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INTRODUCTION

4
The work described herein was performed at the School of Aerospace

Engineering, Georgia Institute of Technology during the period I January 1983 - 14

February 1984. Professor Lawrence W. Rehfield was the Principal Investigator.

The research objectives are:

I. Develop a mode II interlaminar fracture specimen design and test;

2. Develop efficient means of analyzing and understanding the results;

and

3. Design the test so that it may be performed under both net tensile or

* compressive loading.

All of the above objectives have been met within the first thirteen and one-half

month period. In order to accomplish them, it was necessary to develop a suitable

method of analysis appropriate to the design process, design and fabricate test

specimens and perform definitive experiments.

The experimental results confirm that the specimens and tests perform as

designed. Of great importance are the findings that (I) the AS4'3502 material

system shows increasing resistance to crack growth in tension, (2) interlanina:"

fracture under compression is a totally unstable process, and (3) tension and

compression behaviors are considerably different. These findings and the logical

conclusions that are drawn from them point to new, promising directions for future

inquiry and for practical exploitation of the behavioral characteristics that have

been found.

NOTICE o:. . • ".
This t~h.K *', ', i3
approved f,-,r v" ",)• -k .

Ditribution.
MATT iN. KI'Z
Chief, Toehnical Inforastion Diviston
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SUMMARY OF ACCOMPLISHMENTS

Foundation Provided by Previous Work

The present research in interlaminar fracture had its origin in the

development of new structural models under two previous AFOSR grants, 81-0056

and 82-0080, which permitted prediction of interlaminar stresses in composites and

nonclassical behavioral characteristics by elementary means. It was natural to

harness this potential for design analysis of composite specimens. Earlier

analytical work, which was completed and published during the current period and

which provided the foundation for the design analysis required in the present

research, appears in Accomplishments (1-5, 8). Of importance to the experimental

phase of the research are the design analysis method developed in Accomplishnent

(9), the experimental experience with compression testing in Accomplishment (6)

and the experiments on compressed panels with prescribed delaminations reported

in Accomplishment (7).

The purpose of citing the above is two-fold: (1) these accomplishments

provided the background and the basis for the present research and (2) effort was

expended during the present grant period in order to complete them and bring them

to publication.

Status of the Research

As indicated in the Introduction, the research objectives were met by

developing a suitable method of analysis for use in specimen design, designing and

fabricating specimens, and performing the experiments. Much of the work has been

clearly and thoroughly described in the manuscript associdted with Accomlishment

(12h). For this reason, this paper is reproduced in its entirety in the Appendix.

Additional information and experimental results are provided, however, in the

following sections.

:.. .- , .' ". . . . . .. - ' ' .. " " -.- . ' " - -. . ... . . . : . . -. " . , .-.. "- . " .- ', '
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Modeling, Analysis and Design

The key to developing a successful experimental method is an effective

design analysis methodology and practical specimen design criteria. The ideal

situation is to be able to test under both net tensile and compressive loads, test

both statically and in a fatigue spectrum and produce interlaminar cracks in a

specimen so that the specimen appears of infinite extent and the notch which

serves as the origin of the crack appears isolated.

The analysis methodology evolved over a period of three to four years and

has been documented in the invited lecture Accomplishment (10) and

Accomplishment (13). A transition has been accomplished fron beams to plates 2' 5

to composite laminates" 3 to the present state of sublarninate scale 2  l3

Originally, a ply-by-ply approach to sublaminate analysis was adopted.2 ' 1 While

extremely effective in the limited context within which it was applied --- the

finite-width free edge specimen in tension, it is cumbersome and appears somewhat

impractical for widespread application. Consequently, an approximate engineering

approach has been applied in the present work which treats whole sublaminate

elements - - - groups of plies - - - as continuous laminates. The novel feature is

the fact that the laminate model incorporates physical modes of deformation

normally not present in engineering theories - - - tr3nsverse shear strain,

transverse normal strain and section warping. This laminate model is presented in

Accomplishments (1-3).

The refined laminate model, together with the sublaminate approach

adopted, are systematically presented in the paper in the Appendix. This design

analysis methodology apparently does an adequate job of describing the essential

features of the behavior in a simple way 13. It was used for the specimen design.

The details of the design also appear in the Appendix. The methodology is clearly

successful as the test specimens behave precisely as designed --- very clean,

• °
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highly regular interlaminar cracks were produced.

The precise limits to this approach are not known, but they may be problem

dependent14 . It may turn out that the features of the global-local scheme of

Pagano and Soni15 are needed in some instances. In this global-local approach, ply-

by-ply modeling in the neighborhood of the zone of interest is used (local model),

while remote regions are modeled as laminates (global model).

Experimental Method and Results

The experimental method used in testing specimens under net tensile forces

is fully described in the Appendix. The compressive test method is similar but also

requires the use of a fixture to provide alignment, stabilization of the tabbed ends

of the specimen and flat, parallel loading surfaces. Tensile test results appear in

the Appendix.

There are two very important findings fro-n the experiments. The first is

that under net tensile loading interlaminar fracture is a three stage process - - -

initiation, stable growth following a nearly linear resistance curve and a tertiary

unstable terminal fracture at a high level of load. The second is that the

compressively loaded specimens exhibited absolutely no stable crack growth.

Failure occurred in a catastrophic, unstable manner with no warning at a high level

of load. Test data for two specimens, one tested in tension and the other in

compression, are presented in Figure 1. The loads corresponding to failure by

unstable fracture for these specimens are close to the same.

A summary of test results appears in Table 1. "SL" denotes a single cracked-

lap-shear specimen and "DL" a double cracked-lap-shear specimen, which is the

current design. The specimen details are given in the Appendix. Compression is

denoted by "C" and tension by "T". The nominal strain is e, P is the load and G is

the energy release rate. While there is some scatter observed in the critical and

failure values of these parameters, Figure 11 in the Appendix shows that the trend

.. .I;. " i" l " .i"". .. l " " . " '"-
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TABLE I

SUMMARY OF TEST RESULTS

SPECIMEN c Cf Pc Pf Gc Gf
NUMBER (micro in/in) (Ibs) (Ibs) (lb. in/in 2

)

SL-l(C) 5160 5160 18520 18520 4.615 4.615

SL-2(T) 4249 5686 15200 20340 3.186 5.705

SL-3(T) 1768 5064 6320 18100 0.500 4.103

SL-4(T) 3523 4712 12640 16880 2.190 3.906

SL-5(C) 4810 4810 17220 17220 4.055 4.055

SL-6(C) 5228 5228 18600 18600 3.960 3.960

DL-I(T) 3282 4868 12000 17300 2.263 4.979

DL-2(T) 3086 4335 10960 15400 1.964 3.877

DL-3(T) 3101 4156 11180 14980 2.059 3.697

DL-4(C) 3965 3965 14500 14500 3.322 3.322

E effective 7.30 x 106 psi

("c" denotes starting critical value, "f" denotes final or failure)

ri
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of increasing resistance to crack growth in tension for the double cracked-lap-shear

specimens is consistent and reflects very little scatter. It is very well represented

by a linear relationship as indicated in the Appendix.

KI

~1

- .. .- . . ., . - . : . ,' i- _ . . , .
. . . i " " i



PRACTICAL IMPLICATIONS OF THE FINDINGS

For the sake of simplicity, assume that the energy release rate for ultimate,

unstable interlaminar fracture in tension and compression is the same. This

situation is depicted in Figure 2. A mode I resistance curve is depicted as well,

which is based upon data supplied by Dr. *'.M. Ratwani of the Northrop

16Corporation . Consider the following: the fundamental difference between the

tensile and compressive loading cases for quasi-isotropic layups of AS4/3502

material is a small amount of mode I or crack opening response, estimated at

about one percent for ideal geometry and symmetry, in the tension case. It is

interesting to speculate that if mode I response is completely suppressed, perhaps

tensile and compressive behavior would be similar; that is, sudden, catastrophic,

unstable fracture would occur without warning at a high value of load.

There is some evidence which demonstrates that the suppression of mode I

response in adhesive joints stops the growth of debonds in tension-dominated

fatigue loading17 '18 . This tends to support the above speculation. The well-known

effectiveness of stitching, which is a means of suppressing mode I behavior, in

stopping the growth of delaminations in laminates19 and for solving the stiffener

20"popoff" problem is explained by this line of reasoning.

From a practical standpoint, the implication is that the use of effective

mode I suppression technology would permit design to energy release rates of near

24.0 lb-in/in for mode II interlaminar fracture rather than the currently used

threshold values near 2.0 lb-in/in 2 , at least for graphite/epoxy material systems

that behave similarly to AS4/3502. Furthermore, the new mode II test method is an

obvious and effective means of evaluating mode I suppression schemes, in addition

to its usefulness in providing mode 1I fracture toughness data. 1'

Considerable effort and resources are being directed toward the

development and evaluation of new toughened resins as a way of increasing

• . ' .. : . .. . ' •. . . - " ."
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interlaminar fracture toughness in resin matrix composites. Since the mode I

double cantilever beam test (DCB test) is simple and well established, it is being
used almost exclusively to evaluate the effectiveness of toughened resins21,22 and

other "toughening" schemes 2 2 . The results of the present research suggest that

this practice may be misleading. Mode I data are simply not enough and, if mode I

suppression technology is being considered in an application as well, they are the

"wrong" information.

Another matter for speculation is whether the unstable fracture processes at

high loads can be described by strength-related parameters. It is possible that a

failure criterion rather than a crack growth or fracture mechanics-type criterion is

more appropriate. A preliminary assessment of this issue has been made by

sectioning short beam specimens from undamaged zones of the failed double

cracked-lap-shear specimens. These short beam specimens have been tested to

failure in three-point bending and the failure loads used to estimate the maximum

shear stress by the simple ASTM method. The data appear in Table 2. Also

appearing in Table 2 are maximum shear stress values obtained from scaling the

maximum shear stress predictions in the Appendix by measured failure loads in the

double cracked-lap-shear tests. The agreement among these stress values is

striking.

The short beam shear test, therefore, provides definitive information that

directly correlates with the mode 11 fracture test results. It seems to provide a

simple, inexpensive means of characterizing the unstable terminal fracture process.

While further substantiation of this correlation is desirable, this finding, if true, is

of paramount importance. If the speculation about mode I suppression is

confirmed, the short beam shear test becomes even more valuable.

These conjectures raise important issues which suggest new means of inquiry

1.__-_
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and new directions for the research that could not be forseen as little as two

months ago. Some of these are discussed in the following section.

0
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NEW DIRECTIONS

The results presented are new and contain some surprises. For example, a

different mode II specimen and test of the short beam type have been used by

Russell 2 3 '24 . On specimens made of ASI/3501-6 graphite/epoxy, he did not find

that crack growth resistance increased. In fact, his data could be interpreted as

indicating a "negative" resistance. Since the experimental results presented herein

are absolutely repeatable for both single and double cracked-lap-shear specimens,

this apparent paradox must be resolved. Since Russell's specimen and test are quite

similar to the short beam shear test and he states that it is very difficult to control

4 crack growth, the matter may possibly be resolved by a correlation study of the

type already conducted for the present material, AS4/3502 graphite/epoxy.

In addition to this matter, the following are some other important questions

that are prompted by the new findings:

I. Why does crack growth resistance increase in tension? What is the

physical mechanism involved that is acting at or near the crack

front?

2. Having identified the above mechanism, can it be enhanced or

exploited to create additional benefits?

3. Do other competitive materials behave in the same or a similar

manner?

4. Are there any other forms of damage that are occurring in addition to

4 delamination cracking?

5. Is behavior in a fatigue environment similar to static behavior?

6. Do the ply orientations at the lap-strap interface have a marked

4 influence on behavior?

7. Are there thickness effects or can thickness be scaled?

. .: : ' ...
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8. Will effective mode I suppression permit damage only by unstable

terminal fracture in tension at high load? Alternatively, is the

presence of even a little mode I response the cause of the stable

crack growth at low tensile loads?

9. Are the unstable fracture processes in tension and compression

similar or different?

10. Are the unstable fracture processes similar to fracture of a short

beam shear specimen or is the apparent agreement in maximum shear

stresses fortuitous?

As more results are obtained and time to reflect upon the new findings is

provided, the nature, scope and options for new directions in the research will

clearly emerge. At present, it is planned to share and exchange results with Dr.

Russell and his associates at Defence Research Establishment Pacific (Victoria,

British Columbia) and with Dr. Ratwani's team at Northrop Corporation and to

consult with our collaborators at Lockheed-Georgia Company.

The findings and the questions that they provoke prompt us to suggest the

following new directions at this juncture:

I. Perform exploratory fatigue tests under both mean tension and mean

compression.

2. Study the effect of peel stress or mode I suppression by applying

clamping pressure to the lap of a specimen and testing it in static

tension. The proposed fixture and test setup for doing this appears in

Figure 3.

3. Quantify the effectiveness of a new Lockheed blind stitching method

by stitching the lap to the strap of a specimen and testing it in

4 tension.

4. Perform thorough failure analyses using enhanced radiography,

"•.
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ultrasonic scanning, scanning electron microscopy and optical

microscopy to determine and characterize the damage states and

facilitate isolation of the fracture mechanism(s).

5. Ascertain the influence of material systems, lap-strap interface, and

specimen thickness on mode If fracture behavior. A second suggested

material is AS4/3501-6, which would permit correlation with mode I

and mixed mode data of Northrop Corporation and Russell's data.

6. Study and resolve the apparent paradox surrounding Russell's data and

data from the double cracked-lap-shear tests.

7. If mode I suppression is found to be effective in eliminating

premature stable crack growth in tension by the methods of items 2

and 3, investigate the effectiveness of softening layers and/or

hardening layers introduced in the crack plane.

Item I is designed to answer question 5. Items 2, 3 and 7 relate to question

8. Item 4 addresses question 1-6, 9, and 10. Item 5 corresponds to questions 3, 6

and 7. Finally, item 6 will provide answers to questions 3 and 10. When

accomplished, these seven items, together with the existing data already obtained,

will provide a sound scientific and technological basis for predicting, preventing

and managing interlaminar fracture in graphite/epoxy composites.

The two new central directions that are suggested involve failure analysis

and mode I suppression technology evaluation. Early in the failure analysis work,

the assistance of Mr. Samuel Freeman of the Lockheed-Georgia Company and the

equipment provided by a new DoD/AFOSR instrumentation grant will be invaluable.

The mode I suppression technology investigations will require the cooperation of

Dr. Roy Scruggs of the Manufacturing Branch, Lockheed-Georgia Company. The

required cooperation has been pledged.
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ABSTRACT: This paper presents the design analysis and results of an experimental

program that was conducted to evaluate the Mode II interlaminar fracture behavior

of a resin matrix composite material system. A double cracked-lap-shear specimen

was designed utilizing a simple, new analysis method and tested in static tension.

The specimen was made of AS4/3502 graphite/epoxy material with a (+ 45, 0, 90)12 s

quasi-isotropic balanced symmetric layup. The lap interface studied was at + 450

orientations to the loading direction. The crack growth during testing was

monitored by observing the isochromatic fringes in photoelastic coatings mounted

on the two lap surfaces. Preliminary results indicate that the fracture behavior

follows a resistance curve.
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INTRODUCTION

Laminated composite structures exhibit a number of different failure

modes. These include fiber-matrix debonding within individual layers, delamination

or separation of the layers, transverse cracks through one or more layers and fiber

fracture. A complex state of stress with steep gradients exists in regions near free

edges, ply terminations, cutouts, holes and voids. These sites often initiate

interlaminar delamination cracks due to high local interlaminar shear and normal

stresses. Delamination is observed to be one of the most common damage modes in

composites. A material characteristic that could be used to determine resistance

to delamination growth is the strain energy release rate G. Investigations on the

strain energy release rate associated with Mode I fracture have been reported by

several authors [1-6].

The most popular test to determine Mode II interlaminar fracture toughness

is based on the use of a single cracked-lap-shear type specimen [ 7]. It requires

extensive nonlinear numerical calculations to analyze and interpr :, th test results.

This is not a satisfactory situation. The objective of the present work is to develop

a simpler approach where the Mode II contribution to fracture is predominant and

to be able to analyze and interpret the results by elementary methods.

The heart of the approach is a simple, new analysis method which permits

the rapidly varying interlaminar stresses to be determined by elementary means.

Extensive numerical computations are thus avoided and the results are obtained in

closed form. The parameters governing the behavior are easily identified. The

specimen selected for test is a symmetric double cracked-lap-shear type specimen

with end tabs as shown in Figure 1. The layup is selected to produce balanced

symmetric specimens with differently oriented interface plies at the lap/strap



3

junction. This also minimizes the nesting effect that would occur if similar plies

were used at the interface. This specimen is designed to be tested in both tension

and compression. The geometry of the lap, strap and tabs is designed to

precipitate crack growth in the gage section. Overall dimensions of the specimen

are determined by the boundary layer effects from tab ends and from the lap/strap

junction. Interaction among the local stresses in the above regions is avoided. The

lengths of lap and strap regions are selected so as to provide an adequate crack

length to be monitored and to prevent overall buckling of the specimen. Symmetric

crack growth is enhanced by choosing a large specimen thickness and by strict

control of manufacturing quality.

The overall objective of this work is to systematically examine this

specimen behavior in static tension and compression. This paper, however,

summarizes the design analysis, manufacturing and tension testing only. The

resistance curve developed from the test data is also presented.

OVERVIEW OF ANALYSIS APPROACH

The present analysis models are based on the theory developed in

Reference 8. This theory includes transverse shear strain, transverse normal strain

and section warping effects. These effects, which are ignored by classical theories,

can be significant in structures constructed of modern composite materials. For

laminated composite structures, the theory will be applied on a ply-by-ply basis or

to a group of plies . . . sublaminates . . . as if they are homogeneous bodies in '
equilibrium. Interfacial stresses are initially unknown. Enforcement of continuity2

conditions at interfaces and boundary conditions in an overall sense leads to a

solution for these stresses. A complete development of the anlaytical model is

given in the Appendix.

A simplification can be made by neglecting overall bending of the

sublaminates. This model will be referred to as the "sublaminate membrane

._m
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model". The basic equations for this model are derived from the Appendix

equations by neglecting the underlined terms and the sublaminate moment terms.

For a sublaminate in a plane strain situation, these equations encompass the

following main categories:

Overall Equilibrium:

N + t kt = (I),x 2 1

Qk + p k p k 0 (2)

h k k k)

"t+ t1  QkQ 3
2 2 1 0 ()

The normal and transverse shear stress resultants of the kth element are N k and

kQ , respectively. The interfacial shear stresses on the top and bottom surfaces of

the kth element are t 2 and t1 The interfacial transverse normal stresses are P2

and pl. The thickness of the kth element is hk. Superscript "k", which identifies

the element, will be dropped in the subsequent equations for convenience.

Constitutive Relation:

h2

N hEll U,x h + h V13N,xx (4)

where

r = (P2 + Pl) (5)

The elastic modulus associated with the x direction is E l. Poisson's ratio is V1 3 .

The average axial displacement is u.

',

S

* . .
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Stress Distribution:

12z2)N

xx(X, z) N I1 13,xx

z(x,z) N 0 (7)

xz h ,x h

2
h 4 N Cx-h (8)

The stress components follow the usual elasticity notations. The transverse shear

modulus is G13 .

Displacement Distribution:

V 1EZ) - N (9)

S h(1)
13uxZ) - + --L--+2 z)

The average transverse displacement is W, and the average section rotation is .

The boundary conditions appropriate to this model are limited to

extensional behavior. N or a must be prescribed at the element ends. The

interlaminar continuity condition (A-2) and the traction boundary conditions at the

extreme upper and lower surfaces of the laminate must be imposed, and they

remain unchanged for this model.

Bending effects at the sublaminate level are considered in the sublaminate

bending model. For this model, the equations used are those given in the Appendix

with the underlined terms neglected. The boundary conditions appropriate to this

.
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model are limited to extensional and bending Sehavior. N or i and M or must be

prescribed at the sublaminate ends. Transverse force and displacement conditions

cannot be independently prescribed at this level of approximation. The

interlarninar continuity conditions (A-2) and the traction boundary conditions at the

extreme upper and lower surfaces of the laminate remain unchanged.

In order to verify the accuracy of the present formulations, a comparison

with a finite element solution is presented. The double-lap specimen shown in

Figure 1 is subjected to uniform compression. Due to symmetry, only one half of

the problem is analyzed. The finite element simulation of the problem is shown in

Figure 3. The element used is a constant strain four-node rectangular element.

The total number of elements used is 3700. The finite element code used is the

Engineering Analysis Language (EAL). A comparison of the stress distribution at

the interface between the lap and the strap is shown in Figures 4a and 4b for a]

specimen made of T300/5208 graphite/epoxy with +45/-45 interface at the

lap/strap junction. The number of plies in .the lap region is S and in the strap is 32.

The lap length is L. In the constant strain finite element as well as in the

sublaminate membrane model, the shear stress-free boundary condition at the end

of the lap region cannot be satisfied. In the sublaminate bending model, this

condition is satisfied.

Delamination crack growth is usually characterized by the strain-energy

release rate. For linear, elastic material behavior [101, and the proposed specimen

geometries
G =p 2 (dc/da)/2b (12)

where P is the applied load, c is the specimen compliance, a is the crack length and

b is the specimen width. The critical strain energy release rate, Gc, is obtained by

substituting the critical load Pc for P in Equation (12). In this context, the load

I
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required to cause a crack extension is defined as critical load. An expression for

the compliance as a function of crack length can be determined by using Equations

(I) - (5), (9) and (10), along with the appropriate boundary and loading conditions.

The three components of the strain energy release rate GI, G 1 and GIII associated

with the opening mode, the forward shearing mode, and the tearing mode can be

calculated by using the stress field predicted from the proposed models and the

crack-closure method EI]. Since the present specimen 1, assumed to be under

N plane strain condition, Mode III effects are not present. The design of the specimen

will be based on the predictions of the sublaminate bending model.

SPECIMEN DESIGN

In order to determine the overall dimensions of the specimen, a parametric

study has been conducted in which the material properties of the specimen are

those of AS4/3502 graphite/epoxy. Woven fiber glass end tabs are utilized. The

number of plies in the lap and strap regions is varied. Three interfaces at the

lap/strap junction are considered, namely +45/-45, 0/90 and 0/45. The level of

model used does not permit a distinction for different stacking sequences or

interface plies. The optimum number of plies and specimen dimensions were

determined based on the following:

(I). Preventing overall buckling.

(2). Initiating a crack at lap/strap juncture first.

(3). Providing an adequate length to monitor crack growth.

(4). Ensuring no interaction between stress boundary layers at the

tab/step, tab/lap, tab/strap and the lap/strap regions.

(5). Minimizing Mode I contribution to crack growth.

• A crack will start first at the lap/strap juncture if the dimensions of the lap, strap

and tabs are determined so as to produce the higher stress intensity at the lap/strap



juncture. This is illustrated in Figure 5 by comparing the interlarninar shear stress

distribution at the lap/strap interface with the tab/lap and tab/strap distributions.

The interface length is L. Moreover, interaction of stress boundary layers at the

tab/lap and the lap/strap regions is eliminated if the distance between these

regions is adequate for the stress boundary layers to decay to an allowable value.

This situation is illustrated in Figure 6. The axial stress distribution through the

depth of the specimen strap is plotted. The strap length is a and the strap half

thickness is t. The depth coordinate z is measured from the strap middle-plane.

For the stress to decay to within five percent of the uniform stress value in the

lap/strap region and the gauge section, the decay length is 0.26a I and 0.19a I from

the lap end.

The final design is shown in Figure 7. The number of plies in the lap and

strap region is 8 and 32, respectively. The lap/strap body interface is +45/-45. The

lap layup is [ + 45, 0, 90 ] and the strap layup is [ + 45, 0, 90 "s single panel

was fabricated by the Lockheed-Georgia Company and inspected for quality using

standard aerospace industry practice before sectioning into ten test specimens.

During layup, a folded Kapton film was placed at the end of the lap/strap interface

to initiate a delamination under subsequent loading.

The available strain energy release rate for the designed specimen can be

calculated using Equation (15). A simplification can be made by neglecting the

stresses in the cracked portion of the lap with crack growth. For this situation, the

compliance of the specimen consists of two parts. The first is a linear function of

the crack length. This contribution is similar to the strength of materials

extensional model reported in Reference 7. The second, an exponential function of

the crack length, can be regarded as a refinement added to the first term. For the

4 specimen geometry and material used, the refined term is found to be negligible for

4 o I
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practical range of crack lengths. This situation is illustrated in Figure 8. The

energy release rate is plotted against crack growth fron zero to 10 times the strap

half thickness t. For that range of crack growth, the ply membrane and the ply

bending predictions are within one percent of the strength of materials prediction

labelled "Extension" in this figure.

For this specimen, the Mode I contribution to fracture is predominant as

the ratio of the Mode I to Mode II strain-energy-release rates (G1/Gll) is 0.01.

EXPERIMENTAL PROCEDURE AND PRELIMINARY RESULTS

The static tension tests on the double cracked-lap-shear specimens were

performed on a displacement controlled Baldwin screw-type testing machine. The

specimens were carefully positioned and the tab ends were tightly held between

serrated grips. Two techniques were tried to measure the crack growth in the

specimen. The first method involved visual observation of the cracks on the white

painted (typewriter correction fluid) specimen edge [ 7]. In the second method, a

sheet of photoelastic material was bonded on each of the surfaces of the specim'en

lap portion [121. lsochromatic fringes develop at the crack front as a result of the

high strain gradient in that vicinity when the specimen is loaded. These fringes

were tracked through the analyzer of a reflection polariscope to locate the crack

front. By comparison, the edge cracks observed from the first method did not

correspond to the averaged crack length of the curved crack front observed by the

second method. This was because the crack fronts were irregular regardless of the

care exercised in initially aligning the specimen. Hence, the first method was

considered unreliable and was abandoned. The second method was used on all the

specimens due to its simple and direct nature in monitoring the crack front. Also,

the isochromatic fringes served to check initial uniformity of the applied load on

the specimen. The specimen was also instrumented with a custom-built, linear
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variable differential transformer (LVDT) displacement transducer based

extensometer to measure its compliance.

The specimen was loaded continuously and the front and back cracks were

followed through separate polariscopes. At a certain critical load, the first

threshold of the crack growth occurred at the lap/strap juncture and it grew beyond

the Kapton film. With crack growth, the specimen stiffness reduces and hence the

load drops in a controlled displacement machine. Loading was stopped whenever

crack growth was observed and the extent of propagation was recorded together

with the load. The crack growth was initially stable but intermittent on the two

fronts with one crack trying to maintain parity with the other. During this phase,

crack growth was possible only under increasing load. The crack front was not

planar and it curved forward at the specimen edges. The specimen failure occurred

finally with both the cracks growing in an unstable manner. The load value

corresponding to this event was recorded. In general, there was no crack wandering

through the plies. Pictures of the isochromatic fringes before the initial crack

propagation and during the stable crack growth phase are presented in Figures 9

* and 10. The crack growth data, taken at five locations along the width of the

specimen and from both the front and back faces, was averaged to obtain a

resultant crack length corresponding to each load. To eliminate the edge effects,

7 crack length values at the edges were discarded in the averaging process.

Altogether, three specimens were tested and the data is presented in Figure 11.

Numbers 1, 2 and 3 in this figure correspond to data points from specimens 1, 2 and

* 3, respectively. The data were plotted together as the specimens were generated

from the same parent panel.

The failed specimens were sectioned and the fracture surfaces were

observed under a scanning electron microscope. Typical photomicrographs of a

fracture surface immediately after the Kapton film in the stable region and in the

0.
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unstable region of crack growth are presented in Figures 12a and 12b respectively.

DISCUSSION

The load vs. crack growth data appears in Figure 11. The data shows that

there is a consistent increase in the critical load with crack length. A linear least

squares fit through this data is also plotted in Figure II. Although the fit

corresponding to the least standard deviation is parabolic, its improvement over the

linear fit is only 2.5 percent. The simplicity and advantages of the linear fit is

preferred over the parabolic fit. The multiple correlation coefficientr 2

corresponding to the linear fit is 0.926. The linear fit equation is

PC = 50, 590 + 18, 359 Aa (N, Aa in cm)

(13)
P = II, 373 + 10, 483 Aa (Ib, Aa in inches)

c

where Pc is the critical load corresponding to a crack extension a. The data fron 0

future additional tests will be included to enhance confidence in the above fit.
dc

As outlined in the previous section and illustrated in Figure 8, the d values

can be considered independent of crack length and will be computed using the

strength of materials approach (Reference 7). This also checks with the dc/da

values computed from the experimental specimen compliance data. From this and

Equation (12), it follows that the critical strain energy release rate (GC) is

proportional to the square of the critical load only. Figure 11 can also be regarded

as a plot of scaled G-c vs crack length which is similar to a crack growth

resistance curve.

The substitution of Equation (13) into (12) gives the following fit between

'Gc and crack extension Aa

• .. .-
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19.19 + 692.94 A ( T/m, Aa in m_

NIfGtc= 1.45 + 1.33 Aa (,inlb'in, Aa in inches) (14)

There are three phases in the resistance curve. A starting region corresponding to

the onset of crack growth, an intermediate region corresponding to stable crack

growth and a final or failure region of unstable crack growth The fit shown in

Figure 11 and represented in Equations (13) and (14) describes the stable crack

growth region.
I

The results on the three specimens are summarized in Table 1. The critical

loads that initiated the crack growth beyond the Kapton film and the corresponding

energy release rates are listed. Based on results from the analytical model, G IC is I

computed as 0.99 times GTc. The total critical strain energy release rate is GTc*

The small amount of scatter in the observed critical load data may be attributable

to the design and testing approach chosen. The symmetry in the specimen virtually

eliminates nonlinear effects and the + 450 interface minimized nesting and the

resulting crack wandering. Observation of the crack front by means of the

photoelastic coating provided complete characterization across the width of the

specimen and helped accurately determine the initial and subsequent crack growths

with loading. This situation is different compared to the problems encountered in

single cracked-lap-shear specimen testing.

Preliminary tests on 48 ply (+ 45, 0, 90) quasi-isotropic layup (8 plies in the

lap) single cracked-lap-shear specimens made of AS4/3502 graphite/epoxy material

exhibited the following problems:

(I) The first crack did not always initiate at the lap/strap juncture;

(2) Multiple, isolated cracks occurred and sometimes grev in opposite
directions;

(3) The crack at lap/strap juncture wandered.

Figure 13 presents a typical failed single cracked-lap-shear specimen depicting the

[-S
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above problems. these factors might contribute to the data scatter appreciably.

Test results performed on three single cracked-lap-shear specimens also indicated

that the fracture behavior follows a resistance curve. A summary of test results on

the three specimens is presented in Table 2. Plots of c:itical load vs crack length

based on the data presented in Reference 7 for a single cracked-lap-shear specimen,

are shown in Figures 14 and 15. Two material systems were tested and five panels

of ten specimens each were fabricated from each material. Figure 14 corresponds

to the data presented in Table 5 of Reference 7 on two specimens made of

ASI/3506-l graphite/epoxy material system and in a room temperature dry

environment. They are numbered I and 2. Figure 15 presents the data listed in

Table 7 of Reference 7 on three specimens made of T300-6K/V378A

graphite/bismaleimide material system and tested also in a room temperature dry

environment. They are numbered 1, 2 and 3. The author presented and analyzed

the data of each specimen separately. An alternative way is to look at the

specimen data produced at a given temperature/moisture condition together. The

wide scatter in the data and the concern expressed by the author may be

attributable to the specimen used and the crack tracking method (based on edge

crack information only) employed.

From Figure 12a, the fracture surface appears to have predominantly high

matrix deformation with lacerated resin bands. These are believed to correspond

to the stop-start regions of the load dependent crack fronts observed. The unstable

crack growth region shown in Figure 12b is characterized by a relatively smooth

surface with fiber pull out and breakage. Striations are observed throughout the

fiber pull-out region.

CONCLUSIONS

A double cracked-lap-shear specimen has been designed using simple

analytical models. These models provided good estimates for stresses compared to

A• 7
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the finite element model used. This has been tested in static tension to determine

the Mode II interlaminar fracture behavior. The preliminary data generated are

consistent and provide similar behavioral trends on the specimens tested.

The specimen behaved as designed and the crack started at the lap/strap

interface and grew in an intermittent but stable fashion with increasing applied

load. This stable crack growth phase was followed by an unstable one which

resulted in the disbonding of the laps fron the strap to the vicinity of the grips.

All these events were followed by observing the isochromatic fringes in

photoelastic coatings bonded to the two lap portions. There was no crack

wandering at the lap/strap juncture. The scatter in the critical load data at initial

cracking was small. This demonstrates the advantages of using a double cracked-

lap-shear specimen.

The preliminary results provided delamination growth resistance curves for

the AS4/3502 graphite/epoxy material system with a +_ 450 step/body interface. S

The average value obtained for the Mode [I strain energy release rate, G

corresponding to the onset of crack growth is 363.3 3/m2 (2.074 in lb/in2 ).
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APPENDIX

Development of the Analytical Model

Foundations of the Model

The development that follows is based upon the fundamental assumption

that the statically equivalent stresses obtained from classical engineering theory

can be used to estimate the transverse shear and normal strains ignored in the

classical theory. All subsequent results follow from this premise. These strain

estimates permit a suitable displacement field to be determined, which further

leads to improved stresses. This approach has been thoroughly documented and

evaluated for beams [8], plates [14], and composite laminates [15, 16] by

comparisons with exact solutions (when available), finite element solutions,

demonstrations of correspondence with other established theories and order of

magnitude error investigations [9, 13].

In the present work, models appropriated to individual plies of a laminate

or groups of plies ... sublaminates . . . are developed using the same fundamental

logic and assumptions. The development is restricted to static plane stress stdtes.

The same results can be used, however, in a plane strain situation by a proper

transformation of the elastic constants. This restriction is not intrinsic to the

present development. It allows the presentation of essential features in a simple

way without confronting the additional complexities of fully three-dimensional

behavior.

Statically Equivalent Stress Field

Consider a laminate made of N perfectly bonded layers or plies, each ply

having a plane of material symmetry parallel to the plane of the laminate. Let "k"

kdenote a particular ply that is singled out for study. The ply thickness is hk . Let
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k k
x and y represent the coordinates in the mid-plane of the ply. The interlaminar

stresses azz and axz at the top of the ply are denoted by P2 and t 2 , respectively,

while the corresponding stresses at the bottom of the ply are designated as p1 and

t1 . Notation and sign convention appear in Figure 2.

The equilibrium equations that are valid within each ply are

(xx,x + a xz,z ) k  0

)k 
(A-I)(zx,x + zz,z k  0

The usual convention and notation are followed: a xx is the axial stress, azz is the

transverse normal stress, and axz the transverse shear stress. Superscript "k"

signifies that each variable within the parenthesis is associated with the k-th ply.

The above equations are supplemented by interlaminar conditions which

ensure reciprocity of tractions and continuity of displacements at the interfaces

between plies. At the interface between the kth and the (k-I) plies, they are

k k-I
P I P2

k k k-

uk(xk  uk-l(xk - l, h)
hkl

wk(xk, h ) k-I k-I hk-Iw (X w (X ,

(A-2)

k k
The axial component of the displacement is u and the lateral component is w .In

addition, traction boundary conditions are normally specified at the extreme upper

and lower surfaces of the laminate. At the boundaries corresponding to constant

4 p
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values of x, the laminate sections, boundary conditions will be enforced in an

overall sense as is commonly done in engineering theories of bending and

stretching.

Overall equations of equilibrium in terms of force and moment resultants

may be derived by appropriate integration of Equations (A-I). They are

Nk k k
+t2 t1 = 0

Ix -2 t

kQk k (Qx+P2- P1 0

Mk  _k h k  kt)
,x + ( t t 0

(A-3)

The force, moment and transverse shear stress resultants of the k-th ply are Nk

k kM and Q respectively. These bear the classical definitions.

kh 12
k k k k d A4(Nk , M , Q)= (axx' a ) dz (A-4)

hkl-h /2

Superscript "k", which identifies the ply, will be dropped in the subsequent

equations for convenience.

According to classical theory, the stresses that satisfy equilibrium

equations (A-2) and interlaminar stress boundary conditions at the top and bottom

surfaces of each ply are

N 12MCY - z (A-5)
xxZ2) + h3

a tt+ 2  Q-)Q - 1 2 ;t t A6

I'xz n'2 1 h 2h2 2
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ZZ p) + " -)(t 2 t),x ;h 2 ,P) + h2 )(tt)X

(A-7)

The following contractions which denote the sum and difference of

interlarninar stresses are introduced for convenience

n = t 2 -t 1

m h (t 2 + t )

q = P2 -Pl

S1
r 2(P 2 + PI)

(A-8)

n can be regarded as an effective distributed axial force, m an effective distributed

moment, q an effective lateral pressure and r a mean flatwise tensile stress.

The stresses given in Equations (A-5) through (A-7), although not exact, are

statically equivalent to the applied surface loadings. They will be used

subsequently to develop approximations for the displacement components.

Kinematics

* The central assumption in the present development is that the statically

equivalent stresses in Equations (A-5) through (A-7) can be used to estimate the

transverse normal strain and transverse shear strain. This is not a kinematic

• assumption, but an assumption regarding stresses.

The development will be carried out for orthotropic materials with

principal material directions corresponding to axes of the ply. The appropriate

• form of Hooke's law for plane stress is

.[ . •** . . .
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xx S11 xx S13 zz (A-9)

zz 3xx + S3 3 
C z z  (A-10)

Yxz = S55 xz (A-1l)

Lxxv zz yxz are the axial strain, transverse normal strain, and transverse shear

strain, respectively. The S-terms are flexibilities; in terms of engineering

constants, they are

S1I = lIE 11

Sl3 = _3/Ell

533 l/E 3 3

S55 = /Gl3

(A-12)

E and E33 are elastic moduli associated with the x and z directions. v 13

is Poisson's ratio and G is the transverse shear modulus. The underlined term in

Equation (A-10) represents the influence of the transverse normal stress in

estimating the transverse normal strain. The same convention will be followed

throughout the development to identify this type of contribution. Its effect upon

the derived equations will be discussed later.

The strain components are related to the displacement components by the

following strain displacement relations:

U X LX

W = L,Zx ZZ

h'z •
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" +
Uz + Wx Y xz

(A-13)

Equations (A-5), (A-7), (A-10) and (A-13) permit the transverse normal strain to be

approximated as

S( 12M

+ r h -)n + J ) q + (-) xS33 [ - h 2x3h 2  h2,

(A-14)

Integration of this equation results in the following expression for the lateral

displacement component w:

w w(x) + Sz ( + 12 M z)

3z IF 2 0 z

+ S3 3 z 2r+-(l---)n +- (I---3h2q + z=-
3(A-15)

W(x) is the lateral deflection of the ply axis z = 0.

The axial component of displacement u can be estimated as follows.

Equations (A-l) and (A-13) permit u to be expressed as

U,z = S55 o xz - w x (A-16)

Substitution of (A-6) and (A-15) into Equation (A-16) and subsequent integration

results in

I
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2 3z z2 S)z 2
u : U(x)-zW(x) +MS 5 5 Sn + (-2FS) S3hQ- 2571 -- 'S)$ 55 m

[2,, h z 6z2
- '$ 3 3 z2 2rx " 3h2 n " h qxx 2 1- -')m xX

3h 5h T X

(A-17)

where

S = I + S13/$ 5 5  (A-18)

U(x) is the axial deflection at the ply axis.

The static displacement field is completely described by Equations (A-15),

(A-17) and (A-18). This approximate displacement field was determined by

estimating precisely the strains that are ignored in classical theory. U and W, the

axis displacement components, emerge as natural kinematic variables. The

kinematic compatibility equations of continuum theory are not satisfied exactly by

this displacement field. The objective, however, is not rigor but a consistent,

reliable engineering theory which features high accuracy together with simplicity.

The approximations made are consistent with the other inherent approximations

introduced [9, 131.

Refined Axial Stress

The axial stress in the ply is usually large and of the greatest importance.

An accurate knowledge of it is essential in practical applications. A refined

estimate that improves Equation (A-5) is central to the theoretical improvements

that are sought.

Equations (A-7), (A-9), and (A-17) can be utilized to produce a refined axial

stress expression

? " " "'" " " "" " " " ". .. " '- " " - "'" . "' " . . . . i" -"' .i'., "- :.
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xx Ux 513 U

__ ~~! (2 Sl+ !5-[~z2  $55,'
- l ,x - z  Wxx 13 - h- 2 - x

h 1

S13z [ S55 4z2  + S] i r z +! 5 z2 S5
- 1+---( 2  q m-si~ z 2 )'+ h 1 SJx - h2 SI3  S 33h2  S13

1 2r h 2 2  z 22 z 6z 2
v S3 3 z L2r,xx !4 1 - x )qx + (1 -- )m

3h 5h ;h x

(A-19)

Relationships for the axial force and moment resultants are obtained by

using Equations (A-4) and (A-19). The results are

hA [Ux_ ( S2 2 3h
: 11 ,13 x 16 xx + 4- n,xxx]

M h -1 -5 (3 555 S13  55h5]
MV 51 3 + 4 -)iq +13 Q-2 !-5)mx 533(39 q llmxx

II 13 13 ,x

(A-20)

Equations (A-20) permit Equation (A-19) to be rewritten as

N 12M [ Th -l 2 z 2 )n  3z 20z2  m)+ -- -a I---- + T5 -
xx h7 L h 2 x h )q I

+h 33 2 12z 2 )r  3h 4Oz2( 2z2 1
1 2 Lxx + To 3h 3h ,x

39z F20 2  22  i 280z 2  6z 2
+ L8' [l- ( q L-- - ( mIxxxj

(A-21)

I

I" " ' " " ' " : " - . - ' .' ' ' • " " " '' S ' "- , - • • "
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The parameter a is (S 5 5 + 2S13)/2S11,; it is unity for an isotropic material.

It has been shown [9, 13] that the transverse normal and shear stress

distributions which are consistent with the refined axial stress distribution (A-21)

are those given by the classical expression in Equations (A-6) and (A-7).

Summary

The governing equation for the present model can be summarized now.

They encompass four categories. Overall-type equations consist of the equilibrium

equations (A-3) and the constitutive equations (A-20). In addition, two sets of

equations provide the distributions of stresses and displacements throughout the

ply. The first set for stresses consists of Equations (A-21), (A-6), and (A-7). The

second for displacements is composed of Equations (A-15) and (A-17).

Considerable simplification is achieved if the underlined terms in the

governing equations are neglected. This is equivalent to neglecting the influence of

the transverse normal stress in estimating the transverse normal strain as indicated

in Equation (A-10). The implications of this approximation and its accuracy are

discussed in Reference 9.

In the place of axis-related kinematic variables, averaged variables can

also be used. These are defined as

h/2

u f 2 dz

-h/2

h/2 (A-22)

=w f dz

-h/2

In addition to the averaged kinematic variables in Equations (A-22), it is

convenient to introduce an intermediate kinematic variable that is related to ply

* -'- . .- ' . " -". .'
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section rotation. This is selected to be the mean rotation of the ply section.

; --- dz : u(x, h/2) - u(x, -n/2) (A-23)
-h/2

The above collection of equations requires the specification of boundary

conditions at specified values of x. There are three boundary conditions per end. It

is usual in an engineering theory to prescribe N or i, Q or v, and M or . Ply-axis

kinematic variables can also be used in specifying kinematic boundary conditions.

The modeling of boundary restraint conditions in classical theory is straightforward

since the displacement varies linearly through the entire thickness. The situation is

more complex here. Experience with the use of the equations and specific study of

the sensitivity of predictions to boundary restraint modeling are required. The

corresponding problem for homogeneous structures is discussed in References [8,

14].

For convenience, the constitutive relations, along with the stress and

displacement distributions in terms of averaged kinematic variables and derivatives

of resultant force and moment, are listed below.

Constitutive relations:

h E -lr h 7h 3

N =~ [;,x 13S IT S13 N,xx + Sl 3 N,xxx

M h3 +i(Sl 55)Qx as M 33 h  $33 h  '-13M1 S Wxx h 13 + + 55i" Sll M,xx "60 ',xxx - F-2T- 8 33),xxxx

(A-24)

Displacement distribution: S

I-
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h 13 12Z2

h

s33h[2z, ,l 2) 2) 7 2 ) ]
Lz N2 7 z4 1

--- (6 h + 4-2 + j) ,,X]

S 1 [7h _2z2  z 4zu=;-Z;,x*ES55 '7(S55+SI (1- __) Nx + "( L-)M~

',x h4 J .55Q +~ 55 13 2 X

hS 33  [2 12Z2)r 3 z2  2z4 N 2z 4z 2 -

4: L x ,-00 -42 T Xxx h h 2 9xx

-z(L 4z 2 24 z4
-- +- 10T 2iXxxx

(A-25)

Stress distribution

N 12M ILI2~ 3z 2
=a Q za.--z2-)N L-(0 -L- )Wxx h 3  h2 2- xx 5h 3  2

S3 3  2 . 2  3h 40 z2 goz 4  2z 20- z2x
h2 [3U ) - 2z 2z)N16 11 'j h2k , 4,, -T 2 h-9F Nxx - -T j )Q,x

liz 280 z2  112 4
70 - -5-2 + -I- N)M,xxxx

N 1- (1 12z2)M "
h x

h 4z 2  z Z4zazz r r- 9 Q- h2) N,xx -  QIx- l h2, )mxx

(A-26)

S
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Method of Solution

The above equations are to be applied to individual plies of a laminate or to

groups of plies .... sublaminates . . . as needed to analyze a situation producing

significant interlaminar stresses. The following are the solution steps in terms of

averaged kinematic variables:

1. Divide the laminate into elements according to geometry and loading

condition. The element length is selected such that within the element the

geometry and loading are continuous as is commonly done in engineering

theories of bending and stretching. Elements and/or sublaminates are

characterized by their effective extensional or flexural moduli as

appropriate.

2. The displacements, resultant force and moment, and interlaminar stresses

in each element are governed by the equilibrium equations (A-3), the

constitutive relations (A-20) and the displacement distributions (A-15) and

(A-17). Write these equations for each element in the analysis model.

3. Apply interlaminar continuity conditions (A-2) and enforce tractions or

displacements conditions at the extreme upper and lower surfaces of the

laminate.

4. Solve the system of coupled ordinary differential equations for the

elements variables.

5. Enforce the boundary conditions at constant values of x, the laminate

sections, as well continuity requirements between element ends as is

commonly done in engineering theories of bending and stretching in order

to find the values of the arbitrary constants resulting trotn the solution in

0. step 4.

6. Determine through-thickness stress and displacement distributions from the

element variables using Equations (A-26) and (A-25), respectively.

0
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