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(ABSTRACT)

The influence of thickness and hole radius on the fracture strengths of Narmco
V

5245C—G40-600 graphite/bismaleimide laminates was studied. Tests were run on 8 ply,

40 ply, and 80 ply quasi-isotropic laminates of stacking sequence [0/ j; 45/90],,,. Both
l

unnotched and notched laminates were tested. Unnotched strength was found to be in-

versely proportional to thickness. Notched strengths were compared to three different

failure models based on the stress distribution around the hole.

Damage development around the holes was studied using x-ray radiography. In

general, the small holes created more damage than the large holes and the thin laminates

were more susceptible to damage than the thick laminates. All notched specimens ex-

hibited matrix cracking in the 90° plies around the hole and vertical splitting in the 0°

plies at the edge of the hole.
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Introduction

· Laminated and filament wound composite materials are gaining popularity for use

as major structural components in many practical applications. A composite laminate,

like other materials, loses much of its original strength when it is damaged by impact

or has a design feature such as a bolt hole. Therefore, the designer of a composite

structure must have a way to determine the reduced strength of the material in order to

design a "damage tolerant structure". Many people who have studied the problem of

holes have noticed that tension specimens containing large holes have lower failure loads

than the same size specimens containing small holes. This phenomenon, known as the

"hole size effect", cannot be explained by a classical stress concentration factor [1].

Attempts have been made to explain this effect using other theories. A few of these

theories are discussed below.

Fracture mechanics [2-4] , orthotropic plate theory [1,5], finite element theory [6,7],

and boundary layer theory [8] have all been used to predict the reduction in strength of

a composite laminate caused by a hole. The finite element method and boundary layer
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theory are limited by computer capacity due to the singularity of the stress field in the

neighborhood of a crack tip. Conventional finite element methods typically require

500-1500 degrees of freedom to obtain reasonable solutions for the stress intensity factor

at a crack tip in a homogeneous material with simple geometry [9]. Given the

complexity of composite materials, excessive computer time and money are obstacles to

using finite element methods and boundary layer theory for routine application.

Although the classical stress concentration factor cannot explain the hole size effect,

Waddoups, Eisenmann, and Kaminski [2] modified the hole problem so that

macroscopic fracture mechanics predicted decreasing strength with increasing hole size.

In their fracture mechanics model, Waddoups et al. assumed the existence of an intense

energy region which was modeled as a through crack of constant length, a, extending

symmetrically from each side of the hole and perpendicular to the load direction. The

"inherent flaw size", a, was thought to be a material property which remained constant

for all hole sizes. Hence, the solution to the problem could be found using linear elastic

fracture mechanics. Waddoups employed Bowie’s [10] isotropic analytical solution for

the problem, and an isotropic finite—width correction factor to account for the effects of

finite boundaries upon test results.

The model of Waddoups et al. contains two parameters: unnotched tensile strength,

6, , and inherent flaw size, a. By experimentally determining 6, and the value of a for

one hole size, the model predicts strength for a hole of any size in the same laminate.

However, the applicability of the fracture mechanics model to composites was

questioned since the development by Bowie was limited to isotropic materials. Also,

inherent flaw size was not a constant for all hole sizes, although the data showed
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reasonable correlation to the theory. Finally, a we1l—defined crack adjacent to the hole

was not observed in testing, so the model did not accurately reflect physical reality.

Lin and Mar [3] developed a hybrid crack tip finite element to study the stresses

induced by cracks at the interface of two materials. They found that a direct application

of macroscopic linear elastic fracture mechanics, which does not consider the separate

nature of the ülament and the matrix, was not appropriate for composite materials [4].

By applying the basic linear elastic fracture mechanics equation on a micromechanical

level, Lin and Mar developed an equation to correlate the tensile fracture of filamentary

composites containing discontinuities. Unlike fracture mechanics theory in which failure

load is inversely proportional to the square root of the length of the discontinuity, Lin

and Mar proposed that failure load is inversely proportional to the length of the

discontinuity to some power, m. The value ofm is a property of the two materials at the

interface, so it is constant with respect to hole size. Mar and Lagace [ll] verified the

model with experimental data obtained from two laminate systems. Application of the

proposed theory to the data resulted in a parameter, m, which was independent of hole

size. In both cases, the goodness-of-fit parameter was better than 0.99. In another

study, Lagace [12] found the Mar-Lin model to be useful in correlating data when the

specimens fractured without delamination. However, when out·of-plane stresses were

critical the Mar-Lin model was inaccurate.

Whitney and Nuismer [1,5] proposed two stress criteria for predicting the strength

of laminated composites containing through the thickness discontinuities. Instead of

applying linear elastic fracture mechanics principles, they concentrated on the fmite state

of stress near the boundary of the discontinuity. ln the first approach, they assume that

failure occurs when the stress at some distance from the discontinuity, d,,, is equal to or
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greater than the strength of the unnotched material. The characteristic distance, a'„, is

assumed to be a material property independent of laminate geometry and stress

distribution. Physically, this dimension might represent the distance over which the
i

material must be critically stressed in order to find a suflicient flaw to initiate failure.

In metals, a similar dimension is known as the plastic zone size. These assumptions lead

to a stress failure criterion known as the point stress model.

Whitney and Nuismer’s second approach, the average stress model, is very similar

to the first except that failure is assumed to occur when the average stress over some
‘ distance from the discontinuity, cz, , equals the unnotched laminate strength. Again, a,

is assumed to be a material property independent of laminate construction and stress
‘ distribution. Physically, the average stress model is based on the ability of the material

to redistribute local stress concentrations. Thus, a, can be considered as the distance

ahead of the discontinuity across which failure has taken place.

Karlak [13] tested a series of 8-ply, symmetrical, quasi-isotropic laminates formed by

l permutating the layers of the basic [0/ i 45/90], construction. These laminates

contained holes of various size. Karlak analyzed the fracture data with the

Whitney-Nuismer point stress criterion; however, he found that the point stress

characteristic length, d,, was not a constant independent of hole size. instead, his data

indicated that d, was related to the square root of the hole radius, R, as shown in

equation (1)

m
where k, is a property of the laminate ply sequence. The modified model fit much better

than the original model to experimental data generated by Whitney and Kim [14] for 8
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ply quasi·isotropic laminates of the type [i 45/0/90], and [90/0/ i 45],. Prabhakaran

[15] also confirmed relationship (1) in an independent study on 16-ply E-glass fabric

reinforced epoxy laminates.

Pipes, Wetherhold, and Gillespie [16] introduced a three-parameter model similar to

the Karlak model except that the characteristic distance was assumed to be related to the

hole diameter raised to some power n.

do = k,,R” (2)

The exponential parameter, n, changes the slope of the curve which relates notched

strength to hole radius. The upper bound (n= 1) results in notched strength independent

of hole radius, while the lower bound (n= 0) reduces the three-parameter model to the

two-parameter model of Nuismer and Whitney. Pipes et al. fit their model to the

notched strength data recorded by Whitney and Kim [14] from [i 45/0/90], and

[90/0/ i 45], laminates. The exponential parameter, n, was not found to be a constant

for the two stacking sequences as suggested by Karlak.

Garber, Morris, and Everett [17] studied the influence of temperature on fracture

strengths of Celion 6000/ PMR 15 laminates containing holes. Data from tests of 8-ply

[45/0/ -45/90], laminates indicated that the characteristic distances, a, and d,, were

temperature dependent. However, one value of a, or d, coupled with the Whitney and

Nuismer model resulted in fair prediction of the notched strength of [45/0/-45/0],

laminates for cryogenic, room, and elevated temperatures. Morris [18] performed further

tests on 8-ply laminates of the same two stacking sequences and found that a constant

a, gave good predictions of notched strength for a given temperature regardless of hole

size. However, a constant value of d, in the point stress model gave fair predictions only
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for a range ofhole sizes. Furthermore, Morris discovered that regardless of temperature,

the value of d, varied with hole size. Using the general form of Pipes et al. [16], Morris

calculated the exponential parameter, rr , to be 0.241 at room temperature and 0.277 at

elevated temperature for the quasi-isotropic laminate. The point stress model with the

modified d, gave excellent agreement between predictions and experiment for all hole

sizes in both layups.

* All of the previous work has been performed on thin laminates (16 plies or less).

The objective of this study was to determine the effect of thickness on fracture of

laminates containing holes. In order to characterize the notch behavior of the

graphite/bismaleimide material studied here, both unnotched and notched tension tests

were conducted. A test matrix of nine different specimens of the same quasi-isotropic
i

laminate was developed. Holes of 0.125 in. (3.18 mm), 0.375 in. (9.53), and 1.0 in. (25.4

mm) diameter were cut in samples from three different thicknesses. The failure loads and

damage development were compared.

inrmducrirm 6
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Materials and Methods (

Materials

The material system selected for study was graphite/bismaleimide, Narmco

5245C-G40-600. Quasi-isotropic laminates of 8, 40 and 80 plies with stacking sequence

[0/ $45/90],,, were chosen for comparison. The laminate panels were prepared from

preimpregnated tape supplied in 12 in. (30.5 cm) wide rolls. These were cut and hand

laid with the use of a straight edge and triangles. The layup consisted of [0/ :1:45/90],

laminates stacked rz times. The material was cured in an autoclave as 20 in. x 12 in. (50.8

cm x 30.5 cm) plates. The live hour cure cycle (Figure 1) started with the application

of a 14.7 psi (0.101 MPa) vacuum for one hour while the temperature was raised from

75° F (23.9°C) to 245° F (1 18°C) at 6.5°F/min (3.6°C/min). After one hour, a constant

85 psi (0.59 MPa) pressure was applied for the remaining four hours. Two hours into

Materials and Methods 7
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the cure cycle, the temperature was increased at 6°F/min (3.4°C/min) to 350° F

(l77°C). Temperature stayed constant until the final half-hour cooldown. Although all

three thicknesses were cured with the same basic cure cycle, the 80 ply laminate was

given an additional fifteen minutes at each temperature plateau to insure a uniform

temperature saturation through the thickness. There was no postcure after cooldown.

All of the panels were C-scanned before cutting. No delaminations or voids were

discovered that would have prohibited use of any portion of the panel. After inspection,

the larninates were cut into 1.0 in. (25.4 mm) and 2.0 in. (50.8 mm) wide specimens
i approximately 11.0 in. (279 mm) in length with a water-cooled diamond wheel. The

specimens were then ground to assure parallel edges within 0.002 in. (0.051 mm) over
( the length. Holes were drilled in the wider specimens with water-cooled diamond core

drills. A total of four specimens of each thickness and hole size were produced. ln

addition, four 1.0 in. (25.4 mm) wide unnotched specimens were cut for each thickness.

Experimental Methods

Unidirectional tensile tests were performed on four unnotched 1.0 in. (25.4 mm) wide

coupons from a laminate of each thickness to measure E, , stiffness modulus in the

loading direction, 6, , unnotched tensile strength, and tz, , laminate failing strain. The

unnotched 40 ply specimens were tested on a 20 kip (89 kN) Instron testing machine.

Failure load was higher than predicted and exceeded the capacity of the machine. As a

result, all remaining testing was done on a higher capacity machine. Unfortunately it

Materials and Methods 9
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was impossible at a later date to obtain the specimens needed to repeat the original tests

on the higher capacity machine.

A 120 kip (534 kN) Tinius-Olsen testing machine with integral wedge-type grips

supplied the tensile loads for the unnotched 8 and 80 ply specimens. Medium or coarse

grade aluminum oxide paper was placed between the grips and the specimen to isolate

the specimen from the serrated wedge faces and provide the friction necessary to tighten

the grip wedges with increasing load. A Micro-Measurements 0.125 in. (3.18 mm) strain

gage was mounted at the center of each specimen. Loading was applied at a constant

stroke ratc of 0.2 in./min (5.08 mm/min) while load and strain data were recorded

through an automated data acquisition system using an IBM personal computer.

Fracture loads were recorded after each test.

All notched tension tests were run on the Tinius·Olsen testing machine using the

preceding gripping and loading procedure for the unflawed specimens. The objective of

the notched tests was to determine failure load and monitor damage propagation. After

failure loads had been determined from three replicate tests for each hole size and

· thickness, a fourth specimen from each group was pulled to 80, 85, 90, 95, and 98

percent of the expected failure load. At each load level, the specimen was removed from

the testing machine and x-rayed for damage.

Prior to x-raying, the damaged areas of the specimen were coated with zinc iodide.

This material retards the penetration of the x-rays thus enhancing the damaged areas

of the specimen. The zinc iodide was applied with a cotton swab, allowed to soak for

at least twenty minutes, and wiped from the surface of the specimen with acetone. The

specimen was then placed directly on the Kodak Industrex M-5 double emulsion film in

the x-ray cabinet.

P
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Two radiographs, one through-the-thickness (top view) and one through-the width

(side view), were taken of each specimen at each load level. For the top view, the

specimen and film were placed 12 in. (30.5 cm) from the x-ray source. The x-ray voltage

was 20 kVp for all thicknesses. Exposure times were as follows: one minute for 8 ply

specimens, five minutes for 40 ply specimens, and ten minutes for 80 ply specimens. For

the side views, the specimen and film were placed 36 in. (91.4 cm) from the x-ray source.

The x-ray voltage was 80 kVp and exposure time was five minutes for all specimens.

xwamsaus and Memeds ll



Results and Discussion F

Results

The data from the unnotched tension tests are summarized in Table l. The specimen

identification consists of the number of plies in the specimen, a roman numeral

identifying the panel from which the specimen was cut and a specimen number within

that panel. Four replicate tests were performed for each thickness. A typical

stress-strain curve is shown in Figure 2. The solid line is representative of recorded data;

gage failure occurred before the specimen failed. The modulus, E, , was determined by

the slope of the solid line. Unnotched strength, 6, , was calculated from the recorded

failure load and the gross cross—sectional area. Failure strain was deterrnined in each

case by assuming linear strain to failure, represented by a dotted line. Strain to failure

was never recorded experimentally because the strain gages either debonded before

Results and Discussion I2



Table 1. Measured Laminate Properties, Unnotched Tests

Specimen E, 6, 6,
Msi ksi
(GPa) (MPa)

8-I-1 7.564 107.2 0.0142
(52.15) (739.1)

8-1-2 7.449 110.4 0.0148
(51.36) (761.2)

8-1-3 7.347 114.1 0.0155
(50.66) (786.7)

8-1-4 7.942 113.0 0.0142
(54.76) (779.1)

Average · 7.576 111.2 0.0147
(52.23) (766.5)

40-11-1 8.041 94.960 0.0118
(55.44) (654.7)

40-11-2 8.251 104.4 0.0127
(56.89) (719.8)

40-11-3 8.084 97.16 0.0120
(55.74) (669.9)

40-11-4 8.296 *** ***
(57.20) ***

Average 8.168 98.84 0.0122
(56.32) (681.5)

80-1-1 7.909 91.49 0.0116
(54.53) (630.8)

80-1-2 8.027 86.47 0.0108
(55.34) (596.2)

80-1-3 7.660 86.87 0.0113
(52.81) (598.9)

80-1-4 7.793 88.96 0.0114
(53.73) (613.4)

Average 7.847 88.45 0.0113
(54.10) (609.8)

*** No data due to equipment failure

Results and Discussion 13



Specim;¤ Failure
O' ··············································—·····················--—--··—··- ---·--··----Ä
"/,@-j——Assumed

- Straiu Gage Failure ' {F 1
1*% i
vg-] IV1 1.*:1 1
C/1 1w 1
H 1 .
ÜF äE-• 1VJ ä

gf
STRMN (m. /111.)

Figure 2. Typical Stress/Strain Curve of a Quasi-Isotropic Graphite/Bismaleimide Laminate

Results and Discussion 14



1

failure, or the outer plies failed before the rest of the larninate failed thus rendering the

strain data inaccurate.

The lamina stiffness properties as listed by Narmco were:

E,,= 24.0 Msi (165 GPa)
v,2= 0.33
G,2= 0.74 Msi (5.1 GPa)

where subscript l refers to the liber direction and 2 refers to the transverse direction.

The value of E2, was not provided, so the value for T300/5208 graphite epoxy, 1.6 Msi

(11 GPa), was used [19]. The approximate per-ply thickness was 0.005 in. (0.127 mm).

The properties of a [0/ -3 45/90],,, laminate, calculated with classical lamination theory,

are:

E, = E,= 9.13 Msi (62.9 GPa)
v,,,= 0.320
G,,= 3.46 Msi (23.9 GPa)

· where x refers to the direction parallel to the 0° fibers and y refers to the transverse

direction. The calculated value of E, is higher than all of the experimental values in

Table l, regardless of thickness. Some error could be the result of the estimated value

for Eu .

The results of the notched tension tests are presented in Tables 2-4. See Figure 3 for

explanation of specimen dimensions and load application. All specimens were loaded in

uniaxial tension; S represents a uniform applied far-field stress. I-Ierein, stresses will be

denoted S and strengths will be denoted 6 . Notched strength, 6,,, was calculated from

the recorded failure load and the gross cross-sectional area. Tabulated hole sizes, which

u Results and Discussion 15
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were measured with a dial caliper, were used in all calculations. The diamond core drills

used to machine the holes were 0.125 in. (3.18 mm), 0.375 in. (9.53 mm), and 1.0 in. (25.4

mm) in diameter. Three replicate tests were performed for each hole size in each

thickness. The test data exhibited little scatter, with no value of notched strength

varying more than six percent from the average value of three tests.

Results and Discussion I6
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Table 2. Notched Tension Test Results (8 Ply)

Specimen Width Thickness Hole Notched Normalize
Diameter Strength Strength

(W) (0 (ZR) (¤„) (ff)
in. in. in. ksi ’
(mm) (mm) (mm) (Mpa)

8-11-1 2.001 0.046 0.124 103.4 0.930
(50.8) (1.17) (3.15) (712.9)

8-11-2 2.001 0.047 0.123 101.9 0.917
(50.8) (1.19) (3.12) (702.6)

8-11-3 2.001 0.047 0.122 100.2 (9 0.901
(50.8) (1.19) (3.10) (690.9)

Average 2.001 0.047 0.123 102.7 0.924
(50.8) (1.18) (3.12) (707.8)

8-I1-4 2.001 0.050 0.378 68.0 0.612
(50.8) (1.27) (9.60) (468.8)

8-11-5 2.000 0.050 0.378 72.8 0.655
(50.8) (1.27) (9.60) (501.9)

8-11-6 2.000 0.049 0.378 63.5 0.571
(50.8) (1.24) (9.60) (437.8) ‘

Average 2.000 0.050 0.378 68.1 0.612
(50.8) (1.26) (9.60) (469.5)

8-11-7 2.000 0.048 1.002 37.9 0.341
(50.8) (1.22) (25.5) (261.3)

8-11-8 2.000 0.047 1.004 37.8 0.340
(50.8) (1.19) (25.5) (260.6)

8-11-9 2.000 0.047 1.004 38.4 0.345
(50.8) (1.19) (25.5) (264.8)

Average 2.000 0.047 1.003 38.0 0.342
(50.8) (1.20) (25.5) (262.2)

(1) Specimen broke away from the hole; data not used in calculations

Results and Discussion 18
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Table 3. Notched Tension Test Results (40 Ply)

Width Thickness Hole Notched Normalize
. Diameter Strength Strength

<w> <o <2R> <«„> <%'}>
in. in. in. ksi(mm) (mm) (mm) (Mpa)

40-1-1 2.001 0.244 0.124 82.7 0.837
(50.8) (6.20) (3.15) (571.2)

40-I-2 2.001 0.247 0.124 80.9 0.818
(50.8) (6.27) (3.15) (557.8)

' 40-I-3 2.000 0.249 0.124 79.9 0.808
(50.8) (6.32) (3.15) (550.9)

g Average 2.001 0.247 0.124 81.2 0.822
(50.8) (6.27) (3.15) (559.9)

40-1-4 2.001 0.251 0.378 60.7 0.614
(50.8) (6.38) (9.60) (418.5)

40-I-5 2.000 0.250 0.378 65.0 0.658
(50.8) (6.35) (9.60) (448.2)

40-1-6 2.000 0.249 0.378 59.0 0.597
(50.8) (6.32) (9.60) (406.8)

Average 2.000 0.250 0.378 61.6 0.623
(50.8) (6.35) (9.60) (424.7)

40-1-7 2.000 0.249 1.002 37.3 0.377
(50.8) (6.32) (25.5) (257.2)

40-I-8 2.000 0.249 1.002 37.1 0.375
(50.8) (6.32) (25.5) (255.8)

40-I-9 2.001 0.247 1.003 37.1 0.375
(50.8) (6.27) (25.5) (255.8)

Average 2.000 0.249 1.002 37.2 0.376
(50.8) (6.32) (25.5) (256.5)

Results and Discussion 19



Table 4. Notched Tension Test Results (80 Ply)

Width Thickness Hole Notched Normalize
Diameter Strength Strength

(W) (t) (ZR) (GN) 0%%)
in. in. in. ksi
(mm) (mm) (mm) (Mpa)

80-1-8 2.001 0.503 0.124 85.1 0.962
(50.8) (12.8) (3.15) (586.7)

80-1-9 2.002 0.506 0.127 83.3 0.942
(50.9) (12.9) (3.23) (574.3)

80-1- 10 2.002 0.500 0.125 85.0 0.961
(50.9) (12.7) (3.18) (586.1)

Average 2.002 0.503 0.125 84.5 0.955
(50.9) (12.8) (3.18) (582.4)

80-1-6 2.001 0.502 0.379 63.9 0.722
(50.8) (12.8) (9.63) (440.6)

80-1-7 2.002 0.503 0.379 66.0 0.746
(50.9) (12.8) (9.63) (455.1)

80-1-11 2.001 0.494 0.379 65.6 0.742
(50.8) (12.5) (9.63) (452.3)

V
Average 2.001 0.500 0.379 65.2 0.737

(50.8) (12.7) (9.63) (449.3)

80-11-8 2.000 0.503 1.003 38.1 0.431
(50.8) (12.8) (25.5) (262.7)

80-11-7 2.000 0.503 1.003 36.9 0.417
(50.8) (12.8) (25.5) (254.4)

80-11-9 2.001 0.490 1.003 39.4 0.446
(50.8) (12.4) (25.5) (271.7)

Average 2.000 0.499 1.003 38.1 0.431
(50.8) (12.7) (25.5) (262.9)
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l Discussicn

Radiographs

Contact prints of radiographs for each hole size in each thickness are provided in

Figures 4-7. Most of the specimens are pictured at 80% and 98% of failure load.

Percentages are based upon the average failure loads of the specimens which were

broken previously. The 8 ply specimen with the 1.0 in. (25.4 mm) hole was rnistakenly

pulled to 96% of failure load before it was taken out to be x-rayed, so it is shown in

Figure 5 at 96%. The 80 ply specimen with the 0.125 in. (3.18 mm) hole broke at 95%

of its predicted failure load, so the radiographs in Figure 7 for that specimen were made

at 80% and 90% of the predicted failure load. In Figure 6, the delamination on the

specimen with the 0.375 in. (9.53 mm) hole (middle row) was induced during cleaning.

Figures 8-10 contain photographs of representative fractured specimens of each hole

size and thickness. These specimens are not the same specimens that were x-rayed,

although they are identical in construction. The effects of thickness and hole size on

damage are apparent from the radiographs and photographs.

The 8 ply laminate with the 0.125 in. (3.18 mm) hole (Figure 4) delaminated above

and below the hole before reaching 80% of its predicted failure load. Matrix cracking

was induced in all of the 90° plies under the delaminated section. Once the specimen

reached 98% of its failure load, the delamination had propagated further in each

direction. Matrix cracking in the 90° plies was so severe in the 3.5 in. (88.9 mm)

segment above and below the hole that the edges of the specimen delaminated. The
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corresponding fractured specimen in Figure 8 delaminated in narrow strips along the
length of the specimen.

V The 8 ply laminate with the 0.375 in. (9.53 mm) hole (Figure 5) showed less

catastrophic damage than the 8 ply laminate with the smaller hole. At 80% ofpredicted

failure load, matrix cracking in the 90° plies extended from the hole, and vertical splitting
in the 0° plies occurred at the edges of the hole. By 98% of failure load, the vertical

splitting had developed into delamination at the hole. The 90° matrix cracking had

extended above and below the hole over a 1.0 in. (25.4 mm) region causing delamination

e at the edges of the specimen.

p The ply laminate with the 1.0 in. (25.4 mm) hole (Figure 5) exhibited relatively little

damage. Vertical splitting in the 0° plies extended from top to bottom of the hole at

96% of failure load. Some delamination had developed around these splits. Matrix

cracking in the 90° plies was induced by these splits but did not extend to the edge of the

specimen. No delamination occurred at the edge of the specimen.

( The 40 ply laminate with the 0.125 in. (3.18 mm) hole (Figure 6) delaminated at a

higher percentage of failure than the 8 ply laminate with the same hole. At 80% of

failure load, vertical splitting in the 0° plies at the edges of the hole extended slightly

above and below the hole and matrix cracking in the 90° plies propagated from these

splits. By 98% of failure load, the vertical splitting extended to a 0.75 in. (19.1 mm)

region causing some delamination at the hole. In addition, the matrix cracking in the

p 90° plies induced a slight delamination at the edges.

Figure 11 shows a front and side view of the 40 ply laminate with a 0.125 in. (3.18

mm) hole at 98% of its failure load. The matrix cracking in the 90° plies above and
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below the hole only occurs in the outermost 90° plies while the cracking around the hole

occurs in all 90° plies. This is typical of the 40 ply and 80 ply specimens. The 8 ply
specimens only have one double layer of 90° plies, so the radiograph of the front of the

specimen adequately describes the 90° cracking.

No delamination occurred at the edges of the specimens for the larger hole sizes in

the 40 ply laminates (Figure 6). None of the holes in the 80 ply laminates caused

delaminations at the edges (Figure 7). In all cases there was some delamination at the

hole, vertical splitting in the 0° plies, and matrix cracking in the 90° plies extending from

the vertical splitting. In general, the small holes created much more damage than the

large holes, and the thin laminates were more susceptible to damage than the thick

laminates. ”

A possible explanation for the change in damage with increasing thickness may be

related to interlarninar normal stresses at the free edge. Kim [20] performed experiments

on [0/ i 6/90], and [0/90/ ;I_— 6], unflawed laminates loaded in tension. Calculated values

for interlaminar normal stresses were tensile for the former laminates. As a result, these

laminates had a lower failure stress than the [0/90/ i 6], laminates. The tests were

repeated on the weaker laminates with a piece of glass scrim cloth wrapped around the

specimens to assure compressive normal stresses at the free edge. The failure stresses

obtained for the restrained [0/ i 6/90], laminates were equal to those for the

[0/90/ i 6], laminates. These tests proved that failure load is influenced by out·of-plane

deformation in thin laminates where tensile interlaminar stresses exist.

lt is necessary to look at the effect of tensile interlarninar stresses on thicker laminates

in order to understand the effect of these stresses on varying thicknesses. Pagano and

Pipes [21] developed an equation to predict interlarninar normal stresses based upon
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equilibrium. They used in-plane stresses derived from classical lamination theory and

equilibrium at the edge of a laminate to approximate the maximum interlaminar normal

stress, 6, , at any interface in the laminate. The equation is written

M 6)

where M, is the moment about the x axis caused by stresses in the y direction and b, is

the boundary layer width. The boundary layer width, the distance over which an

interlaminar normal stress exists, is assumed to be approximately equal to the thickness

of the laminate. The stacking sequence [0/ _-1; 45/90],,, is such that interlaminar normal

stresses at each interface are tensile. The maximum normal stress exists between the

90° plies. The symmetry of the layup results in a constant M,, regardless of thickness.

Therefore, 6, is inversely proportional to the thickness of the laminate squared. The fact

that the interlaminar normal stresses in an 80 ply laminate are 100 times less than those

in an 8 ply laminate helps to explain why no signs of delamination are visible in the

radiographs of the 80 ply laminates for any hole size; while the 8 ply laminates with

0.125 in. (3.18 mm) and 0.375 in. (9.53 nim) holes delaminated at the edges. The thin

specimens experienced edge failure induced by out-of-plane deformation caused by high

interlaminar tensile stresses.

Orthotropic plate theory provides a partial explanation for the change in damage

with increasing hole size. Consider a hole of radius R in an infinitely wide orthotropic

plate. If a uniform far-field stress is applied parallel to the x axis (Figure 3), then the

normal stress along the y axis beside the hole can be written [5]

$$0.0) = ä[2 + <ä>’ + wär — <1<‘;—° - 3>r6<ä>° - wäh] 14)
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where y > R , S is the applied stress, S? is the normal stress, K? is the orthotropic stress

concentration factor in an infinitely wide plate, and (y , x) = (0,0) is at the middle of
_

the hole. For a quasi-isotropic laminate, K? is assumed to be three. The normal stress

in a finite width plate, S„, is calculated by multiplying the normal stress in an inlinite

width plate, S? , by a finite width correction factor [22]

2RS. S? <5>
2 + (I — -,5-)

where R is the hole radius and w is the plate width. Equation (5) is very accuratc for

< 0.5. This is a valid correction for isotropic materials, and is a good engineering

approximation for quasi-isotropic materials.

The ratio of S, to S, calculated from equations (4) and (5), is plotted in Figure 12 for

holes of diameter 0.125 in. (3.18 mm), 0.375 in. (9.53 mm), and 1.0 in. (25.4 mm). The

horizontal axis originates at the middle of the hole and ends at the edge of the specimen.

It is apparent from the plots that the stress ratio at the edge of the specimen is less for

the 1.0 in. (25.4 mm) hole than for the smaller holes. The lower stress ratio combined

with the fact that applied stress at failure is lower for a large hole than for a small hole

could explain observed physical behavior. For the large holes there was no delamination

at the edge of the specimens, regardless of thickness, but for the smallest hole there was

delamination at the edges of the 8 and 40 ply specimens.
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Unnotched Tension Tests

The data presented in Table 1 clearly indicates a thickness effect on unnotched

strength. As the specimens increase in thickness, the strength decreases. It has been

suggested in private conversations [23] that both thickness and width affect the

unnotched tensile strength of the laminate. Unfortunately, this suggestion was made

after the 1.0 in. (25.4 mm) unnotched coupons and 2.0 in. (50.8 mm) notched coupons

were cut for this project.

If there is actually a relationship between thickness, width and strength for

filamentary composites, it presents a problem for the designer. lt may not be possible

to design a composite structure with an unnotched strength value which was determined

from an ASTM standard tensile specimen. Rather, it may be necessary to test a

specimen of the same thickness and width that will be used in the structure.

· Notched TensionTestsThe

average notched strength values from Tables 2-4 are plotted in Figure 13 to

illustrate the degradation of strength with increasing hole size for each thickness.

Notched strengths are based upon gross cross-sectional area. Specimens have a strength

variation of 20 ksi (140 MPa) for the small hole, but only vary 1.0 ksi (6.9 MPa) for the

large holes. Despite the differences in unnotched strength, the holes reduced the notched

strengths to the same value. Also, although the 40 ply laminate has a higher unnotched

strength than the 80 ply laminate, it has the lowest notched strength at each hole size.
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Failure Models

The data was correlated using the Mar-Lin model as well as the two Nuismer and

Whitney models. These models were discussed briefly in the Introduction. They are

presented here in more detail along with the necessary mathematical equations.

Mar and Lin proposed that the tip of a hole or slit in a filamentary composite has

the same tendency to initiate rapid fracture as a crack tip at the interface of two

materials. They model the crack as being in a matrix type material ready to propagate

into a filament type material. Mar and Lin modified the basic linear elastic fracture

mechanics equation

Kzc = Gi? x/FR (6)

to develop an equation which correlates tensile fracture of filamentary composites

containing discontinuities. This equation can be written

(7)

In the above equations, Km is the fracture toughness, 677 is the notched strength of an

intinitely wide plate based on gross cross-sectional area, H, is the ”composite fracture

toughness" and R is the radius of the hole. The value of the exponent, m, is the stress

singularity caused by a crack at the interface between the fiber and the matrix of the

system. The fracture stress in a notched intinite width plate, 677 , is calculated by

multiplying the experimentally determined notched strength, 6,,, , by the finite width

correction factor in equation (5).
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The Mar-Lin correlation is applied by performing a linear-regression on a log-log

plot of 63; versus hole radius. Figures 14-16 compare the normalized notched strengths

with the Mar-Lin model. Herein, normalized strength will refer to the ratio of 67,7 to

6,. Experimental data points are plotted with a circle at the average value and a vertical

line connecting the high and low values. Equation (7) showed excellent agreement with

all three sets of data; however, it does not predict notched strength equal to unnotched

strength when R= 0.

The Whitney and Nuismer models are based on the stress distribution along the y

axis (Figure 3). The point stress model states that failure of a notched tension specimen

will occur when the stress at some distance, a',, ahead of the notch equals the unnotched

tensile strength. The equation for this failure criterion is [1]

Bag = (8)8 2 +: +3: — <1<i° —3><6:° — 2:*)

where C = R/(R + d,) and d, is experimentally determined. Other variables include 677,

notched strength for an infinite width plate, 6, , the unnotched tensile strength, K? , the

orthotropic stress concentration factor for an inlinite width plate, and R, the hole radius.

The second Nuismer and Whitney model, the average stress model, states that the failure [

of a notched specimen will occur when the average stress over some distance aheadofthe

notch, a, , equals the unnotched tensile strength. This failure criterion may be

written as [1] (
E jl =(9)"¤2-:8-:"+<1<i—°—3><:°-:8> ((
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where § = R/(R + a,) and a, is experimentally determined. The other terms were

defined in equation (8). The orthotropic stress concentration factor, K‘;=, is assumed to

be three for a quasi-isotropic laminate. The notched strength of an infinite width plate

is calculated with equation (5) as for the Mar-Lin model.

Nuismer and Whitney postulated that a, and d, were constants independent of hole

size for a given laminate. Therefore, once these values were determined experimentally

for one hole radius, the notched strength for any hole size could be predicted for that

laminate. The characteristic distances, cz, and 61,, were calculated from equations (6), (8)

and (9) for each test and tabulated in Tables 5-7. Notched strengths were based upon

gross cross·sectional area. Neither a, nor d, were constants for these tests as originally

thought by Nuismer and Whitney. Also, d, did not necessarily increase with hole radius

as was seen by other researchers [13,15-18].

Average values of a, and d, were calculated for each thickness to determine the

sensitivity of the model prediction to the characteristic distances. These values were

used in the models to predict notched strength. The prediction curves are plotted with

experimental data points in Figures 17-19. Neither of Whitney and Nuismer’s models

match the data well in all three cases, but both curves are in the vicinity of the

experimental data. For the 8 and 80 ply laminates, the point stress model gave better

predictions than the average stress model. However, the average stress model fit the

data much closer than the point stress model for the 40 ply laminate. Since the notched

strengths were normalized by the unnotched strengths, the difference in the 40 ply data

might be due to testing the unnotched strength on the lnstron testing machine.

As mentioned previously, Nuismer and Whitney based the characteristic distances

on physical reasoning. Characteristic distance, C10, represents the distance from the hole
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Table 5. Characteristic Distances (8 Ply)

Specimen a„ 67; ä a,d,ksi

ksi in. in.
(MPa) (MPa) (mm) (mm)

8-11-1 103.4 103.8 0.934 0.8439 0.1273
(712.9) (715.7) (21.44) (3.232)

8-11-2 101.9 102.3 0.920 0.6791 0.1118
(702.6) (705.3) (17.25) (2.839)

Average 102.7 103.1 0.927 0.7615 0.1195
(708.1) (710.5) (19.34) (3.036)

8-11-4 68.0 70.8 0.637 0.2458 0.0861
(468.8) (488.2) (6.244) (2.187)

8-11-5 72.8 75.8 0.682 0.3193 0.1042
(501.9) (522.6) (8.110) (2.647)

8-11-6 63.5 66.1 0.595 0.1915 0.0712
(437.8) (455.7) (4.863) (1.808)

Average 68.1 70.9 0.638 0.2522 0.0872
(469.5) (488.8) (6.406) (2.214)

8-11-7 37.9 53.8 0.484 0.2363 0.1008
(261.3) (370.9) (6.002) (2.559)

8-11-8 37.8 53.7 0.483 0.2358 0.1006
(260.6) (370.3) (5.990) (2.556)

8-11-9 38.4 54.6 0.491 0.2510 0.1062
(264.8) (376.5) (6.376) (2.697)

Average 38.0 54.0 0.486 0.2410 0.1025
(262.0) (372.5) (6.122) (2.604) V

Results and Discussion 43 I

I
I



Table 6. Characteristic Distances (40 Ply)

Specimen 0,,, 67,7 a, 61,

ksi ksi in. in.' (MPa) (MPa) (mm) (mm)

40-1-1 82.7 83.0 0.840 0.2967 0.0682
(570.2) (572.3) (7.535) (1.733)

40-1-2 80.9 81.2 0.822 0.2570 0.0624
(557.8) (559.9) (6.527) (1.584)

· 40-1-3 79.9 80.2 0.812 0.2384 0.0595
(550.9) (553.0) (6.055) (1.510)

Average 81.2 81.5 0.825 0.2640 0.0634
° ‘ (559.9) (561.7) (6.706) (1.609)

40-1-4 60.7 63.2 0.640 0.2497 0.0871
(418.5) (435.8) (6.341) (2.212)

40-1-5 65.0 67.7 0.685 0.3248 0.1055
(448.2) (466.8) (8.250) (2.680)

40-I-6 59.0 61.4 0.622 0.2247 0.0805
(406.8) (423.3) (5.706) (2.044)

Average 61.6 64.1 0.649 0.2664 0.0910
(424.5) (442.0) (6.766) (2.312)

40-1-7 37.3 52.9 0.536 0.3477 0.1395
(257.2) (364.7) (8.832) (3.544)

40-1-8 37.1 52.7 0.533 0.3410 0.1373
(255.8) (363.4) (8.662) (3.488)

40-1-9 37.1 52.7 0.533 0.3423 0.1378
(255.8) (363.4) (8.695) (3.499)

Average 37.2 52.8 0.534 0.3437 0.1382
(256.3) (363.8) (8.730) (3.510)
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Table 7. Characteristic Distances (80 Ply)

Specimen 6,,, 0; -%.?;; a, d,

ksi ksi in. in.
(MPa) (MPa) (mm) (mm)

80-1-8 85.1 85.4 0.966 1.730 0.1917
(586.7) (588.8) (43.94) (4.869)

80-1-9 83.3 83.7 0.946 1.076 0.1478
(574.3) (577.1) (27.33) (3.754)

80-1-10 85.0 85.3 0.965 1.688 0.1897
(586.1) (588.1) (42.88) (4.818)

Average 84.5 84.8 0.959 1.498 0.1764
(582.4) (584.7) (38.05) (4.481)

80-1-6 63.9 66.6 0.752 0.4893 0.1402
(440.6) (459.2) (12.43) (3.561)

80-1-7 66.0 68.7 0.777 0.5738 0.1558
(455.1) (473.7) (14.57) (3.957)

80-1-11 65.6 68.3 0.772 0.5563 0.1526
. (452.3) (470.9) (14.13) (3.876)

Average 65.2 67.9 0.767 0.5398 0.1495
(449.3) (467.9) (13.53) (3.797)

80-11-8 38.1 54.1 0.612 0.5626 0.2043
(262.7) (373.0) (14.29) (5.189)

80-11-7 36.9 52.4 0.592 0.5012 0.1869
(254.4) (361.3) (12.73) (4.747)

80-I1-9 39.4 56.0 0.633 0.6363 0.2243
(271.7) (386.1) (16.16) (5.697)

Average 38.1 54.2 0.612 0.5667 0.2052
(262.9) (373.5) (14.39) (5.212)
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over which the average stress reaches the unnotched tensile strength. Characteristic

distance, d,, represents the distance from the hole at which the stress reaches the

unnotched tensile strength. The calculated distances were compared to the measured
E

size of the delaminated region at the edges of the holes in the radiographs taken at 98%

ofpredicted failure load. Measuring across the width of the specimen, the distance from

the edge of the hole to the edge of the delamination corresponded closely to d,, but not

a,. Although it was difficult to measure the damage exactly, d, was generally the correct

magnitude. The 0.125 in. (3.18 mm) holes in the 8 and 80 ply laminates were the

exceptions, as d, was too high.

The scatter in a, and d, in Tables 5-7 may be due to the sensitivity of the characteristic

A distance to the notched/unnotched strength ratio. Slight changes in the ratio 67;/6, cause

a, and d, to change substantially. Schenck [24], in Theories of Engineering

Experimentarion, presented a method for evaluating the sensitivity of an equation to

errors in its constituents. His method involves taking the partial derivative of the

· equation with respect to every variable which might contain errors. The error in the

result is equal to the square root of the sum of the squares of these partial derivatives.

This method was applied to the closed form solution for d, as presented by Karlak [13]

4,, -
J€R{ -1 + [1 - 24(1 - e„1e7,,°)]"’}"'* - R (10)

where all of the variables have previously been defined. The equation for d, was such

that the error equation did not reduce to a function of percentage errors of the

constituents. In order to find the resulting percentage error in d„, a value of 6;;* and 6,
4

must be specified. This analysis showed that 61,, for small holes was much more

susceptible to error than d, for large holes. Also, d, was more susceptible to error as the

unnotched strength decreased. For instance, the 0.125 in. (3.18 mm) hole in the 80 ply
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laminate yields a 64% error in d, if 6, , 637 and R contain errors of 3%, 3% and 0.1%,

respectively. By comparison, the error in d, for the 0.125 in. (3.18 rmn) and 1.0 in. (25.4

mm) holes in the 8 ply laminate with the same errors in 6, , 677 and R will be 35% and

15%, respectively. For the experiments conducted herein, d, varied as much as 20% for

a given hole size.
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Summary and Conclusions

· The results presented here indicate that unnotched strength is a function of thickness.

Furthermore, it has been suggested that unnotched strength may vary with width [23].

The Nuismer-Whitney point stress and average stress models gave fair predictions
K

of notched strength for laminates of all three thicknesses. Unlike the trend seen by

several other researchers, d, did not increase with hole size for all of the laminates. An

error analysis was performed on the equation for a', to determine its sensitivity to errors

in 677, 6, and R. The characteristic distance, d, , was shown to be particularly sensitive

to error for a small hole in a thick laminate. An error of 65% was predicted in d, for

an 80 ply laminate with a 0.125 in. (3.18 mm) hole if 6, , 67,7 and R contained errors of

3%, 3% and 0.1%, respectively.

The Mar·Lin model fit the data very well. The problem with the model was that it

did not predict notched strength equal to unnotched strength when R=0.l
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Damage propagation was dependent upon hole radius and specimen thickness.

Smaller holes exhibited more vertical splitting which led to matrix cracking in the 90°

plies and delamination at the edges of the specimen. Orthotropic plate theory provides

a partial explanation for this behavior since it predicts a higher stress at the edge of a

specimen with a small hole than for a specimen with a large hole. As the laminate

increased in thickness, the damage decreased. According to the Pagano and Pipes model

[21], interlaminar stresses are inversely proportional to thickness squared. Since

interlarninar normal stresses for [0/ i 45/90],, laminates are tensile, delamination would

be expected to be much less prevalent in the thicker laminates. Accordingly, no

delamination was found at the edges of the 80 ply specimens regardless of hole size at

98% of the failure load.

II
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