fracture

surface created and constitutes a more torturous path for crack

propagation, each of which would require greater energy

dissipation per unit area of crack extension.

Where the fracture is more ductile, the energy dissipation .

does not seem to be such a sensitive function of the imposed

state of stress. Thus, ductile systems give similar values for

GIc and GIIc .  ..

The Effect of Off Angle Plies

The in-situ fractography seen in Figure 6 clearly indicates

that significant resin deformation is occurring along the axis of

the specimen. This specimen with all +-450 plies would certainly

experience significant resin loading in the direction of the

specimen axis due to bending stresses. While similar stresses

would also be experienced by a unidirectional laminate specimen, J.

the fibers would carry essentially all of the loading in the

axial direction. It is this additional deformation, not only in

the crack tip region, but presumably all along the specimen that

'5 -. '-
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is the far field damage previously mentioned as being responsible

for giving an artifically high value for Gic of 1400J/m 2. It is

worth noting that the specimen with +-45' plies at the interface .. 

where delamination is occurring but mainly unidirectional plies

otherwise had a delamination fracture toughness similar to that

for the unidirectional laminate. A J-integral analysis being

developed at Texas A&M University has given approximately 600j/m
2

for Gic for the laminate with al l +-45o pl ies. If this proves to

be a reliable result, then it suggests that the delamina-i -'.-

fracture toughness in composite materials may be a material

property independent of stacking sequence if the near and far
(,

field damage are properly separated.

SUMMARY

The combination of low crossl ink density and elastomer

additions has been seen to give the most potent toughening for N

neat resins. A relatively small increment of the additional neat **.. %

resin fracture toughening above 800J/m2 is actually reflected inI.,
the delamination fracture toughness of a composite. Mode II

delamination toughness of brittle systems may be as much as three

times the mode I delamination fracture toughness while a ductile

system may have a mode II delamination fracture toughness that is

similar the the mode I value. The energy aborbed per unit area

of crack extension for delamination seems to be independent of

ply orientation if proper accounting of the near and far field

energy dissipation is made.

V. -
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TABLE 1 Glass Transition Temperature of Resins

Resin System Glass Transition Temperature (0C) 0

350Z 191*
F155 118
HX205 118
F185 109

*Obtained from literature from Hercules.
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3502
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F18 38 6..TABLE 2 Resin Tensile Proaerties 
:' :'

([ Resin System Yield Strength Tensile Strength Elongation "-.'..
(M PA) (MIPA) ('1) "" ".I

3502 
. ,-..Fi55 58 69 3.10 . .,[

F185 38 46 8.87
* HX205 6t 73 3.24
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TABL 3 C iti al E err Relese ates(C

%* ' C

Material ~~~ ~ ~ ~ ~ ~ ~ ~ , AS/52T*!5F5 6T4/X0 6I5F

ModeI~net rsin) 700 ) 73(14 460810

C'
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TABLE 4 Effect of Fiber Orientation Upon Mode I G

Material Layup G
1C

F155 0(24) 520

F155 +45/-45/0(8)/-45/+45/ 600
-45/+45/0(8)/+45/-45/

F155 +45(2)/-45(4)/+45(2)/ 1400
-45(2)/+45(4)/-45(2) /

Z""..".-b ?

-
'i---' .2
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TABLE 5 Damage Zone Size and Corresponding Delamination Fracture 
Toughness VN

Material Size of Damaged Zone(Mm) G -'-

(jc2) -c

Ahead of Above or
Crack Tip below.

delamination

plane

AS4/3502 20 5 189

F155 20 10 520

F155 +-45 50 10 --

HX205 75 35 455 1

F185 200 35 2205 -

* . Nor

,.. "-. %

^ %
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A) COMBINED LOAD-MODE I a MODE 11 P1.

$ - a',.

Ps

AS/2

-----. ~~ & 3 /2 .- -,.) SYMMETRIC LOAD- PURE MOD 1.

_ _ _ _ _ _ _Pa

* - L .c,-_

C) ASYMMETRIC LOAD- PURE MODE U

Figure 1. Schematic showing how asymmetric loading of split lamiinate can
introduce a mixed mode I/mode 11 state of stress at the crack riv.

*" % -"
~ ~ '>:.:.-. :- :&:p '-'*. .''-* * ~*~****-*. ,:..:~::~-:i~. ;..:, .. & ;,,:''..,



69

A

4 
W.

4 44
to

I .. .,

IL ~ i.~.At

A *

damag (tp t100) ei

2b. In-situ delamination of AST45/F25 showing deondein wihvro ltlfesn*

3 b . n S t u e l a i n a i o n o f 6 T 1 5 / F 5 5 h o w n g o a l s c i ., f m i c r o c r a c k s t oform macrosco~ic crack growth (rizht, at 3000x).



6 70

.10 
.

.-p I -

****, 
it

~0

tie-

05,*

rack-

3c. In situ-delamination of T6T145/F155 system. Debonding as well as microcrc.
ing is visible (1000x).
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6a. In-situ delamination of T6T145/F155 system with fibers at +-45. (left, a t
10OX)..

6b. In-situ delamination of F155 system with fibers at +-45. Note microcracks ;
that point back to macroscopic crack tip (right, at 1000x).
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9a. Post-mortem fractography of F155 composite delaminated in 43% Mode IIconditions. (top surface of fractured specimen) (top, at 450x)

9b. Post-mortem fractography of F155 composite delaininated in 43% Mode 11conditions. (Bottom surface of fractured specimen), Note leaf likeartifacts are oriented in opposite direction to those on the top surface
(center, at 1500x).

10. Post-mortem fractography of 11X205 composite delaminated in 43% Mode II *conditions (bottom, 300x).
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Ila. Post-mortem fractography of AS4/3502 composite delaminated in Mode II .*conditions. Zipper like artifacts appear to be formed by coalescence of* series of signodial shaped microcracks (top, 15 00x).

4 ilb. Post-mortem fractography of F155 composite delaminated in Mode II conditions.
Note extensive resin deformation (center, at 1000x).

11C. Post-mortem fractography of EX205 composite delaminated in Mode II conditions.Note extensive resin deformation (bottom, at 1000x).,
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* ABSTRACT I

A Comparison of the Crack Tip Damage Zone for Fracture of Hexcel

* F185 Neat Resin and T6T145/F185 Composite, E. A. Chakachery and W. L.

Bradley Texas A&M University, College Station, 77843. Hexcel F185

neat resin and T6TI45/F185 graphite fibre reinforced composite were

subjected to Mode I loading in the compact tension geometry (fibres .

parallel to the crack) and the energy per unit area of crack

extension, J1  determined to be 8100 and 1600 J/m 2 respectively. ,

In-situ fracture studies in the SEM on a CT-type specimen of F185

showed extensive micorcracking in a damge zone ahead of the crack tip, -

which was similar to the microcracking observed in the whitened area

ahead of the crack tip in the macroscopic CT specimens. A simple i 4

calculation using a rule of mixtures approach suggests that the

diminished size of the damage zone and the presence of rigid fibres in

the damage zone in the composite are not a sufficient explanation to 0

account for the significantly lower toughness of the composite

compared to the neat resin. From this it may be inferred that the

strain to failure locally in the damage zone ahead of the crack in the k7
composite may also be lower than that which can be tolerated in the

neat resin. Evidence for this idea comes from the observation that

microcrack coalescence seems to occur preferentially at the

fibre/resin interface.

*° °,°
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INTRODUCTION 
it Le

Delamination in graphite fibre reinforced resin composites is

well known to limit the extensive use of these materials in some

structural applications. Much effort has been directed in the past

decade towards improving the delamination fracture toughness of

graphite/epoxy composites (1-10). Since the delamination crack A

propagates through the interlaminar resin rich region, the emphasis

has been on obtaining epoxy resins with improved fracture toughness.

The addition of elastometric modifiers was shown (1-6) to dramatically 0

increase tt-e fracture toughness, Gic , of the matrix resin, but

resulted only in a modest increase in the delamination fracture

toughness of the composite (7,8). This was shown (8-10) to be .

primarily due to the reduced volume of resin deformation the damage

zone ahead of the delamination crack Zip since the fibres act as rigid

fillers in the ductile matrix. Evidence in support of this conclusion .

was obtained (9,10) from the observaticn that a decrease in the fibre

volume fraction resu'ted in an increase in the delamination fracture

toughness. The current investigation was undertaken to attempt to

correlate the delamination fracture toughness of the comoosite with -.

the fracture toughness of the neat resin. The determination of the

fracture processes occurring in the vicinity of the crack tip in both Kok

tie composite and the neat resin was a necessary first step. If these

.'...w.'.
events are nominally the same, then there May be a relationship

between neat resin toughness and delamination toughness.

To study the relationship between neat resin fracture toughness
#"6- 1
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and composite delamination fracture toughness, in-situ observations of "

each fracture process have been made in the scanning electron

microscope. These observations have been correlated with macroscopic

measurements of a composite made from this neat resin. A simple

model has been proposed to relate the microscopic observations of the PS S

fracture processes to the observed macroscopic measurements of -. ' -

fracture toughness. ..

The resin system selected for this study was the F185 formulation

commercially available from Hexcel Corp. It is a relatively ductile

epoxy (9% elongation in a 2.5 cm gage section) with a reported
2

fracture toughness of 6000 J/m (7,11). The resin is primarily a

diglycidyl ether of bisphenol A, (DGEBA), modified by the addition of -

8.1 wt% of liquid CTBN (Hycar 1300 x 13), a carboxyl terminated

copolymer of butadiene and acrylonitrile. It is further toughened by

the addition of 5.4 wt% of Hycar 1472, a pre-reacted solid elastomer
%,. .-

in a bimodal particle size distribution of nominally 2 Pm and 8 m

diameters. The liquid CTBN undergoes partial phase separation into .

particles varying from 0.1 m to 10 m in size. The portion that does

not phase separate out before gelation of the epoxy remains in

solution in the epoxy matrix and has a plasticizing effect on the

resin (3,4), thus lowering the yield strength of the epoxy matrix.

The phase separated CTBN undergoes dilatation and rupture by

cavitation (5,6) thus reducing the triaxial state of stress in the

vicinity of the particle. This has the effect of locally increasing

the shear stress and promoting deformation through the formation of

shear bands (5,6).

.*~ -. -'.,

x, ° .°
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EXPERIMENTAL PROCEDURES

Materials and Specimen Preparation

The F185 neat resin and the T6T/145/F185 graphite/epoxy composite .*.

used were both supplied by Hexcel Corporation. Plates, 1.25 cm, 0.5

cm, and 0.2 cm thick, of F185 were received as cast, and were machined

according to ASTM E 813-81 to obtain standard IT compact tension (CT) .-

specimens, but with a thickness of 1.25 cm. The T6T145/F185 composite ,-.V

was obtained both as preimpregnated tape ( 25 cm wide) and as -'-

undirectional plates, 90 plies thick (A) and 24 plies thick (B).

Compact tension specimens were machined from plate A such that the

fibers and the laminate Jay-up axis were transverse to the load line, "=

with the direction of crack propagation parallel to the fibres. As

with the F185 resin these were standard IT compact tension specimens

with a thickness of 1.25 cm. Plate B contained a teflon strip ( 2.5

cm wide, running perpendicular to the fibre direction ) between the 4 -%V

twelfth and thirteenth plies. This created a region of debond which

acted as an initial delamination crack. Two undirecitonal plates,

sixteen plies (C) and twelve plies thick (D), were laid up from the

preimpregnated tape with mid-plane teflon inserts (as in plate B), and

cured according to the schedule described in the specification sheet

supplied by Hexcel Corporation. Double cantilever beam (DCB)

specimens (2.5 cm wide and 25 cm long) were machined from plates B and

C such that the fibre direction was parallel to the specimen length. .- ,

Tabs which allowed for free rotation were bonded to the DCB specimens

at the end with the initial delamination crack. . .

". 4".%
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Miniature DCB specimens of the composite (3.8 cm long and 0.7 cm ,

wide) were cut from plate D and minature CT-type specimens of the neat S

resin (4 cm long, 2.8 cm wide and 0.2 cm thick) were also machined for % .- %

in-situ studies. These were ground, polished (0.25 ,im), cleaned

ultrasonically and coated with a Au/Pd alloy (,150 A) prior to

observation in the scanning electron microscope.

Specimen Testing .e

All macroscopic testing of DCB and CT specimens were performed on

a Materials Test System (MTS) servo-hydraulic machine in displacement
-5" -5

control under quasi-static loading conditions (4x10: to 7x10 cm/sec)

at room temperature. Load-displacement records were obtained directly

from the MTS strip chart recorder and were also digitized

simultaneously via a Hewlett-Packard HP 3497A Data Acquisition Unit -

and stored through a HP 9816 desk-top computer. All CT specimens were

machined with a chevron notch and were pre-cracked in fatigue until
. . ,m. ,,

the crack front was out of the chevron. Fatigue load limits were

determined as per ASTM E 399-81 for the composite and ASTM 813-81 for

the F185 resin. Post-mortem fractography was performed on a JEOL

JSM-25 scanning electron microscope. A JEOL JSM-35CF scanning

electron microscope equipped with a JEOL 35-TS2 tensile stage was used

for the fracture studies in-situ in the SEM. Photomicrograpnic stills .-

and real-time videotapes were obtained of the fracture processes.

, . -

I. ° .
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* RESULTS, ANALYSIS AND DISCUSSION

Macroscopic Fracture Toughness Measurements

The load-displacement results for the delamination tests were p_.

analyzed using a relationship derived from linear beam theory by .e

Devitt et al (12), namely,

G P2L2  (.-)

BEI

where P is the load, L is the crack length, B is the width, E is the

tensile modulus and I is the rotational moment of inertia for each

half of the split laminate. The ratio of load line displacement to

crack length remained well below the limit of 0.6 for linear beam

theory to be applicable (12). The crack length was measured visually

at the surface at approximately fifteen discrete points and the loads

and displacements recorded at these same points. Critical energy

release rates could then be calculated for each point. The calculated

G values remained essentially constant for various crack lengths. An
Ic
average of the calculated values after the transient was found to be

2
1900 J/m

The iT compact tension specimens of F185 was tested in

displacement control with multiple, partial unloading to allow I?.W

determination of the crack extension by the compliance method. The

load-displacement record was quite nonlinear (Fig. 1), necessitating a

J-i ntegral analysis according to ASTM E813-81. A well defined J-R i WI

curve was obtained from which a Jic value of 8100 J/lwas determined.

"... ,
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This is considerably higher than the value of 6000 Jim reported by the ...

* manufacturer (11). This difference may be due to our use of fatigue
'- .. 9

precracking rather than razor notching or due to our use of a .

nonlinear rather than linear analysis. If we use the linear elastic

analysis in ASTM E399-81,we obtain a K value of 2700 J/m2 from the 5"
Q 0

secant offset value of P . However, Pmax is much greater than 1.1 PQ,

and the specimen thickness is less than that required by ASTM-E399 for

• K to be equal to K Thus, the linear elastic analysis is invalid
Q Ic
for our specimen size. If we use Pmax and the actual crack length at

Pmax in a LEFM calculation, we obtain a "K which has an equivalent
Ic"

o Gcof 6300 J/m2 which is similar to the 6000 J/ai obtained by Bascom p

(2) using a similar approach. We believe that the value of 8100 J/m '.

obtained in this work using fatigue precracked specimens and a

J-integral analysis is a more meaningful measure of the fracture

toughness of the F185 resin.

A J-integral approach was also used to analyze the data obtained

in the CT specimens of the composite. The Jlc for transverse crack q 4

growth thus obtained was 1600 J/m2 which compares very well with

recent results by Bascom (13). The macroscopic test may be summarized

L 2
as follows: the neat resin fracture toughness was 8100 J/m whereas

the delamination and transverse cracking in the composite gave

toughness values of 1900 J/m2 and 1600 J/m2 respectively. Thus, crack

growth in the composite parallel to the fibre direction is much easier

than crack growth in the neat resin.

In-Situ and Post Mortem Fracture Observations in SEM

Fracture studies conducted in the scanning electron microscope on .

-...........-................ ......... ......
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the F185 neat resin indicate that the zone ahead of the crack tip

undergoes extensive microcracking (Fig. 2). There has been some

recent controversy as to whether these are actually microcracks in the

resin or microcracks in the 150A thick gold-palladium coating applied

to the specimens to minimize charging. To try to verify that these

are actual microcracks in the material, we have recently polished two

sides of an AS4/3501-6 graphite/epoxy composite, coated one side with 0

a 150A thick layer of gold-palladium in the usual way, delaminated the .

specimen in the SEM, removed the specimen with the wedge in tact to

avoid viscoelastic recovery and closure of the microcracks, and then

coated the other side with gold-palladium in the usual way, and then ''
examined it in the SEM with the weage still in tact. The results of ..-

this exercise are presented in Figures 3(a) and 3(b). The microcrack .

morphology on the side coated and then deformed is essentially

indistinguishable from the microcrack morphology seen on the side

deformed and then coated. Thus, we believe that the Au/Pd coating is 9 '

not responsible for the microcracking seen on the surface of our

specimens.

The milcrocracked region ahead of the crack tip of the F185 neat

resin (Fig. 2) extends 60-70 ,im above and below the crack tip and is %

shaped somewhat like a kidney bean. Crack propagation under fixed

grip conditions occurred in a discontinuous manner via a __._

time-dependent coalescing of the microcracks ahead of a blunted crack

tip. With each successive extension, crack advance of 120-150 -m was

observed, resulting in a very sharp crack tip with relatively few

microcracks ahead of it. The applied crack opening displacement was

A-~~~i. V-mA!4_._.5 . .. . .~~. . . . . . . . . .. . . . . . . . . . . .
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then increased essentially instantaneously, and with this increase,

the microcrack density ahead of the crack tip would gradually increase

with time, accompanied by crack tip blunting at the formerly sharp

crack tip. Again, a critical density of microcracks (or crack tip

strain) is reached and crack extension occurs by microcrack .

coalescence as before. Evidence of this process is seen in the

post-mortem fractographic examination as relatively flat regions of

crack extension, separated by the small lips which probably arise from

crack tip blunting, preceding the next crack extension (Fig. 4). This

appearance is typical over the whole fracture surface, indicating that

the phenomena observed at the surface is typical of the bulk fracture W-W

behiavi or.

If crack extension does indeeo occur by microcrack coalescence, * #.

then the relatively flat regions between lips seen in Figure 4(a) and

(b) should be found on examination at higher magnification to be .

composed of many small facets with ledges between them. This is

exactly what is observed at 1O,O00X magnification, as shown in Figure

4(c). It is worth noting that even at this very high magnification

that the individual facets do not seem to have fractured by a brittle

cleavage. The surface is relatively textured, with cavitation r

presumably at the rubber particle additions, which suggests that the

microcracking is a result of heterogeneous nucleation and growth by

processes which require some local deformation. Thus, the

microcracking may be a result of heterogeneities in the resin which

facilitate crack nucleation and growth.

If the microcracks were just a result of coating cracking, the

explanation would still be much the same except that the microcracking



L%. .. • .

C- 87

• would correspond to some threshold level of resin strain with the
e d.

microcrack coalescence corresponding to some critical strain to

failure in the resin. Thus, though we believe that the microcracks

* are in the resin rather than in the coating, the inference concerning ,

the size of the deformation/damage zone ahead of the crack tip can be

made equally well in either case. It should also be noted that

-* microcracking and deformation have the same beneficial effect of

redistributing the load away from the crack tip and lowering the local

stresses at the crack tip. Thus, from a physical point of view,

either process enhances toughness.

In-situ delamination studies on T6TI45/F185 composite show that

the resin microcracks quite extensively in the vicinity of the crack

tip. The mfcrocracking extends from the interlaminar region and into

the ply about 50 m above and below the crack (Fig. 5). Here, as in

the resin, the crack propagates by microcrack coalescence and in the ... ,-

same discontinuous manner. At each stage, however, the crack tip .

blunting is apparently less than in the F185 resin and the

discontinuous extension varies from 40-100 im. The coalescence of ." .

microcracks occurs predominantly at the fibre resin interface. Thus

it appears that the presence of the fibres prevents the development of

the full resin toughness from being realized due to premature

microcrack coalesence at the fibre resin interface.

The presence of the rigid fibres also restricts the height above

and below the delamination plane ov.:" which deformation and

microcracking occurs ( 100 um in the composite, compared to 130 ,,m in

the resin). However, the region of microcracking ahead of the crack

- - - . - .- .. - .
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tip is actually increased from 25 ,m in the resin to about 50 .m in
*° .'. v-

the composite.

The fracture surface of the delaminated specimens showed evidence

of cavitation, voiding and microcracking(Fig. 6). The resin region of

the composite delamination fracture surface shows more coarse

cavitation than in the neat F185 resin fracture surface, where voids -

were relatively fine and more homogeneously dispersed. Furthermore,

the voids seem to be more dense in the resin adjacent to the fibres 0

(Fig. 6(a) (b)• The fibre resin interface probably provides
, :.:~- :,.., .

heterogeneous nucleation sites for precipitation of the CTBN and .'

facilitates the growth of larger particles. Microcrack coalescence at -

tne fibre resin interface results in the highly scalloped features

noticeable in Figure 6(b).

A Model to Predict Delamination Toughness from Neat Resin Toughness

A first order estimate of the delamination fracture toughness may

be obtained by assuming that the delamination fracture process is

essentially the same as the fracture process in the neat resin, except ,

that the fibres act as a rigid filler, reducing the volume of resin

available to deform in the crack tip region. It has previously been

suggested by Bradley and Cohen (8) that the energy dissipation per

unit area of crack extension may be calculated by picturing a small

tensile specimen ahead of the crack tip which is slowly stretched as .f

the crack tip approaches and finally breaks as the crack tip .

passses(Fig. 7). The energy absorbed per unit area of crack extension

would be calculated for such a model by summing the energy abosrbed

per unit volume of material over the volume of the hypothetical ...

• o-- -
L ~.p ..
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* tensile specimen. Such a summation may be written mathematically as p

follows:

h j j'

h . de dy (2)

where G is the fracture toughness of the material

* 2h is the height of the hypothetical tensile bar

aij is a component of the stress tensor

The addition of fibers to the neat resin can perturb the energy

calculation in Equation 2 in several ways. First, the extent of the

deformation zone might be changed (i.e., the height of our

hypothetical tensile specimen), changing the value of h in Equation 2.

Second, rigid filler would further reduce the effective gage length of

material capable of deforming in our hypothetical tensile specimen.

Third, fibre constraint and or debonding could change the local strain -

• to fracture. These three factors could potentially account for the

decrease in fracture toughness from 8100J/nF in the F185 resin to -.

1900j/m2 in the composite delamination fracture toughness. The first

two of these three factors can be quantified based on actual

observations. If one assumes that microcracking begins for strains

above a threshold strain, then the extent of the microcracked zone can

be used to quantify the magnitude of the h in Equation 2.

A cross-section of the composite prepared retallographically to

reveal the microstructure (Figure 8) may be used to determine the

volume fraction of fibres in the hypothetical tensile specimen ahead

of the crack tip. Since the volume fraction is quite nonuniform, the

-...

- . .
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microstructure was divided into three regions: the resin rich region

between plies with a fibre volume fraction of 192; the ply region with 5

a volume fraction of fibres of 76% and a transition zone with a volume

fraction of approximately 33%. The relative heights of these three

regions are shown in the schematic in Figure 8, along with the height

of the microcracked zone in the F185 resin. Using a simple rule of

mixtures approach, and taking account of the smaller microcracked (and

deformed) zone, one may estimate the delamination fracture toughness

2
to be 4000J/m as shown below:

Ic= hh (I-v f + B (I f + h (1 I-v)GIcA ,fBf c

0 L

This calculation implicitly assumes that the local s'rain to fracture

0 n the F185 resin and the composite are the same and that the stress

distribution is also similar, at least on the average. Z. r

Since the measured value of delamination fracture toughness in

this system is 1900 J/m 2 , the estimated value of 4000J/m 2 is seen to

be quite excessive. It also strongly suggests what the in-situ

f ractograph has already indicated; namely , that preferential

microcrack nucleation at the fibre/resin interface leads to premature 2
2failure, preventing the realization of 4000J/m that might otherwise

be possible. This suggests that more attention to the interphase .

region is required if a greater fraction of the intrinsic toughness of

the neat resin is to be manifested in delamination fracture toughness

of the fibre reinforced composite material.

P.- 1
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SUMMARY

1. The delamination fracture toughness of the T6T145/FI85 composite

is 1900 J/m whereas the fracture toughness of the neat F185 resin
2

is 8100 J/m.

2. Microcracking in the resin appears to be a significant deformation

mode for load redistribution at the crack tip.

3. Crack progagation occurs in a discontinuous manner through micro-

crack coalescence ahead of the crack tip.

4. In the composite, the microcracking is coarser and coalescence B

seems to occur preferentially at the resin-fibre interface.

5. The height of the deformation zone, above and below the plane of

crack propagation, is greater in the resin than in the composite. -

6. Comparison of the relative heights of the damage zone yielded 4000

2J/m as a calculated delamination G for the composite, which is
IC

an over-estimation by a factor of two.- .

7. It may be inferred that the strain to failure in the composite is

lowered, probably due to premature microcrack coalescence at the

resin fibre interface.
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List of Nomenclature
*

B Width of double cantilever beam specimen

E Elastic modulus in the fibre direction

• .j F_,iure strain for strain componentp;..

G Delamination fracture toughness under Mode I loading

Ic

* h Height of damage zone above the plane of crack propagation .
(2h = total height) *, .V

h Same as above for resin
0

hA,hB,hC Same as above for the composite in regions of differing L, -. .
fibre volume fraction

I Moment of inertia of one half of the DCB specimen . =A

J Resin fracture toughness under Mode I loading

O L Crack length (equivalent beam length for linear beam
analysis)

Component to stress tensor representing stress in
hypothetical tensile bar (see Fig. 7)

* P Load applied to split laminate i _

ft I
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FIGURES A P.•
i. Load-displacement record for IT compact tension specimen of F185

resin showing considerable non-linearity.

2. Microcracking ahead of the crack tip in F185 resin showing crack
grow th sequence under a constant applied displacement.
(a) 1500x. Shape of the damage zone. Arrow markers correspond

to regions similarly marked in Figure 2(e). '

(b) 3000x. Detail of crack tip. Arrow markers here correspond to
similarly marked regions in Figures 2(c) and 2(d).

(c) 900x. Crack propagation through microcrack coalescence to
form a very sharp narrow crack.

(d) 5000x. Crack extension of about 22 m. New crack tip is very
sharp.

C (e) 1000x. Blunting of new crack tip with development of damage L..:
zone ahead of the tip. Total crack growth in the sequence is
about 140 m (compare with Figure 2(a)).

3. Microcracking ahead of the crack tip in AS4/3502 at 3000x.
(a) coated prior to loading
(b) coated after loading 4

4. Fracture surface of F185 resin. Crack growth is from left to
right.
(a) 330x. Away from the free surface. Arrows indicate a lip

* formed by crack tip blunting after a growth sequence. .

(b) 330x. Just adjacent to the free surface.

(c) 10,O00x. Detail of a relatively flat region in (a).
cavitation due to phase separated CTBN. Facets separated

(- by ledges probably correspond to microcrack coalescence.

5. lO00x. In situ delamination of T6T145/F185 composite showing
microcracking in the damage zone ahead of the crack tip.
Note microcracking is more dense adjacent to the fibres.
Preferential microcrack coalescence near the resin fibre
interface where the micorcracks are inclined to the primary WON
crack.

6. Fracture surface of T6T145/F185 composite.
(a) 3000x. Higher density of cavitation adjacent to fibres.

(b) 4500x. Scalloped appearance of resin between fibres from
coalescence of inclined microcracks near resin-fibre
interface.

(c) 10,O00x. Voiding adjacent to solid pre-reacted rubber

r -- ,
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particles. Comparison with Figure 3 (c) shows that the
cavitation due to phase separated CTBN is much coarser here ._
than in the neat F185 resin.

7. Schematic of hypothetical tensile bar ahead of the crack tip with
the strain distribution accross it.

8. 600x. Cross section of T6T145/F185 showing interlaminar resin rich
region.

9. Schematic showing relative height of damage zone in F185 resin and
T6T145/F185 composite. "v.-. . ..,
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INTRODUCT ION

The first generation of high performance graphite/epoxy
composite materials were made with resins developed to maximize Z
stiffness and glass transition. However, composites made from
these resins have been found to be susceptible to del amination
fracture which adversely effects compressive strength (especially
post impact compressive strength) and fatigue resistance. Thus,
there has been an effort in recent years to develop new resin
systems that would have enhanced resistance to delamination with -

a minimum penalty in stiffness and glass transition. As work has"- -
proceded in this area, it has become apparent that large in- -
creases in resin toughness result in proportionately much smaller
increases in composite delamination toughness[1]. Furthermore,
the relationship between resin toughness and mode II delamination
fracture toughness has only recently began to be studied. The
purpose of this investigation has been to better define the
relationship between increasing resin toughness and the resultant
delamination toughness for both Mode I and Mode II loading. .

EXPERIMENTAL PROGRAM ,..-

Five resin systems have been selected for study in this
program: (1) Hercules 3502 (highly crosslinked epoxy); (2) Hexcel
F155 (moderate crossl ink density-epoxy equi val ent weight of 280-
with 6% rubber particle additions); (3) Hexcel F155 without the
rubber particle additions; (4) Hexcel F185 (low crosslink den-
sity-epoxy equivalent weight of 410-with 14% second phase rubber
particles); and (5) Hexcel F185 without rubber particles. Note
the two main variables in the resins systems selected for this
study are crosslink density and rubber particle additions. The
rubber particle additions relax triaxial tensile stresses at the
crack tip by cavitation, allowing a larger shear stress to deve- '. .*..
lop at the crack tip. The lower cross 1ink density provides more
degrees of freedom for shear deformation.

The neat resin mechanical properties which potentially
might correlate with delamination fracture toughness include
tensile strain to failure, loss modulus G" or tan delta, and neat
resin critical energy release rate GIc. These neat resin

0"_4
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properties have been measured for each of the resins along with
the tensile strain to fai ure for transverse fracture of -;
unidirectional laminates loaded perpendicular to the fiber

* direction. These results have been correlated with delamination
fracture toughness measures made for pure mode I and pure mode I1
loading conditions of split laminates. The delamination fracture
toughness measurements have been made on unidirectional laminates
fabricated from prepreg containing graphite fibers and the
respective resin systems. Standard symmetrically loaded split
laminate testing has been used to measure Gic while
asymmetrically loaded split laminates have been used to determine
GIIc [2]. To measure G using an asymmetrically loaded split
laminate the uncracke end of the spl it laminate is supported
while both arms of the split laminate are loaded equally in the
same direction.

T The neat resin fracture toughness was determined using
compact tension specimens. The more ductile systems were fatigue
precracked prior to testing. The more brittle systems were
tested by introducing a crack with a razor bl dde. Values from.
the literature were used for F155 [3] and 3502 [4]. Because of
the large degree of nonlinearity in the load-displacement record

C for the F185, a J-integral analysis was used for this specimen.-|.
The Jlc value determined for the F185 was somewhat larger than
previously reported results [5] which presumably used a linear
elastic analysis.

Scanning electron microscopy has been used to determine the
micromechanistic fracture physics of the delamination process. ,.

* This has been done using a combination of direct, real-time m
observation of the fracture process in the scanning electron" or
microscope and post-morten fractographic examination of specimens
after failure. Careful sample preparation using standard metal-
lurgical techniques is necessary if one is to see the details of
the fracture process as it occurs. Metallographic polishing of

• the edge of the specimen where the fracture process is to be
observed allows one to clearly see the graphite fibers and the
matrix and to note the interaction of the fracture process with
each of these microstructural constituents.

EXPERIMENTAL RESULTS

The experimental results are summarized in Table I. Some of
the results from Table I are also presented graphically in Figs.
1-3 to facilitate analysis. Figs. 1 and 2 show the expected

* monotonic increase in fracture toughness with strain to failure
and tan delta. However, a sharp increase in the neat resin
fracture toughness is noted at higher values of strain and tan
delta without a commensurate increase in delamination fracture
toughness for either mode I or mode II loading. This is al so .

evidenced by a sharp break in the plot of delamination Gic and
GII  c versus neat resin Gc in Fig. 3. Such a brea has
previously been noted by Hunston [1] with a qualitative " i.v

4 prediction for such behavior suggested by Bradley and Cohen [6].
It is also interesting to note in Fig. 3 that the ratio of G, ..toGi is appoximatly fo

esto G ic ssroximately 30 for the less ductile resins (neat
r re sin Glc less than 500J/m Z  but falls to a value only slightly

.......,.-......................................................................_......
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greater than 1.0 for the very ductile F185 resin system.
Post-mortem fractographic results are presented in Figure 4 .

crack tip damage zone develops in each of the systems. The
size of this damage zone, which consists of microcracking and
fiber debonding, can be readily measured during in-situ observa-
tion of the fracture process. It has been suggested that the
microcracking is principal ly in the gold-pal ladium film sputter
coated onto the surface to minimize charging[7j. Recent results
by the authors to be published elsewhere have clearly shown that
this is not the case, though if it were, one could still inter-
pret the microcracked zone as indicating the size of the zone
ahead of the crack tip over which a critical threshold strain
had been achieved. The size of the damage zone for mode I delam-
ination fracture is summarized in Table 2 along with the corres-
ponding delamination fracture toughness Gic. A good general
correlation between delamination fracture toughness and damage
zone size is noted except for F185 NR.

DISCUSSION

The observed increases in mode I and mode II delamination
C fracture toughness with increasing neat resin strain to failure ....

(or tan delta) is consistent with what one might intuitively
expect. Two observations which need further explanation,
however, are the large ratio of GII c  to Gic for the less ductile - ,'

resin systems and the poor incremental increase in mode I and
mode II fracture toughness with increasing neat resin toughness
above neat resin toughness of 1000 J/m 2 .

The delamination fracture process for mode I loading of
composite consists of crack growth through the resin rich region
between plies with occasional interfacial debonding facilitating
the fracture process. For mode II loading of a composite made
with a brittle resin, the details of the fracture process are

*quite different. First, the fracture process becomes much more
discontinuous. A series of brittle microcracks form ahead of the
crack tip and macrocrack advance occurs by the coalescence of
these microcracks. This considerable increases the fracture
surface created during fracture and represents a much more
torturous path of crack advance than is observed for mode I

C- fracture (see Figs. 4). Thus, the material resistance to mode II
fracture is much greater than the material resistance to mode I
fracture for delamination of a composite made with a brittle
epoxy. For a composite made with a ductile resin, the fracture
process for mode I and mode II delamination fracture is very
simi lar as can be seen in Fig. 4 where the fracture surfaces are
seen to be quite similar in surface roughness. Thus, the mode II
and mode I delamination energies are essentially the same.

The much reduced rate of increase in delamination fracture
toughness per increment of increase in neat resin toughness (see
Fig. 3 and note break in curve) for tougher resin systems is
bel ieved to be associated with the deformation/damage zone

4, increasing to a size that is no longer contained in the resin
rich region between plies. Thus, the energy dissipation and/or
crack tip blunting that would otherwise take place is hampered by
the presence of the fibers which act as rigid filler in the

V,



") V -7. .

113

deformation/damage zone. Considerable support for this idea is
seen in the data in Table II for F155 with varying fiber volume
fraction. The different fiber volume fractions were achieved by
using two different prepregs and making a laminate with and a
second laminate without bleeding during processing. The differ-
ence in fiber volume fraction has been determined by metal Io- ..
graphic examination to be manifest in a doubling in the thickness
of the resin rich region between p1 ies. Thus, the
deformation/damage zone can be much larger before the constraint
of the adjacent fibers becomes important. Doubling the thickness
of this resin rich region between plies in the F155 effectively
doubled the mode I delamination fracture toughness. Chakachery
and Bradley have recently shown that the low ratio of mode I
delamination to mode I neat resin fracture in F185 can be ex-
plained by the deformation/damage zone extending several fiber
diameters above and below the resin rich region between plies[8]. ...

A second important consideration in the full uti l ization of
intrinsic toughness of more ductile resins is that these systems
requires a better interface so that the resin can be strained to
failure before interfacial failure occurs. It is worth noting
that the greatest degree of fiber bridging occurred in the F185
composite.

CONCLUSIONS . .. ,

The important conclusions of this work may be summarized as
follows:

1. Increasing resin ducti 1 ity increases delamination
fracture toughness, but the rate of increases drops off sharply 
for resins with fracture toughness in excess of 1000J/m 2.

2. The fracture toughness for mode II delamination is much
greater than for mode I delamination because the fracture process
is significantly altered. For tougher resin systems, the -
fracture process for mode I and mode II delamination are more
similar and the critical energy release rates are similar as
well .
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Cf transverse Ef UTS G' tn a . , "
Re(s ) for composites (MPa) (GPa) (GPa) delta % l (J'- )

3502 .3 .05 70 139 570

F155NR 1.96 .699 56.5 1.80 .0180 .0103 335 1660

F155 3.10 .580 68.6 1.70 .0400 .0223 730 520 1270 ,

F185NR 3.24 .538 72.9 1.80 .0329 .018 460 455 1050

F185 8.87 8.58 46.4 1.40 .0490 .035 8000 2205 2440

'Table I. Sumary of mechanical properties determined for resin and composites.

Composite Fiber Size of Oamage Zone
System Density ahead aoove/below ' / %

(vol.') of crack crack

(i m) (0m) (J/m) S

AS4/3502 76.4 20 5 190

F155 NR 20 7 135

T6TI45/FI55 59.6 30 20 1015
T6TI45/F155 70.5 20 10 615
T6T145/FISS 68.8 20 10 520 60

FIB5 NR 75 35 455

F185 200 35 2205

Table i Deformation/Damage zone sizes for composites; determined fron in-situ fracture~ .-. '.
observations for mode I delamination fracture.
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Delamination Analysis of Composites with
Distributed Damage using a J integral*

R.A. Schapery
W.M. Jordan
D.P. Goetz

ABSTRACT

The J integral theory for fracture analysis of materials with
distributed damage is discussed and then specialized to a form that is
useful for analyzing opening-mode delamination crack growth. Tests on -
double-cantilevered beam specimens of two different graphite/epoxy material
systems and three different layups are described and then analyzed.
1. Introduction

Fiber-reinforced plastic laminates may sustain an appreciable amount
of microcracking and other types of damage before global structural failure
occurs. In order to characterize the resistance to delamination and to_ .
predict delamination wnen there is globally distributed damage such as
microcracking, it may be necessary to account for the nonlinear inelastic
behavior produced by this distributed damage. In this Section we briefly'.
give some background on the J integral. The theory is then specialized in
Section 2 to opening-mode delamination of double-cantilevered beams (OCB)
and illustrated in Section 3 using experimental data from tests of two
different grapnite/epoxy laminates. ,...-..

A two-dimensional version of the J integral was introduced by Rice
[1], and was shown to be especially useful in nonlinear elastic fracture .P -.e
mecnanics. Its primary usefulness comes from its oath independence and its ..%

relationship to the crack tip stress field and work input to the crack tip.
Numerous generalizations (including extension to three-dimensions and large
strains) and applications have since appeared, such as discussed in a
recent book by Kanninen and Popelar [2]. Except for steady-state
conditions (3], the properties of the J integral are usually considered to
depend on the existence of strain energy potential W=W(eij), where

sij = l(eij1)

in which si. and eli are components of the stress and strain tensors.
Schapery exended te J integral to nonlinear viscoelastic materials [4]
and further showed that important characteristics of the J integral carry
over to other types of inelasticity, including that due to distributed

* Prepared for International Symposium on Composite Materials and

Structures, Beijing,China, June 1986.
R.A.S. and D.P.G., Professor, Civil and Aerospace Engineering and

Graduate Research Assistant, Mechanical Engineering, respectively, Texas
A&M University, College Station, TX 77843. W.M.J., Assistant Professor.
Mechanical Engineering, Louisiana Tech University, Ruston, Louisiana 71272
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microcracking and other types of damage [4,5]. These generalizations
depend on the existence of a potential which is analogous to strain energy,
Eq. (1), but which may be multivalued. Figure 1 illustrates such a
potential for uniaxial stressing. The net work input to the sample at any
time in the loading or unloading history is the so-called work-potential,

W j s d e (2) % fP.

0
In general, s and W are multivalued functions of e since they depend on
whether s is the loading or on the unloading curve. Arguments for the
existence of multivalued work potentials in three dimensions which satisfy
Eq. (1) were given by Schapery [4,51.

Here we shall assume a work potential exists and use it in a J
integral to analyze delamination fracture. For the materials and
conditions studied experimentally viscoelastic effects were very small, and
these effects are therefore neglected in the theory.
2. J Integral for the DCB Specimen

Figure 2 shows a DCB specimen. In the cases studied here, the beam is
a laminate, and applied force F causes the crack to propagate in a plane
parallel to the plane of lamination (which is perpendicular to the plane of
the page). We assume a' is long enough for the legs to be in plane stress
over a significant portion of their length.

The J integral for the DCB specimen is
12 (3)U 2

x2 - T1  + 2  d

where W is the work-potential per unit volume, T, and T2 are tractions
along C, Fig. 3, and ul and u2 are displacements; the indices indicate
components in x, and x2 directions. This equation is valid for large.
strains and rotations as long as we interpret xI and x, to be coordinates ,
of the undeformed geometry. The integration is counterclockwise along the . A

curve C in Fig. 3, which includes top and bottom beam surfaces and "erticaL
segments. The right vertical segment is t-.,t:n far enough from the crack ' -
tip that the material is unstressed, and thus gives no contribution.
Assuming small strains and that the left segment is close enough to the ,.
crack tip that we can use small rotation beam theory (but far enough to the
left of the tip for plane stress conditions to apply) yields, \ ,.-

2 fM F du2
J k(M')dM' - 2 . i (4)

o 1
where M and du 2 /dx 1 are the moment and slope, respectively at the left
vertical segment; B is the beam width. Integrate k = d2 u2 /dx to the tip
(assuming plane stress) to obtain the slope, use dM = Fdx I and Eq. (4)
reduces to M p. . .

f k 4) dM (5)

where Ma is the crack tip moment; this is the same result derived by Rice
[11 for a split beam under pure end moments M 1. It is seen that the result
is independent of the location of the left integration segment and, in
fact, is that in Eq. (4) wihen the segment is located at the crack tip
(where du 2 /dx I = 0). It should be mentioned, however, to obtain this pat-
independence (i.e. derive Eq. (5) from (4)) it was necessary to assume if
k(M) is multivalued (similar to the s-e curve in Fig. I) that the unloading
curve is the same for all left vertical segments used. This latter ,

...<'.
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condition will be met for all material (to the left of the current tip)
which had experienced the same maximum moment when the crack tip passed by.
Inasmuch as the experimental results discussed later indicate the maximum
moment is constant (and recognizing that the moment decays with distance
from the tip) this condition is met all of the way to the location of the
initial crack tip. To the left of the initial tip the maximum moment is
less than Ma and one finds j depends on the location of the left segment.
This path dependence in beam theory is fully consistent with that predicted
from the exact J integral for a continuum with variable damage in the
regions of unloading [4].

Strictly speaking one should consider the effect of the three-
dimensional state of stress around the crack tip in developing the J
integral for the DCB specimen. If indeed one does this starting with the
theory in [4), one still arrives at Eq. (5) if the maximum amount of damage .-.

is essentially that defined by the beam theory and the slope is adequately
predicted by plane stress theory. Weatherby [6] studied this problem using
the finite element method for two dimensional deformation of a highly
inelastic isotropic beam and found that Eq. (5) is an excellent
approximation.

Finally, we observe that for a delamination propagating at a constant "-
tip moment in a long laminate which is homogeneous in the x, direction in
its initial state, the state of stress and strain in the neighborhood of
the tip is constant in time if effects of shear force changes are A
neglected. This is a type of "self-similar" growth and therefore J is the - -work input to the crack tip (41 (per unit of new area projected onto the "'-""

delamination plane).
3. Experimental Study of DCB Specimens

Materials and Test Proce-dure: Two commercially available graphite! -.-' ..

epoxy composites were tested: T6TI45/FI55 (Hexcel Corporation) and
AS4/3502 (Hercules, Incoroorated). The epoxy in the former system is
toughened with 6 vol. % rubber particles. Several layups were tested as A.......

reported by Jordan [7]. Hera we report on four different layups with some
of the data coming from [7], but most data are from more recent tests.

Prepreg was used to make plates which were cured in the Texas A&M
University air-cavity press using the manufacturer's recommended
temperature cycle. A thin 3.5 cm wide teflon strip was inserted in the
midplane along one edge of each plate during the layup step in order to
provide a 3.5 cm long starter crack in the beams cut from the plates; each
beam was approximately 2.5 cm wide by 30 cm long. Thobe layups with off-
axis fiber orientations are listed in Table 1. Besides these laminates,
unidirectional beams with 00 fiber orientation (fibers parallel to the beam
axis) for both systems were tested.

Table I
Laminates with Off-axis Fibers

Laminate Material Layup
Designation Systen (fiber orientations)

A T6T145/F155 [±45/0(8)/T45(2)/0(8)/±45] (24 plies)
B T6TI45i'F155 '45/T 45(2)/T45(2)45(2)/±45] (16 plies)
C AS4/3502 ±4 5/0(4)/T45(2)/0(4) t451 (16 plies)

In all three cases, tne delemination crack was in the middle plane of
the beam, between a +45 and -45 ply. For A and C layups the beam legs

do- -AM
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above and below the delamination are balanced and symmetric in the

undamaged state. These designs were used to minimize twist and bending-
stretching coupling to simplify specimen analysis in this exploratory
investigation.

At least two samples of each laminate were delaminated in stroke
control in a servohydraulic test machine. The test was stopped several
times and the beam unloaded to measure the moment arm to the crack tip
(loaded state) and length of the delamination (unloaded state), and to
determine the force-displacement curve with loading and unloading for use
in an energy-based data analysis method. '

Additional tests were conducted on single cantilevered beams to obtain V
the moment-curvature relationship for use in the J integral analysis. MV
These beams were made with fiber orientations corresponding to the layup
above the middle surface in the beams used for delamination tests. Strain
gages were mounted above and below the beam near the clamped end in order
to determine the curvature k from the equation k = Ae/t where Ae is the
difference in strain readings on the top and bottom surfaces and t is the
beam thickness. The beam support at the clamped end was mounted on
bearings to provide free axial movement. In these tests and the
delamination tests, the external load was applied vertically through -
bear ing-supported pins.

Discussion of.Results: Figures 4 and 5 show the force-displacement
diagram for two layups in Table L Figure 6 shows results from one of the
cantilevered beam tests used to obtain the moment-curvature relationship;
specimen type B exhibited the most hysteresis. The maximum moment is the
crack-tip value determined from the delamination test. According to Eq.
(5), J is the area to the left of the loading curve multiplied by 2/B.
Table 2 summarizes the results. Two numbers are given in most cases, each
coming from different specimens.

Table 2
Sunmary of Results on Fracture Toughness

(in J/m
2)

Laminate Jc Ja Gc G. .__
Designation (Eq. (5)) (Eq. (5)) (area) (stiffness [8])

A 615/510 601/557 588
B 522 - 725/725 1333
C 538/525 389/380 440/434 383 (arrest value)

The values in the column in Table 2 labeled Gc (area) were obtained by
determining the area between successive loading-crack growth-unloading
curves (as in Figs 4 and 5). Assuming the specimens are linearly or
nonlinearly elastic, this area divided by the new crack surface area is the
Gc value required for propagatio,. The last column is based on the method P.'•-S
described by Devitt el al. [8]. It uses load-deflection-crack length data
to obtain Gc; it is based on the assumptions of linear elastic behavior and
no midplane strain, but it allows for large rotations. (The beam rotation .. •
at the load-point was as high as 40d in layup C; only for layup A was the
geometric nonlinearity negligible.) It should be added that all three
methods used to develop the values in Table 2 allow for geometric
nonlinearities. Material nonlinearities and midplane strains (due here to
nonlinearity) are not neglected in the methods used except for that in [8].

For the specimen type C, delamination occurred usually in distinct

. .." .-
-A...- °
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steps, as illustrated in Fig. 5. When growth initiated there was a
significant and sudden jump in crack length; the loads used in data
analysis at each pair of initiation and arrest points are connected by
dashed lines. The corresponding moments were used with moment-curvature _

results to predict Jc (initiation) and Ja (arrest) values. Specimen types
A and B delaminated quite smoothly in most cases.

The moment at which propagation occurred was essentially constant for
each specimen with the variation being no larger than t5% from the average.
Once or twice during the delamination test of most beams an exceptionally
high or small moment was obtained, but these values were not used in
calculating the averages in Table 2. (These unusual values did not
necessarily occur at either the shortest or longest cracks.) The arrest
moment in specimen type C exhibited scatter similar to that for initiation
moments.

It is of interest to compare the fracture toughness values in Table 2
with those for the same systems but with all O" fiber angles. Jordan found
that for the Hexcel system Gc varied from 400 to 650 J/m2 and for the
Hercules system Gc varied from 180 to 200 J/m2 . The former values are
consistent with the Jc values in Table 2 (specimen types A and B), whereas
the latter values are less than one-half those reported in Table 2
(specimen type C). These low values are consistent with observation of
fracture surface roughness, in that the surface of the O fiber specimen

* was very smooth, whereas many microcracks running parallel to fibers could ,&
be seen on C type specimens.

The B specimens do not have any O° fibers, and therefore the effect of
distributed damage in the legs should be the largest. It is believed the
high Gc values reported for this layup using the deflection-based methods,
compared to Jc' reflect this fact. For example, the area method gives a

SGC which includes uhe work of both distributed damage and delamination.
4. Conclusions

A relatively simple expression, Eq. (5), was developed for determining
the J integral. Only the work of bending was considered for the beam near %
the delamination tip; nowever, the analysis could be readily generalized to
allow for shear and axial deformation work when appropriate. The -.

* preliminary assessment of the approach using double-cantilevered beam
specimens is very encouraging. As predicted by the theory, it was found
that the delamination propagated at essentially a constant crack-tip ":
moment. Also, for one material system it yielded fracture toughness values
which are essentially the same for three different layups. In contrast,
the other deflection-based methods typically yielded higher toughness
values when distributed damage was significant.
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INTRODUCTION

Because of their very high strength to weight and stiffness to

weight ratios, graphite/epoxy composite materials are now used in a

wi de variet of aerospace, -utomotive, and sporting goods

applications. The first generation resins developed for uEe in

graphite/epoxy systems optimized stiffnes s and high glass transition

temperatures (Tg) by usi ng a very high crossl ink densi tv.

Unfortunately, such resins are quite brittle. Recent developments

have centered on how to increase resin toughn-ess with a mini(CILIm

penalty in stiffness and Tg. As tougher resins have been devel oped,

it has been shown [1] that increased resin toughness does not lead to

a commiensurate i inproverient in composite toughness. Three possible

reasons f or th i 5 are (1) prematl,'-re FilUre dLIe i:c0 weak res.iniFi her A.

adh es i on, (2) i. b r s pr ov i di ng c) I L r a i r- whi . c h 'h r-c:h , the 1 a O C 1

state- of st ress and li mi Ls the ductilit.' o4: the re -n [2] -d ..

fibe rs act Irig as r gi d jIlI ]ers and tht:rE. r'C:JL1ciig this vol UL e of - .

materi a]. a-,aj, I b I ri or d,+oriiati on in thcyi !d z>LI one ar'ouid the cra. %

%o % %

*N

.- * - ."



125

tip. ... ,

In the case of delamination of a graphite/epony cormposilte,
% .. .

the fracture surface is characterized by the amouint of fiber pullc-t,

interfacial debonding, and tlhe e xter t of the resin deformati on or

microcracking. One of the most common fractographic features that

results from microcracking of the resin are 'hackles'. These hackl es

appear as lacerations or scallops in the resin that form regular saw

tooth or wave li e patterns. Several attempts have been made to "

relate the orientation of the hackles to the direction of crack

propagation [3]. Results to be presented in this paper clearly show

that the hackles slant in opposite directions on the top and bottom

surfaces of the crack face, making it irpossible to infer crack or-wth

direction from the hackle slant alone. ... -

To develop an accurate interpretation of fr-actographic results

observed on delaminated corrponents, a systematic experimental program

of delami nation fracture of composi te coupons with varying perentages :(Q

of mode I and mode II loading is needed. This paper summar-i zes the

results of such a study in which the effects of state of stress, resin* 4

ducti 1 ity, and resin/fiber adhesive strength have been correlated with

resulting fracture surface characteristics. In parLi cul ar, the

formati on of hackles and their potential use as a reltiable predictor

of crack growth direction has been studied The fractographi -''-h i c

information has been col l ected uSi nj sc anni ncj el ectron mi croscoe'

(SEMW obsurv Ai i iAs of Ehe de I a Ii ni1t ion .Fracture surfE cs of .:LAN "-

ULr i direc:t i ona I spi I L an, ji-,a te spec- inma.IS (1DLIi) - These sp I l t 1a inate '*"t

speci men"s have i cr- ,  f I r,, u r- c ur l:r d LAd T L , lu d(. IC IC antLi Ti i > d Iod ""A

I.II loadi ng cui id i t i ur-is. To c: -ari f? the i nt. :r pr L ion cf, the

post -mo tem Fr act(rIjr apI C i r,--: i t '".. b "r 1a t-"L i s 0 l

~#.. .- xe*~; i. .-. VV.~..'.%*,.***...
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fractUre of smallI DCP speci mens l oaded i n ModLJe I and mode II170

conditions have been made.

EXPERIMENTAL METHODS AND MATERIALS

RESIN AND COMPOSITE SYSTEMS .

The foUr graph ite/epoy vcoruposi tes5 Used i n thi1 s s-LL'dti- wer e

comnprised of HercuIlS iS4 graphite fibers combined with resins having

both different degrees of touCgh-ness and inter-facial bonding sztre-nath.

The brittle HeC-r C:UlEs- resi n .5 1- 6 W a SUsed w it h f ib er s t haz T- viere

ns d. Te composite SystemIrs DtS4/w -F6 and A'--4 D~-' -er
uni£d Th S
comnpri sed of a somewhat more ductile Novol cc epoxy resinF with sized

fibers to increase the interfacial bonding. The OiS4/Dow-FP7 resin was

modified wi th rutbbe--r particles to increase resin toughness along with

another second phase additive to enh-ance interfacial adhesion. The

f ourth system A54/Dow--06 U s eS a much touLgqh er c roasl i na bl1 e

th e r moapIas t ic epox,.y with sized f ibers. Unidirectional 1-4 ply lam.Tin-ate

panels were mra de f rom the, prepreg of these systems provided by Dow

Chemical. A teflon strip 0.O)~m in thickness was inserted &aong one

edge of the panel between the mid-plies to provide a star4ter cak

The panels were then cured i n a n aUtOClI ave p reass, a L Te--. as PI&M

Uni versi ty usi ng the teprt:epesr/iecycle speci fied by Dotw.

Chem-ical -for each s','s ~e (,.

FF'(iC1"UFE TOUGH-NESS

Del aw: nat i on f r actAr e tOUCh cm uren fur oPening iodo ' ,.

(GI.) s sh ua r mode (~~ and mi xe:d mo(:de: wcure mrr.de Lb'.' L i flO

.*



127
25cm. by 2.5 cm. double carnti lever beam specimens (DCD3) as sho-vn inV

Fi gure I1. These speci men~s were t es t ed using a N1TS systLem at room

temperature (24- C) in stroke-& control at a rate of C".108 cm/sec.

A partial unloading compl iance measurement was made af Ler ea ch

approx imate 1 cm. of crack growth. Stroke--, di spl acement and load were

recorded continuously as a function of time, while crack length was

measured d iscr etelyV usi ng Vi sual measurements on -the edge o-f the ~~

specimen.-

AINLYS IS OF FRACTURE TOUGHNIESS

A c ompl1et e description of the analytical proceedUrE'S Used fo-r-

Calculating the composi te mode I, mixed mode, and mode I I energy

release rates for these systems can be found in Tee et al. [41. I n '

Su~mmary, the mode I critical energy release rate i W a s

calculated from the meas:-ured data by three methods, linear beam theory

as described by Devitt et al . [51, t h E change of area under the

1load -d isplIac emen t curve method Suggested by Whitney [61, and the

change in c omrpl_ inc e method us in g an an"alysis suggested by Wilk ins

[7]. All1 three methods gave similar results. Thus, an average Value

obtained from these three methods is reported in this paper. For the

mixed mode loadings, the total energy release rate was Calculated by

combining the mode I and mode II energy release rates, each Calculated

assuming linear beam theory. Be:caustEe Of the large loads and resutlti ng

large deflections ne d c.,d for mode I Ic-r ac k p rop ig a Li on , t!hC

r eq ui r em()e nts n ,ed ed f or- a linear beam theory anal?,ysis, were not meit.

TI1-ILUS, t hE' mTodej I I enr-gy r-el easE.- rate was dete:rmi nte-d by ma- i nq the oI

area under- t h l--1oad-d isplIa~cet_-me7n t C Urve bounde.:d by thci 1 ozd-cracd

INt en si On -un I cad etn d d i vi di. n g thi s enc -- g by the i ncre.sc incak

J< 

I
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area which occurred. during this load-unload cycle. It is worth noting

that the area method used for the mode II calculations of Gx .

assumes all damage occurs in the crack tip damage zone rather than in

the far field. Thus, it is an Upper bound estimate of mode II energy

release rate which equals G1 , when no significant far field _

damage occurs. The fracture toughness of the neat resin material was

determined using compact tension specimens (CT) tested according to

ASTM-E3.99. Because of the relative brittleness of the resin studied,

it was not possible to fatigue-precrack the specimens. Thus, a razor

blade was used to pop in a very sharp crack at room temperature.

FRACTOGRAPHY

Specimens of suitable size for observation in the SEM were

prepared by sectioning the delaminated DCB specimens with a jeweler's

saw. Cutting debris on the fractured surface was minimized by cutting

the samriples before the delamination surfaces were separated. Any

loose debris that did occur was blown away using compressed air. The ,
' .-

surface was then coated with an appro.imately 2 A
.  thick layer of " -

gol d-pal ladium to avoid charging and improve imaging The

photographs were made on tri-X film, on a JEUL JIS-25 Scanning

Electron Microscope at accelerating voltages of 12.5 and 15 [v.

Real-time mode I and mode II delamination test s of the

AS4/ 501--6, AS4/Dow-F'7, and AS4/Dow-06 systems were observed in JEOL.

JMS-35 scani rig electron microscCpe usi eg a JEOL -5-TS2 tensile stqe.

Mode I del ami nat i on wass a ch i (7ved by pu!sh i Fg a wedrc? i rite Lhe

precri c. ked porti ori of a sm- I1I DCTD type sp--.c Imrn. The L.,ejdck tip , c~s

suf f i ci en t ly blunt to in sure that the wdg,& rerainod , l bchirid Ie ,0 ,

craci: tip all c wi q irode I openirig rather than wedjC' CLttiig of Lh

U' °*2

U%' W%

,. 'a°



.v'r-r -,

129

composite. A three point bend fixture was used to provide the mode II

loading in an end notch fle;.tre (ENF) test arrangement [8]. For both

loading conditions, the crack propagation was observed by viewing a

polished edge of the specimen in the region of the crack tip. These

observations were recorded with video tape and tri-X film.. The edge %%

of the specimens to be observed during delamination were careuLtlly

polished using standard metal1ographic techniques and coated with a

200 A layer of gold-palladium.

EXPERIMENTAL RESULTS

FRACTURE TOUGHNESS RESULTS

A summary of the mode I .G ), mixed mode (G ),.€

and mode II (Gil-) composite fracture toughness are presented in
* b

Table 1 along with the fracture toughness valueS for the neat resin

materi al obtained from the compact tensi on speci mens. The

delamination fracture toughness for mode I loading was found to be 6
greater than the neat resin for the brittle system AS4/ 501-6 and

similar to the neat resin fracture toughness for the tougher systems

(AS4/Dow-F'6, AS4/Dow-F'7, and AS4/Dow-06).

For al 1 of the systems of this study an increase in the

fraction of mode II loading resulted in an increase in the total

energy release rate for crack growth, with the most dramatic increase \."-

in fracture toughness occuri ng in the more briLtl e sysLems: nasal ,,

PsS/,. .1-6 and A34/LDo,.-F'6.

FRP CT0GFsH C FRESULTS : DR I TLE N'ND rIODA .Fk>1EL Y DUCT I LE CFthPOS Ir E
*- '-*.:

* - %
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SYSTEMS (AS4/:;501-6,. AS4/DOW-P6, AND AS4/DOW-P7)

Post-mortem fractography of the del aminated DCB specim;hens

(Figures 2, and 4) indicates that the primary mode I fracture

mechanism for the AS4/-I5-OL-6 and AS4/Dow-P6 systems witas debonding at

the fiber/resin interface or fracture through the interphase region.

High magnification fractographs of these systems clearly reveal the

texture of the fibers indicating at the most a thin sheathing of resin

adhering to the fibers. Tlhe resulting fracture surface was similar to

a flat corrugated roof which has the effect of increasing the surface

area compared to a flat, or planar fractUre UUr face. In the resin

rich regions between fibers, a smooth brittle cleavage type fracture

was exhibited with a limited number of shallow hackles. Occasional

fiber pull out 2Fid breakage is also seen. The fracture surface of the ,

AS4/Eocw-P7 system reveals much more resin deformation and damaoe with

some resin adhering to the f iber s, indicating better inter-4acial

bonding. The surf ace also is hi ghly poc k marked . These holes

(approximately 1 -- 5 microns in diameter) that ovi es rise to the pot

marked appearence are apparently the result of volatiles trapped

during the fabrication of the laminate panel (see Figure 4b). The

AS4/Dow-F7 system also exhibited areas where large sheets of resin and ".""

fibers were pulled out as the delamination crack jumped back and forth

between adjacent fibers (see Figure 4a).

In all of these systems, qualitative observations indicate the '..

nL'mber of haLkl es and their angle of' ori.nt.ation with reference to the

macroscopi c fracture p1 ane increaseld is the percentage of mode II or

sher" loading i ncresed. Th i s ir r-e,&,se in hac kl e nu1mber and

orEn tati on is most cor-,spicuous :oJr- mode II loading greaI:er than 4%

(s!e Figures 2, , and 4). Al near pure mo0de 11 loading, the haL:kle .

* IZ*
7, -- . .-.
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are observed to be n-early perpendiCUlar to the plane of the plies, and

thei r edges sometimes appeared drawn and "tUffed - For the most part,

the orientation or slant of the hackl::E-s remains constant on a giv.e-n

f racture SUrface (i .e. f or a g ive, f- n rati o of mode I to mode II

loading) . They appear to slant towards the directi on of crack growth

on on e fra=ctukreC S~rface and in the direction opposite of crack grovith

on the matching fracture face (see Figure 5). Compari sons of the miode

I fractography to the mode II fractography +or the: two brittle systams

AS4 /3 501-A and ""S4/Dow-F56 s ho ws that t he a,-IMo0Un1t of r Esai n/ri b E-r

debondi ng a s exhibited by the afrrount of resin adhei.ring or coating the

fibers does not seem to be affected by the increase in mode-- Il loadi-ng

(Fi gure 6). Th is woulId seem t-o indicate that interfacial debonning

for these systems is insensitive to the 1 o)ad, nQ condi ti ons.

FFCTOG3R(PH IC R~ESULTS: DUCT ILE PRES1 I SY STEM C Pi34/DDUW-06)

The f raEc t Ur e surf+ACes Of the ductile systemr A-S4/Dow-06 were

characterizied by resi n f ractr- re and deformation, vi th r Es -inF

c omplet elIy c oat in g the +fibers , i nd icat ing good f iber/resin adhES-,on .

Fractography revealed no distinct h ac kIe s (FiguLr e 7). Only at near

pure mode II loading conditions were any. even ill defined hackle-like

f eatures seen. T h e se feCatu-res are chaotic with no cle -arly defined

onientati on.

'Rg[_ -TI ME DELANJI INATfIM-4 FRrgC-ruV"E OSSREYI",W I ONS *

Mode: I Loadi rig - I n-sitLu obse--rva,-tions- in the EE)Li of- fra:ctureF-

of t he composi-.- te systemarec1 se-en in f ulr?8 For mudce I lodir~oi-

tht britl iS/5i-5 the prii mTr cci: is ee-n to proceed ti y

i ntr c, rc fcii dcebond iny~. A limfite'd APIouLnt of I u-ca Ljig i s son-r to

% %-
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occur in the resin behind the pri mary crack Lip and is normally 

associated with fiber bridging and ever-tLlal pullout".

The mechanisms for crack advancefen L in the del amination
I

fracture of AS4/Dow-P7 were seen to be both resi n/F iber debonding and .

resin deformation and mi cr cracki ng. In the mode I fracture or the

ductile AS4/Dow-D6 system, crack propagation occurs primaril y by resin

deformation and fracture, with only occasional interracial Ueonding.

Considerable resin de-formati on and mi crocracki nq is seen in the

regions outside the resin rich area between the plies.

Mlode II Loading - In-si Lu mode II del ami nati on observaLi on=

were made for the AS3i/35Ci-5 and AS4/Dow--P7 sys-tesL. In these s sLems

a series of i gmoi dal shaped microcracks are seen to devel op in the

resi n rich regi on betweer the p1 ies wel 1 ahead oF the crack tip (see

Figure 9). The pri mary crack ex Leni on occurs by the growth and

coalescence of these mi crocracks. Normally this coalescc-,nce ccLrs

near the f i ber /rec-i n i nterface at the upper or i ower e':Lent --f the

resin rich region between plies.

DISCUSSION

FRACTLJRE SURFACE CHARATE R I ST F] S LF MO0'ERIELY DUCTILE AND P-ITTLE .

RES SIN SYSTEMS AIND THE FORMATION OF- HCKLES ".

In tode I ai 1. Lr-e, the in--si t!LA cAb s-c" vat io, s i nd i c:, t thL t t

primary mi cromec:h.-Ani irm of delamir at i. - ri is by int,riacial defbcring + r .

t Ir P-,",'I -I/ -7j., 01--6 .and A034 /,IJ Dow--F b: sysi.c:,ma. Dir_,*i,:u. >:' Lhc{ d(::Il ama~ nati on craci '.I'-.
t~~~~~ ~ ~ ~ I I Iy:llLatn I'u. Lec A~

La 1: e s the path o lea st whisi at an c e ,i:h i n theos sys tmc-in was a ]

the r-e,.i nF + i her- r i t o.r f re r cs n F r LU I- a n L -h rc- e( onso b t -we-- "

- -. -- .....

4. . . . . . . . .* 4 .°-
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fibers was only ob-served occasionally. Significant resin deformation

or microcracking leading to hackle formation was limited to the few .- .

isolated areas where good resin adhesion and/or +iber pullout I.P

occurred. ThLS, only a relatively few, shallow hackles are seen in

the mode I fractography. The composite frac:ture toughness of the 04..e

brittle AS4/15i-6 system was seen to be twice that of the neat resin

material. This may be explained [9] in terms of a greater fracture

area due to the corrugated roof fracture surface in the composite as

compared to a mirror smooth fracture surtace in the neat resin. This -.

greater fracture area along with fiber bridging and subsequent fiber
thL ~~ ~ ~ %• -r u i1U b"ei

breakage apparently compensates f or the premature ailure by resin

debonding. However, the AS4/Dot--P6 system whose neat resin has twice

the toughness of Hercul es 3501 -6 had a very similar delamination

toLghness. Assuming the interfacial bonding in each system is

similar, this might be expected, since the +ailure mechanism for the

AS4/Dow-P6 system was also principally resin/fiber debonding.

Therefore, fiber bridging and breakage along with increased fracture

surface was also responsible for providing most of the resi stance to

delamination. Delamination toughness f or the AS4!Dow-F'7 syste m seems

to be derived from a combination of the better resin toughness, a

better extraction of this resin toughness resulting from the increased . '.

resin/fiber adhesion, increased fracture surf ace area due to a

"corrugated roof" fracture surf ace topography, and fiber bri dginrig and

br ea ka ag r. 

The fractogra--phy for both the bri l:-, system .... .... 1-. "n

the uiewh at ior- e duc: ti . e r esin s' tEm 34/ LLo.-F and AS4,/Dcw--'7, "

clearly shows that tmIc. number 1 f. hrls D. i well as their ori ent.ticn ,.xu i.

or angle with resp--c:t to the pl y plane incireass I:he percent-qe of

• - -
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shear loading is increased (Figures 2,3, and 4) As the percentage of

mode II loading is increased, the argle of the principal normal stress

* monotonical-ly increases from being parallel to tlhe ply plane in mode I

to 45 degrees to the pIY plane if-or pure mode II loading. The hackles

which form only in relatively brittle systems are apparently the

result of mi crocrack nuc Leati on in advance of the crack tip and

subsequent propagation in a bri ttIe fashion through the resin rich

region on the principal normal stress plane until they are stopped by

the graphite fibers (Figure iC). The coales-cence of tese microcracks

constitutes growth of the r i marf crac -. Cof i rmat i on of this

ex, pl anati on is seen in both the fr.ctoraphi c e--idence of incr eas ing

hackle anqIes as the shear 1 oading -- is increase--d and the formation of

Ssigmoida], shaped mic:rocracks in front of the crack tip observed in

in-situ mode I I del ami niat ion of AS4/3- 1I-6 and AS34/,ow-.P7 (F i ure "-

0 In al! of t-ea. graph i te/epo: y composite systems of this study, 4

the del amination toughness is seen to increase with higlher percentages.'

of mode I I shear loading (see T-able c ). The value for the moUce !I

cr i cal energy rel ea se rate found in this study for AS4/33!-6 was .

noted to be 2 to 3 times higher that reported in pr revJ uous mode II

fracture toughn!ess sCd : -,- s of AS4i31;l-6, ,E '3 lC)]. No comparisons ,were.

L possible for the four othr-r- ..s Fsms studied, but the large -

G ,/G rat i os may i ndi c:t-e &n apparent I arger- than

expec:ted mode I I del am a ia .on .,,lhrio . i n th se sy..tFs a " w 1 I

Wh Lh, r tI-,C hi gh c.r mo e- I I d r,. 1 (. i ov! t7 ULI h r-,. s Va,1 Us e r L o t

di. f:+.,r- nces du. Co such ,vari ahl . .,: a L .. L .r j- i.F Lhc" "r'

ar Li f r',ct of the -? pe ri mcn ::l r .url y'D!J .i pa ' C .... '3t:!.5 S. I u fl'C ,,_-,,r,,-

c rh gen, ral Lr n ds b c .t wc:,r, iuod Uf .1 U ----di I.. 5, F, d L! I --,.m i a it i ni-

'-. A,..

* I .4

. . . . . . . t . . . . . .
. . . . .

I II I I I t I II i I ~l~A l'-

"2 .''2'2 , '-'-'-'°-.
""

' '.-''- -'-{-2-.'-'' " %.
°.

--,".. .'.-' -- '.-' ' -. %.'.-'.--.'-"--'.-,.:-€-'.:-°:c'."-. -'..' ''..-L --,p.-
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C toughness indicated- by TabIe I are consistant with othcr published

data, and will be used to describe qualitatively the reiationship

between f ai 1 ure mechanism and fracture toughness. The mtC, S dramatit -C

* increase in Xr-acture tou ghness as the percentage of modffC1e ! I' odiFing -

was increased was seen in the system17 that fail ed Primari ly' by

interfacial debonding under mode I loading conditions. For these

* brittle systems, A3 4 /3501-6 and AS4/Dow--F6, the increase in 

delamination toughness appears to be associated with the Tormation of '-le

the hackles and the change :rom conti nUous to di sconti1 FUCLs crack

* growth it represents., Bcth the increase in fracture surface area p

generated through the formation of these hackles arid the more tort,..Ois'"

path of crack growth (sigmoidal shaped microcracks inpiigeriint on

( fibers, etc. ' would sugge'st greater resi stance to crack rowth for 

increasing mode II loadino. When inter acial i adhesion i = , ,pov-, s

in the A S4iD-w-I-7 system, the r-esJ stance to crack qr-owLh in ,,-ode .

loading is improved by resin microcracking and deormation. , 

There fore the effective increa.e in delami nation toLq:hnES under high

mode II loadings that resul t fro the dE 1 c, pment oT regt .- r

microcracks and the formation hackles is greatlv reduced. It is also"

worth noting thLat the more ductile AS4!Dow-Q6 system had no hac:le

formation and therefore a G -x'i ratio which was much

lower than for the more brittle systems that failed by debonding under

mode I condi t ons (Table I).

Whi 1 e the i dea that mod.? I I or- mi cd mode- 1 cad i n-3 o a

rEl ati ve.y britt.e rei1 c c, mpci [D I q i ,l'Ls m crocr' i m , ro t h e

pr-i "ci phl noracA k p- _ 0 1 C 1 .r .?ao C:,,,.I-.. t c l t'-1 c .: C' 111 U b to

'..%.° %
h ac: Vi f: or-h L; onr sects. fi : clu]i . , t . I .i v.,iI ., c ci r .*,z L- , t V c:r c ,fliLtt b'e ,r'-re~r, to3 ,"

t h L t o ;r v . lhe pu : -- ,ur t rii and i r--- i il I' - U1. La 4: or Lb Ie 3L!r ,-,, I I L

J.%-

4 .. -.
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delamination Tracture (mode EI .fractography in FigLkres '- 2, and

clearly indicate a final hackle orientation muclh greater than the

expected 45 degrees to tihe plane o.- the ply one WOuld predict based on '

a simple stress anal Ysi s. The more nearl y verti cal over a Ii

orientation of the hackles tor pure mode I! loading C-uld .- SU!t -rom

hackle rotation due to shear loading just pri or to microcrack

* coalescence (see Figure l: ). This rotation would not only orient the

mi crocrack more verticallv but CoLtld also open up the mi ccrrack n7ear

the b,0 Un d ar v where coal escence occLurs. Thi s openi ng of the

O mi cr cr ac ks gi ves the i mpressi on of mat er i al lost, hi ch mi ht

correspond to matching hactes on the opposite surf-ace. Ho.ever , the

mating fracture surfaces has for a ackled re gion re -our-d to be

fIat, dish shaped re(gio ns - which correspond to hackle coa!.escenc on

that surt- -ace.

The mode I in-si tLu results of the AS4/3501-6 (Figure Q)

S cl earl y show thatL the s Iant di r.ct i on of: the hackles depends on

whether the coalescence of the mi crocr.c s occurs at the uoper Or-

Sower boundary. S irCe the nLImber of hack. ces pci iti ng in the di ect i on17

of crack growth on one fracture surface appears to he the same as the

number of hackles pointing in t he opposite direction on the other

+fracture surface, no pr.+erence as to whether coal esc-.ne takes p I ace

at the top or bottom of these microcracks is indicat,.ed. Once the

mi croErac k coalesucence begi, ns on either theaup par or ...r boundr-'"
*.:-.-..

the resin" ri c h reg.j i on b L, t:,eri I pi 2s, i t )i 1. cor t nse on that sace

boundary. Tl••,e s r- :,s rI-d e stI but:i oF L , L cxc: cup: ii icc the ccc..:c ?nco I

of: the fir -:t two I crocr.:: Lc. wim . vn c ,ir- o, ,,d AC.. c. COC c I %

Da .: u a_ f.i 1: J In LAOi L. I r)di :y( . ~ l
sem:} uIM:.Cc,/ L l rc4L" '~:Ld ilI ~ ' ' .±c.~~c

* ".11

*** 4*S *a, .*p*J*'* , m [:11 h.- r :."Slt ,' J J ,. ::d I) - ,.: , c, : V .L i ,c 1
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may be an important *mechar, im in the +ormation of hackl es. The amount .

of resin f I ow in the deve opme-nt of hackles in the AS4/T501-6 and

AS4'Dow-P7 under 43%:. mode I I1 loadi Fig was evalu ated by no Li r, q char iqc,

in the fracture surfaL-:E deails i before and a+ter anneal i ng tha i ..*,,-

fract ured specimen 15 ° C abocve the rsin Tg for 4 hours to see-

the extent of r-eco very (Figure iI). No visible recovery in terf.s of

change of shape or size of the hackles in these .. te was b. " ...'

indi cati ng that resin F=ow is rt an important T E''- .Fm i: hhe

formation of the hackles. However, careful ex -ari nati on sLggests Lhat

there may' have. been some c hn-. r ,,- h o ack 1 o rientati on r

annealing., the argle with recsect to th p1 v p1 ne se-ems to have

decreased very sli ghtly, Supporting tL-e idea t hat rota-ion of the

hack..le, wh i. ch woul d i ncr-ease the hac k 1 e i r- ii nat: ion, fvay t ake pi ac-e

due tc the mode I I component of load i. rtg on the upper and lower

boundaries of the sigoi daIly m:i. crocac ked region before t i nal

coal escence occ urs. One ii. ght expect the gretest amount of hackle

rotat i on to occur under p -tr" mode I I 1 oadi !ng con d L id ions L ., i- ..

tlhere.,lore a si gni fi cant change in th hackle incli nation with r-espect

to the ply plane after anneal ing would be observed. At the ti meof

tlhis writing, te sts to eval uate the effects of anneal i rg on the mode

II fr acture speci mens ha-.e not- ';.ot bten cor duc ted. -- d"

I NFLICAT OIS FOR F'A!LURF :E NALYSIS

T I . v b f. :, r va I on !. h' a v , i f ct r t -- ant a p ::) 1 J c at i on1 to f i Io ut

an ys is F. Y-F. L. a vE'r-y h.cklned .trface (n a oi. direction,- 1 a! mi-.: e .

cl:c arl i n indi.at ,-s a r,. A ti'v y 1.-L' hr i. tl. ru r r c. wi ai gni fi cant odc. I (--(

I oad i ;. Th I- u,o r e n earl y ver. cal 4 h Ii acAe.: , th , greater was . he ,

mode I c or,,pone, t o.F the s-I(rn vi. lo,,d whti. ch ctc.d the fail ,

*°+*.
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%De1 fai nati on of muilti acxial conpc <.. ites such ,*s [C: ,+ 453; -{-)] WO "id be """'

expected to show (I ener aI hacki i. nj even f or iom i nal' macros-pi C mode
':I2. -

I 1 oadi ng due to the devel opr of i nter 1 ami n ar _- e r st re (e i es. 6-

through the differential Foisson 's cojntraction.,

A s mentioned before, some authiors have SuLIge:Sted that hackles

nay be Lse fUl1 in determi ringa the direction of crac: ur:'-:..th. T-his

study has r- Iearly- shown that thiis is!- o}n 1v true for one o+- !hI E: T--aL--e '"C"'Ur"

surt aces. On the other fracture fac-.., the hack 1e point , from the .0___.

crack gro th di recti on. There dcoes.: n'o't see"im to be En, d].r--ct tway-v "o

infer anything about crac: k g ro ewLh. di recti on from the hackle -.

orientAtion. HCowever , l morT e 0-reuI", t..1 e{aii natLion of te d,.,- led t Ie

river patterns on the i rid i.vidual ha har .]. es may., aL1 ow crach qV: wth

direction to be det er mi n e. rd, i v i d ]r i v.r patter! s f be

re misleading if interpreted to be itiior e than tfhe local mi crocr-ac .c: grc w Th

direction but the r-esol ved di rc 1:i on of 4 " su.,cr VL h F iver ,mar- - shoul ..

point i1n the di recti on of crack extens ion. We fUnd t;-seu river

patterns more distinct and easy to map on relatively tlat haclt:its %

(i.e., for relativel.y low fraction of mo de II loading;. r-""

.% "

4 FRACTURE' CHAR(AOTERITICs OF DUCTILE SY-STfEM' "-

The . large amouLt 1t Of re sin deformat i on arid the of. any' %

dist inct ,acr- I e formati or irndisat,-s hat e pr-oc.s.-ies of +,-:ct.: -a

the: duct iIc i' /I- 1: c- eye a i ci di ff nrt fr r .. . .m th t i n L nI f1"E!

bri it! sysm7. 'i i ' i (:50 1, Tifi' d b3- tic' i Li--it.-Lu Ir:,d - I d:, mi t laI .i i I

o e r-v:t inC:) (hi g]U I': [) t.h Iat 11 t I ,k L 4:at . Im t tbyL r i F, t yi din1 g

Ind d EF () rit Lion o g I Ilc :r :d 4: i 5 (2 ' ,r (7-: 1r CA i a c s~ on u I I 1 cDt -,J' L~ SI

I 'c.d'i. t: o b f f ec i j v I rzn: f r tcd Lu t h r i an r

d Eforir,,1 L i In rinr J -if)..~m i o r If Z()1: I p Lu 8D or iC f ih(?r di. wroILers c o s

- * a o.... ..
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The moic)dec I I f ractLog raph, of fiS34i,'Dc-D5-' systLemr showed an ± irirea e

*~ ~ res in defojrmation sor redt hat ie jn mode 1 t a]. 1ur e .,ijth littl 1e

or no h a c [. I a-f Or fiia L Ion - BECa--LtE there Lvacts n-o si g.-i fi~ca-t chanqL c- in

fa8il ur-c mec han i s m b eten v ode .1 c - anrd HMod e I:I del a fr. n at i o n (ee Fi g u re%%

*7) only a im c)d--rat e i n cr ea se i n del aii n &ti on tCDU qhnries w-o- v )ulId b e

ep ect Ed a s on e chanigcd t hte I oc, i. ri f.r o m m,-,d e i t o mod c. c 1 Th1i s

*hypothesi s i SSU P0 supot ed by a L to Gr, ra-tio of- .. 4 , as

* pr eVi oui S.1 n o t ed Ha &,cI . e s a re no-rict deve'loped b e caUs e o + t he r e z in

dL(C:- ii1i t y . n 0 no britt!- l mi c rcc r 3cka ) ail IUrec from vi i d i ncj

occur-rinrg i ri 1 1 eu of t he dE-:v el op ucs.r-,t ai d cOale &s ce-nc E- of a regul ar

(Systemf Of m.Tj.Cr--ocr:acIkS.

* SUMMARY

T he- resul ts of this S tuLdy v h ow t)hat in brittle (4Yy1*~-

*(re-sin G,_ 7V'J/Sq. m. ),the sl i ghLlI y more dutr-JIe Ail /Dow-F'5

(resi n G:, C)0. 14 K::J/Sq. m. )and A")-*.,,Dow-F'7 (resi n- =r ':2.

*K.S.in.) composite systems the nlumrbe--r of h-ackles annd their an g I wit h

r resp ect. to LhcE. ply pIi- an L mon o t o ni c all1 y i ncr c:,ase wjitLh t he p e r ce-n tage of

IT'odec c I I I oiz-d j rig. I rn-si t-Lt d Elam -t yina 01t ic)n o L c-,r v'at i o Un ~d er fro d I I

1 Do3.d i n ig I howv t h - t hise h as ckI e F d E..loe f c r 1: i thie cci C,31 E sse-,nceo

j. qru id a 1'i shped.(-, Ij mcroo)ck tha for in a br-ittle faskzhion or the

p r- i n r i p I r~ Cr 1 . 1. oL ros p1 ise in Ih rur r ioh~ rLcci on a -d oi' h

rak t i p . -lwvrunder-1 hicl g pe C r : gordcs Ii 1 ca-d i n goe i :i

44 ~L he f inalE Or i &LtL::i. oc (f th h Ao., h c1 1 w j L h r -c-,pec t t Cthi:e - p 1 p1 I~~i

o t F' In fri LU-I (jr rca. Lsr t.. h an Lb h 'I c- i t]t.q r- coo o p ci:- L -d f i hr hr I t t 1I ra

al In~ Ilbs p r 1n ri p r1.r~i pk':- 11 so. Th ITI t ircrmd i oclv-ci on
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ma'. r-E-E.L L f- r o or ct -t1 i onr oft t he haCk 11 es Ue to the-: el-ear- 1oacJ ng

Sbef ore f ina1 c oal ECFt s :o f t he m-ri cr- (D cr-ck ks o CC Ur. 5 I11 t IiE&HS -/_75 i-6

and A S 4/D o.w P-6 ',Isytsnr jtem wnr rod e 1 d E:- a mi ratLi o n t wjasT dctcr : itd by

i n terf ac i al debond i Fig , the i ncr-eas -e inr del amin at i on f rctuir, E-,toughnes

A aS the loading condi tions ar-e changed +frm LW ur tode I to pur& mod II

corresponds to t h e f o I ri&t i on o- )f these haBoes.Sth the i ncr-eeased

S~ir tace a re a arnd t he ivc rei~ tortAuous path, of crack< gr-ovth [lhat: these -

*ha ckl 1es, represent sieem to be-: r-esponsiblIe for -the obser-ved aincrease ain

+fr a c tu re t 0uLght ire s. In t.h e f Do 1--'"7 S'YSt EDri WhF[ere thr1-1 E.e waSE

Cnftnhac e d i in trf-A ci a]. b onid ing t lea St soe oif t he mo rlde I. de a3mi rat i o n

*toutghn-.Fe:s wias obtLai ne-d throu1g Lkh rsinr de-fo (iI: rrma t i o'n anrd fr i c -o - 1-ci n g.Jo

T he.,r e +ore,: t he m~i crcra'ck :i IIg arid for-rrialti oF o+ natckies associ ated vith

highor prccenitages o f mode I I loa -dinig pr-oduced a mruch less dr-as tic

* 1 inrc:_-e: inF the de-l;Ecmi natiofi ouhn'~

IIn th[ie tou g her' c omfipojs it e s yst;Le m t-',4/D ow-U)6 rjesi r i G

Co.' 7 J 1</Sgq mi. h ac k]I es do not foL (r- II undeL=r h i g h irode II 1loaidinrg

*condi tions. This i s because in this ductile resin systemr, yielding

and duIctilE' fra=cture occLur before the devel opwient and co-ales:cenice of at

regulai3r sy s;tm of mYi crI-o cr-a c ks c an tak1::e p1I ace Si r-ice no chanc-igei

f aiIU r-e mriec h an sm (i e. no for-mation of hackles) t:ake:-'s Place as the

I oad~i r-ig conid it ion s chan.i)g e f:r oma mo(jde o to mode I I ,a le. 5c ubstcn L -ta

c h angqe, inr thIe d tL, amri n at ojn f:r-a c t ur. t ocugohns ocur-s.

* n f yi ur-e a-.al ye i ii3 ai ac-l . es c an b cu ed L cu id ri.Li f a t.!o
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musPt be ta" ken, - i US j nJ rig hckl 1 L (D i ident i I 1"L Chi mruc ~ t t~U

thei cpp Ii c.d loamd ing, j nl mc u :i r rmii.tI t idch r-e--c: L-'.u I - l 1 i ri iria, ct LI raF

1 0'acdi rg -1q i L [he7 C L: ra R L i p fILti I"C.2u L -r:m di-r-li- -o s~n 's
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TAIBLE 1

RESIN AND COMPOSITE ENERGY RELEASE RATES

System Resin Composite G3_ Composite
G1 Mode I 43:; Mode II Mode II1 (31 1 - 31~

Ratio -
AS4/3501-6 0. 07 (17. 0. Q695 1.292 943
AS4/DOW-P6 0-. 14 o. 165 o. 374 1.9(8.6 10C.9q5 .

AS4/DOW-F'7 0.32 0. 34C0 0629Q 1.32 .90
A S4/DOW-06 0. 7 3 0.348 0. 969 2. 836 .33

Energy release rates given in aJ/Sq. m.

W, d
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FIGURE CAPTIONS

Figure 1. Schematic showinrg how as-viraE:tri c loa di ig of9 a t=pi 1 aminate
(DCB) can introdUCE: a. Mi>ed KldeI , mode £II) sta;te,-- of strf-ss
at the crack Lip.

Figutre 2. Fractographs of AI-34/ ,5()1 -5
*Note, as the percentage o+f mode I I loading 1s- incrceased, both

the number of hackles and -their angle, with respect to the
fractUre surface is increa d. Arrovis indicated the dire-ction
of crack growth.
a) pure mode 1I loa-di ng
b) 12.mode II loatdin g
c) 477% m o de Ii lIoad in g
d and e- pure mode II loading

Figure 3. Fractographs of A2iS4/Duvi P-6
'The numrber of liar k I es and thei r ang]. e vith respect to the

cfra ctulre surface increase as the pcercen-tage - o+' mod- I I
loading is increased. Unde- r pukre modet. JI I loa d in.g -o nditio ns
the ha -ckl es -Appear nearl y ver ti cal . f-- rrowvs indicante th-e--
di recti on of crack growthl-.
a) pure mode I loading
b) 4'.,* mode I! loading
c and d) pure mode II loading

Figur-e 4. Fractographo: of r-iS4/Dovw P--7
The numffber of hackltes and their angle with re.7spect to th-e
fracture surface increaset a--s the purcer La&qe: of+ (mo jde I I
loading is increased. Unlder pure mtode II loadinq condiitionis

*the hackles appear nearly vertical. The ' po ck m. ar ked ' SUrf+a e
may be the r-esult Of tLra,[pe:d vol ati leo dUring the curi no of'
th1-e l ami n ate p anel6:1. Arrows i ndi rate the di rect~ on of l -.

a) pure mode I loading I large: shtE.-ts o +f fie rs z d rSin
are seen to be pulled out.

b) 431' mode II loading
o and d) pur-e- mode 11 loiading.

Figure 5. HackI ,les slant in the direction o-f crack grwhon the ur-ppe7r*' '.

fract tire surIface an i n the oppos i te cii r cc: .i on on t he Ioc
fractrLIe !:iirfac. iro i ndi ca,:it Lec v.ioiU-4 crack growvth. '~\

1gLir-E 6 . Cl e.:, fiber. d :a tc 1hc' a do-.h on li nq i n Loth IcrP
and :m.ode- I I ]. ned ing ctnd .0iK:+or t lic(:i!/J. 5 .

14t.
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Figure 7. Fr-c Lographo fdlam=aio fracture ofl th-e (-i.tcti 1e
AS4/E Qvw Uv-1 E.'s:tem
In the C4jo-u L cst LeGMr t he Ef i ber a reC- cotp 1t 1,t cIycotd Lh
resin i ndicati ng good reel n/fiiber i-dhiesion. Ine~ hat in
duct ile sy/stem di 3tir-ct hackl1 es are not- obLs---r,,e ,re(-d a-yen at: pur
mode II 1 oatdji-g condi tions. Arrows indi cate thcie diret ifO
crack growith.
a) mo de I lo-Ading ~~
b) 4.--7. mrode 11 lo-ading .0
c and d) putr-- mode 11 loa :d in g

FigUre B. M'ode 1 in-sitU del mlnati on. Arrovis ndi cats thE- di rec -tic no of
crack row th .
a): ~-S4/.I ,-- 6 tai I ut~ r1- s s eenv- t o L-.e- pr-friar . 1. y by d i-b od i 1q a t
the f ibsir /mja t r i - i nt er E.c E-.
b I En t hc i mod e I d e1 -- am i n akt io n f- A I I Ur-e o± 4: he E, 0* L-t
*sys te-m e x t enr.si .'eu r c:s in yV I c i n rq I o b --E-r v-
c arid d) In the i.CS4/Dowj 1-- ~.'tm modr- i d e-I ri rLio.:Dn i . 1 u1 rc-
occurs 'E by a comb i ntion ot ti1 'r'r esi n dciu'LOIUiF rCtri~druir
yi El d ng. P-artLmial rre'3in c o - iFg ,-j thi-I- t-r' i '-'

iffmprovced reinfihradhesion.

Fi gUre 9. Mode I I instrdla-nelO r ~o ws i n d c -a he E7d!i r (-c t.Li -i of

craz-ck growth.
ai devel opirent of- the s' g--i d l mi crocr -cz L!~ 'in ri ch
req~i on bEtwve-en F ibers in 4-on,.t of the crm-r- tip 1 rI t a -

b, -i~nti a ir~ ' i.n t C. F3/-w -7 Y'- 1~rt un, r- EU.-.r.
mode II loading c or-ditti or,,. HoLe, the c L--'roi inte:{-+,c;
arc-, not cl early di siti~gU-J-habLI in this {- ~p
c and cd) Hac kles E'S I---'1 I-±IFg q rffn th- OUt:--il! 'lit the
mi crocracks dr---.'eioupcd Ln node 11 loadi na? u-'- te i2--b

Fi g~re 10j. a) Th e pri n ci palI n ormaI s t re sses t h at develI olp Ed ah1tea d o., a
crack tip in the resin rich re-i on betwec-en pl i asothr m
1loadinrg condi Li ons.
b) Thesc: de-.vcel ocproent ol si gmoi dal mi crocr acks a1lg the
prirnci pal normal stssspiarie and the rttonof thie hac-ki s-s
Iue: to th-' shea-r 1 ocadji g b-c- fore f i r-,--, coa:l scence oif the.

m-iicrocracks. Th--E- di recti on in which tChe hackl 1es sla ,nt
dep n-id s onri.jI- he Lh er- thea m cro-rrcc- c OiZtC : C~li-SCP a at th'.U p' p~ or
C), lower bOtindar-y.

Fm gore it. The fr,:cture sUrfacoE bcr- r and -aftt-annea. i ng It,-i5 Cern.L
abcov,,e the -r-"- in [p Tb' -e is; no rh-.r-''--il' ch -ngeins -- j.

no -n iic-' ti nL 1-aII .'I- i lii 'nt- II Ike( ka: lon

p~ c Li [:itii - C:tttUr- E? ttt fj-i (7- tV V e
d :.crc!a- d t~ 1i~ g h 1. -v t it i - 1 ct t.. C:It --s L i i t! I - r -o~ o r 1,

Cjf Lhe hi tck 1 dttt Lo the shErarl I j-cirtjc '--ccurr-(td befci-e - -

f ial ccu:l t.?-..,LncL of: Uih. ITL.c i- C c r c i:u

C: 7-
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Figure 1. Schem!'atic soizhow as~ercloading ofsplit laminate can
introduce a mixed mode I/mode 11 state of stress at the crack tin.
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stress diagram for
pure mode II loading

principal normal
stress plane for

pure mode II loading ~-

delaminationfie
crack tip 

-

14 4 esinrich -region'S fiber between fibers

microcracking along
the principal normal
stress plane

Figure 10a

colsec0fth ircak

hackle rotation due ______ _________

microcracks
to shear loading before
resinlfiber
final microcrack coalescence 

.

Fi gure 10b 
*
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The Meaning and Siqnificance of Hackles

in Composite Materials Failure Analysis P& -

by

William Jordan, Michael Hibbs, and Walter Bradley

Texas A& University

College Station, Texas 77843

INTRODUCTION ,' .'

The dramatic increase in use of graphite/epoxy composites in many 11K
diverse applications has brought about the need for reliable failure

analysis techniques of these materials. For years, fracture surface

morphology has been successfully used as means of identifying the fracture

orioin and direction of crack propagation in metals. There have been

recent attempts by Hahn(1,2)and others to apply similar technioues to

O cgraphite/epoxy composites. In order to more easily use fracture surface
• • ,' . " .'..-

characteristics as a tool in failure analysis, a better understandinq of the

micromechanical processes involved in failure in these materials is needed.

I* In the case of delamination of a qraphite/epoxy composite, the fracture

surface is characterized by the amount of fiber pullout, interfacial debonding,

and the extent of the resin deformation or microcrackinq. One of the most

common features of resin deformation have been identified as 'hackles'. These

hackles apoear as lacerations or scallops in the resin that form regular

saw tooth or zipper patterns. The works of these authors and others (Hahn)

have shown that, as the shear or mode II component of the state of stress

7- o

............. ......... .. . ..........•... ....,,.•........... -.... ...... ..
- . ,- . . ,~~~~~~~. .-... " "..-...."-. .-....-. ,"....:,.
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at the delamination crack front is increased, both the number and angle of

the hackle with respect to the ply plane also increase. Several attempts

have been made to relate the orientation of the hackles to the direction -

of crack propagation. Early works indicated that hackles slant towards the -

direction of crack growth (3,4). A more recent study has indicated that .

the hackles slant in opposite directions on the too and bottom surfaces

of the crack face (5).

In this study, the effects that the state of stress, direction of crack .

growth, and resin ductility have on the formation of hackles in delamination

failure will be explored. Evaluations will be made on the basis of

scannino electron microscope (SEM) observations of the post-mortem fracture .

surfaces of unidirectiondl split laminate double cantilever beam specimens

(DCB). These DCB specimens have been loaded in mode 1, mode II, and mixed

mode I & II conditions. Also, observations through the SEM of a mixed

mode failure provided by unidirectional crack lap shear specimens (CLS), ." ,-.€

described bv Wilkins, et al. (6) were made. These specimen gave approximately

75V mode II and 25% mode I loading. O

To better understand the micromechanics involved in the formation of

hackles and to help in the interpretation of the post-mortum fractography,

in-situ SEM observations of delamination fracture of small DCB specimens

loaded in mode I and mode II conditions were made.

Because, in most applications of composites, multidirectional laminates

are used, a discussion of the resulting fracture surfaces from multidirectional VPt

laminates is also included.

,' _'. w

:,N . 4
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EXPERIMENTAL PROCEDURES

The qraphite/epoxy composites used in this study were made from three

resins, Hercules 3502, Hexcel 205 and flow Chemical 06 (a new experimental

resin system). These three resins we-e chosen because they had very

different toughnesses. In the case of the 3502 an-i Q6, pe-preg tape was

obtained from the manufacturer and made into a 30 cm. square unidirectional

panel with 24 plies. The nanels were cured according to the manufacturers p

recommendations. A thin 0.03 mm teflon strip was placed between the center

two plies to provide a starter crack. Hexcel provided unidirectional

laminate made from prepreq of HX205 resin and graphite fibers. Test specimens-"

( 2.5 cm. by 25 cm. were cut from each panel. Double cantilevered beam specimens
- -.

were tested on an MTS system in stroke control. Small specimens (2 cm x 0.4 cm)

were cut from the larger panels for testing in the scanning electron microscope. -4

* A schematic of the loading for the various tests is shown in Figure 1.

Mixed mode conditions are obtained by sun rimposing a pure mode II load upon d

Y a mode I load. Pulling down only on the lower surface gives 43% mode II

conditions if the upper arm is unloaded. Note pure mode II loading is

obtained by pulling down on the top surface. To remove as much as possible

any rubbing together of the fracture surfaces, a teflon strip about .1 mm

thick was placed between the ends of the top and bottom surfaces.

Crack lap shear tests with approximately 75% mode II were conducted

using the test specimen shown by Wilkins. The samples were tested on an

o al Instron test machine in stroke control.

Fractooraohs were obtained by sectioning the fractured coupons with

a jeweler's saw. The amount of cutting debris was minimized by cutting

the samples before the too and bottom surfaces were separated. Any loose

F7T

0 -

* ... ,. -
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debris that did occur was blown away by compressed air. The surface was

then coated about 200 A thick layer of gold-palladium. The photographs

were made on Tri-X film, using a JEOL JSM-25 Scanning Electron Microscope

at accelerating voltages of 12.5 and 15 kv.

A limited number of mode I and mode II delamination tests were

observed in the scannina electron microscope usinn a specially desinned stage

capable of loading specimens in the SEM. These observations were recorded

in video tape and on tri-X sheet film. The edae of the specimen to be

observed during delarlination oas cirefully polished usivq standard metallo-

graphic techniques and coated with a 200 A gold-palladium alloy. --

EXPERIMENTAL RESULTS
.- .-.

Post-mortem Fractographic Examination

In this section post-mortem fractographic results for delamination of

three graphite/epoxy composites will be presented.

Brittle resin composite AS4/3502 (Glc = 189 J/m2) Fractography of

the post-mortem delamination surfaces indicates that the number of hackles

increase as the percentage of shear loading is increased, with the most

dramatic increase beina between 43% and 100% mode II loading (Figure 2).

Mode I fracture surfaces were characterized by a flat corrugated roof _____

appearance with a limited number of shallow hackles. The angle or slant

between these hackles and the plane of the fracture surface is seen to

increase as the percentage of shear loadina is increased. At near pure

mode II loading, the hackle are observed to be nearly perpendicular to the

plane of the plies, and their edges appeared drawn and "tuffed". For the

most part, the orientation or slant of the hackles remains constant on a

'-"
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given fracture surface and point in opposite direction on the matching

fracture face.

Because the interfacial bonding is so noor in AS4/3502, almost all

* fracturing occurred at the interface for pure mode I loading. AS1/3501-6

* shown in Figure 3 indicates the more typical corrugated roof appear of
* .4.-." -.

pure mode I fracture with fracture occurring primarily through the resin.

It should be noted in Figures 2 and 3 that almost no hackles are observed

in the brittle system for pure mode I loadinq.

Moderately ductile rEsin composite HX205 (Glc =455 Jim 2 - The fracture

surfaces of the more ductile resin composite system HX205 were similar in

appearance to those seen in AS4/3502, except for a much greater degree of 1
resin deformation (Figure 4). As the percentage of shear loading was

increased both the number and slant of the hackles increased. As the mode

II loading is increased the shape of the hackles appeared more pulled

or drawn than those seen in the brittle AS4/3502 system.

Ductile resin system Dow Q6 (Gic = 850 J/m2) - The fracture surfaces

of the ductile system Q6 were characterized by considerable resin deformation

with good fiber/resin adhesion. Fractography reveals no distinct hackles

(Figure 5). Only at near pure mode II loading conditions were some ill

defined hackle like features seen. These features seen to be random with

no consistent orientation.

In-situ delamination fracture observations in SEM

In-situ observations of fracture in the SEM of the three composite

systems are seen in Figure 6. For mode I loadina, both the brittle system

AS4/3502 and the moderately ductile system HX205, the primary crack is seen

to proceed by interfacial debonding. A limited amount of microcracking

t
1 

'.

."
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is seen to occur in the resin behind the primary crack tip, and is normally

associated with fiber bridging and eventual pullout.

In the mode I fracture of the ductile Q6 system, crack propagation

occurs primarily by resin deformation and fracture with only occasional

interfacial debonding. Considerable resin deformation and microcracking

is seen in the regions outside the resin rich area between the plies.

In the mode II delamination of the AS4/3502 system, a series of sigmodial

shaped microcracks are seen to develop in the resin rich region between

the plies, well ahead of the crack tip. The primary crack extension

occurs by the growth and coalescence of these microcracks. " "2":

DISCUSSION I

Hackle Formation in More Brittle Resin Systems

The fractography for both the brittle system AS4/350 and the moderately

ductile system Hexcel HX205 clearly shows that the number of hackles as well ""

as their orientation, or angle with respect to the ply plane, increase as

the percentage of shear loadinq is increased (Figures 2-4). In mode I

failure, the in-situ observations indicate that the primary micromechanism

of delamination is by interfacial debonding (Figure 6) or continuous growth

of the microcrack through the resin rich region between plies. This

brittle fracture as it occurs for debondina or resin cracking occurs

perpendicular to the principal normal stress in the region of the crack tip. -

As the percentage of mode II loading is increased, the angle which
. .-

the principal normal stress at the crack tip makes with respect to the ply

plane changes from being parallel to the ply plane in mode I to 450 to -

the ply plane in pure mode II loading. The hackles formed are apparently

V71.,
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the result of the cracking occurring in a brittle fashion on the principal. -

normal stress plane, givinn a whole series of microcracks running through .. .

the resin rich region between plies until they are stopped by the fibers. .

Coalescence of these microcracks, usually by interfacial debonding gives
:I~ , ZJ.

macrocrack advance and leaves a zipper appearance to the fractured surface,

as shown in Figure 2.

The above conclusions have important implications to failure analyst. y2.-2.-

If the state of loaAing is known, the direction of the principle normal

stress can be calculated from the tensile and shear components of the

load. By assuming that the hackles are oriented perpendicular to the

direction of the principle normal stress, one should be able to estimate

the fraction of mode I and mode II loading which caused the delamination. .

To accomplish this, one must measure the hackle angles by looking at their

profiles. This may be done by nickel plating the fracture surface to

preserve the hackles, sectioning and polishing one edge.

Bascom ( 7) has recently indicated that resin flow or yielding may r 01

be an important mechanism in the formation of hackles. Indeed, at a

high percentage of the shear loading in the moderately ductile system

HX205 or near pure mode II loading for the brittle AS4/3502, the shape of

the hackles seems to indicate some resin drawing (Figure 4). This is

probably due to resin flow before final microcrack coalescences takes

place. The amount of resin flow in the development of hackles can be evaluated

by annealing the fracture surface near the resin's Tg to see the extent

of recovery but, at the time of this writing, annealing tests had not been

performed on our specimens.

*.. - "

0 -..w •
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Fracture Characteristics of Very Ductile Systems '

The large amount of resin deformation and the lack of any distinct

hackles indicates that the processes of fracture in the ductile Q6 system

are different from those seen in the more brittle systems. This is

confirmed by the in-situ mode I delamination observations (Figure 6)

that show that failure is by resin cracking and deformation. The good

fiber/resin adhesion indicates that the shear loads must be effectively

transferred to the resin. Because of the resin's ductility, failure from

yielding occurs before the development or coalescence of a regular system

of microcracks can take place. Clearly the use of fracture surface topo-

graphy in the failure analysis of any ductile system is much less instructive.

SUMMARY

Hackles form in graphite/epoxy composite materials when the following

requirements are met: (1) relatively brittle epoxy is used; (2) some regions

of resin concentration are present (e.g., low fiber density in delamination

plane between plies); and (3) some mode II loading must be present locally

in the crack tip region. Such conditions are routinely met in laminates with

a multiaxial layup since interlaminar shear stresses are always present in such

laminates, even when they are loaded with only mode I loading conditions. Further- ".' "

more, fiber nesting is not possible in such systems, which means that regions 4

of resin concentration are always present at the interface between adjacent ..

plies. Thus, it is not surprising that hackles are a very dominate feature _

on the fracture surface of delaminated multi-directional laminates.

In a unidirectional laminate, hackles will be a common feature of the

delamination fracture surface only when the macroscopic loading conditions

give a significant fracture of mode II loading. Otherwise, hackles will only

P A ... .. "- .." ' - . .. ...Z_~ .I L
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be observed occasionally when local heterogeneities in the composite cause

the crack tip to experience a significant mode II contribution even though

the macroscopic loading conditions are pure mode I. Furthermore, fiber ,._-

nesting in unidirectional layups give a smaller volume of resin concentrated
%'W . ,

regions where hackles may form.

Since hackles result from sigmodial shaped microcracks for unidirec-

tional layups, we do not believe that crack growth direction can be deduced

from the macroscopic orientation of the hackles, since they will point in

the direction of crack growth on one fracture surface and in the opposite .O**_,

direction on the other fracture surface. Sometimes a more detailed examina-

tion of individual microcracks may indicate "river patterns", and these may

be useful in accertaining crack growth direction. We believe that only the

hackles angle of inclination with regard to the plane of delamination gives

useful information, and this information has to do more with state of stress Ile

S than crack growth direction.

Finally, a change in loading conditions during crack growth could

give a change in crack growth direction which might be reflected in a change

in hackle orientation in a multi-directional laminate. Thus, it might be

difficult to determine crack growth direction from hackles for proportional

her- loading; nonproportional loading and subsequent changes in crack growth dir-

ection could probably be accertained from changes in hackle orientation.
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