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ABSTRACT

Tests were conducted on several types of fracture specimens made from a

carbon/epoxy composite. The composite material was stitched prior to introducing
epoxy resin. Boeing used this material to develop a composite wing box for a transport
aircraft in the NASA Advanced Composites Transport Program. The specimens

included compact, extended compact, and center notched tension specimens. The

specimens were cut from panels with three orientations in order to explore the effects of
anisotropy. The panels were made with various thicknesses to represent a wing skin
from tip to root. All fractures were not self-similar depending on specimen type and
orientation. Unnotched tension specimens were also tested to measure elastic
constants and strengths. The normal and shear strains were calculated on fracture

planes using a series representation of strain fields for plane anisotropic crack

problems. The fracture parameters were determined using a finite element method.
Characteristic distances for critical tension and shear strains were calculated for each

specimen and a failure criterion based on the interaction of tension and shear strains

was proposed.
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INTRODUCTION

Tests were conducted on a carbon/epoxy composite material to measure fracture

properties that could be used in developing allowables to design for damage tolerance
criteria. Unnotched tension specimens were also tested to measure elastic constants

and strengths. ASTM standards were used. The carbon/epoxy composite material was
made from a three dimensional preform using a resin film infusing process in an

autoclave. The preform, which contained IM7 yarns in the spanwise (longitudinal)
direction and AS4 yarns in the chordwise (transverse) and bias (_+45°) directions, was
stitched prior to introducing epoxy resin. Boeing used this material to develop a

composite wing box for a transport aircraft in the NASA Advanced Composites

Transport Program [1].

The crack-tip strain fields for planar anisotropic crack problems can be
determined using a series expansion. Fracture parameters (stress intensity factor and
T-stress) were determined using a J-integral method with finite element results [2]. The

series expansion of the strain field contains a singular term which dominates the

magnitude of the strains near the crack tip. The next largest term represents a uniform
stress or strain field and is sometimes called the T-stress. This term was shown to

govern the stability of the crack path in isotropic materials [3]. When the crack path is
perturbed, the crack will naturally return to its original path only for a negative value of
T-stress.

Panels were made with various numbers of fabric layers to represent the

variation in thickness from tip to root. Fracture specimens of various configurations and

loading directions were cut from the panels and tested to determine the influence of T-
stress and anisotropy on fracture properties. The three specimen configurations were
the center notch tension (CNT), the extended compact tension (ECT), and the compact

tension (CT) specimen. For isotropic solids, the T-stress varies from negative to
positive for these specimen configurations [4]. The specimens were cut with three
orientations in order to apply the loads in the longitudinal, bias, and transverse
directions. For longitudinal and transverse loading, the specimens are specially

orthotropic. However for bias loading, the specimens are anisotropic, and shear and
extension deformations are coupled.

For the elastic case, stresses and strains are infinite at the crack tip due to the

singular terms. Thus, the distance from the crack tip to the point where the stress or
strain reaches a critical value is often used as a fracture parameter. For a given critical
value of stress or strain, fracture toughness is approximately proportional to the square
root of this characteristic distance. With some specimen types and material

orientations, the fracture path was not in the same direction as the original crack. In

these cases when the crack growth was not self similar, both normal and shear strains
are present along the fracture path. Thus, characteristic distances for critical values of
shear and tension strains were calculated for these fracture paths, and an interaction

equation was determined.
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SYMBOLS

crack length for ECT and CT specimens measured from load line
crack length for ECT specimens measured from specimen edge

crack length for CNT specimens
biaxiality ratio, Ts(_a)l/2/K_

crack opening displacement
characteristic distance
coefficient

Young's modulus
shear modulus

stress intensity factor

specimen length
index

terms of radius (r) higher than 1/2

applied load
radius from the crack tip

compliance matrix
thickness normalized by fiber mass fraction of 66%
measured thickness
transformation matrix
T-stress

overall Widt_ 6fCNT specimen and Width of ECT and CT specimens measured
from load line

overall width of ECT specirnen ........
Cartesian c66-r_nateS where Xl coincides witfi Crack : ......

Cartesian coordinates where x; coincides with fracture path

Cartesian coordinates where Yl coincides with 0° fibers

exponent

engineering strain components
functional

inclination of 0 ° fiber from the cut direction

inclination of fracture path from the cut direction

+1 for-positive fracture strain and -1 for a negative fracture strain (see Eq. 6)

roots of characteristic equation
Poisson's ratio

stress components

Subscripts: -
frac fracture path

1,2
max

matrix component in Cartesian coordinate system oriented with the crack tip
pertaining to the max load _-;_ :
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r, 0

U

Q
I

II

matrix component in polar coordinates system oriented with the direction of

damage growth
critical value

pertaining to 5% offset load
mode ! fracture

mode II fracture

Abbreviations:
COD

COV
CNT

CT
ECT

SIF

crack opening displacement
coefficient of variation
center notch tension

compact tension

extended compact tension
stress intensity factor

EXPERIMENTS

Materials and Specimens

Preforms were made by stacking layers of a 50-inch-wide carbon warp-knit fabric
to obtain various desired thicknesses. A three-dimensional preform was then made by

stitching through the layers using a modified lock stitch. The yarns in the fabric were
oriented in the 0 °, +45 °, and 90 ° directions, resulting in what is commonly known as a

fiber dominated composite. (The warp direction of the fabric was designated the 0 °
direction.) The orientation and areal weight of each ply of the fabric are given in Table

1. The areal weight of the fabric is equal to the fiber areal weight of 9 plies of
0.0324 Ib/ft 2 (158 gm/m 2) prepreg tape. Also, composites made by stacking layers of
this fabric are equivalent to balanced and symmetric laminates made from prepreg tape.

The 0 ° yarns were 12K IM7 carbon, the _+45° yarns were 3K AS4 carbon, and the 90 °
yarns were 6K AS4 carbon. The 3K, 6K, and 12K designate the number in thousands
of carbon fibers in a yarn. Both the

warp and bias direction plies
contribute approximately 44% of the

yarns by weight while the remaining
12% were in the weft direction. The

specified tolerance on areal weight

per ply was +3%.

Stitching was done with a
numerically controlled single-needle

stitching machine using Kevlar-29
thread and a modified lock stitch.
The denier of the needle and

bobbin threads were 1600 and 400,

respectively. The rows of stitches

Table 1. Warp knit fabric constituents.

Ply
number

1

2
3
4

5

6
7

Yarn
material

3K-AS4
3K-AS4
12K-IM7
6K-AS4

12K-IM7
3K-AS4

3K-AS4

Yarn
orien-

tation
+45
-45

0
90

0
-45

+45

Total

Areal

weight,
Ib/ft 2 (gm/m 2)

0.0320 (156)

0.0320 (156)
0.0643 (314)
0.0350 (171)

0.0643 (314)
0.0320 (156)

0.0320 (156)

0.2916(1423)
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were made in the 0 ° direction 0.2 inches apart with 8 stitches per inch, resulting in 40
stitches per square inch. This pattern was determined by experiments to be optimum

for maximum post-impact compression strength with minimum manufacturing costs [5].

Design studies for a 155 passenger commercial transport airplane indicated that
the thickness of the tension wing skin would vary from 2 to 8 stacks of warp-knit fabric

from wing tip to wing root. Thus, 11 flat panels 44 by 35 inches in length and width, and
2, 4, 6, and 8 stacks in thickness were made using 3501-6 epoxy resin. The resin was

introduced in an autoclave using a resin-film infusion process where precast tiles of
resin were placed between the lower caul plate and the preform. The resin tiles were
sized with 2% excess resin which would flow through small holes uniformly distributed in

the upper caul plate. All of the panels were made from the same batch of fabric and
resin. Fiber mass and volume fractions were determined by acid digestion on 4

coupons taken from each panel. ASTM test method D3171 [6] was used. The average
and coefficient of variation of the fiber mass fraction measurements were 66% and

2.7%, respectively. Detailed results are reported in the Appendix as Table A-1

Unnotched tension specimens to be loaded in the 0°-yarn (longitudinal) direction

were cut from each panel. From most of the panels, specimens to be loaded in the 90 °
yarn (transverse) direction were also cut. At least one transverse specimen was taken
from a panel of each thickness. The specimen configurations, which were 1.00-inches

wide by 10.0-inches long, satisfy ASTM standard D3039/D3039M [7].

Three types of fracture specimens were cut from the composite panels---center

notch tension (CNT), extended compact tension (ECT), and compact tension (CT)
specimens, The specimens were cut from the panels with orientations parallel
(Iongitudina/)_and perpendicular (transverse) to the 0°-yarndirection. In addition, some

CT specimens were cut on the bias of 45 ° and -45 °. If the CT specimens cut on 45 °

and -45 ° biases are viewed from opposite sides, they are identical regarding laminate
properties and loading direction so the results from these specimens are presented

together as if they were all +45 ° specimen. They do differ slightly in that the +45 plies
within the laminate are reversed along with the stitch and bobbin thread sides of the

laminate. Table 2 records the specimen sizes, thicknesses, range of cut lengths, and

loading directions. Scaled sketches of the test specimens are given in Figure 1 while
detailed dimensioned drawings are included in Appendix B. The configurations of the
CT and ECT specimens were those prescribed in ASTM E399-90 [8] and E1922-97 [9],

respectively.

The cuts were made using an ultrasonic machine with silicon carbide slurry. The
blade of the tool was made from shim stock with a thickness that resulted in cuts with

widths of approximately 0.020 inches. Thus, the aspect ratio of the cuts is small enough
to be mathematically equivalent to cracks for analysis purposes.

Procedure

All specimens were tested in closed-loop, servo-hydraulic testing machines. The
fracture specimens were tested in 100-kip capacity machines, and the unnotched

z



Table 2. List of fracture tests performed.

Specimen

type

CNT
CNT

ECT

ECT

CT

CT

CT

CT

CT

CT

Width,
W,

inches

9.50

12.00

5.6

5.6

5.6

9.6

5.6

9.6

5.6

5.6

Length,
L,

inches

19.0

24.0

28.0

28.0

6.7

11.5

6.7

11.5

6.7

6.7

Thickness,
inches

0.11, 0.33

0.11, 0.33

0.11,0.22,
0.33, 0.44

0.22, 0.44

0.22, 0.44

Cut length,
a, inches

3.33-4.75

4.85-5.67

2.10-2.80

2.10-2.80

2.1 0-2.80

2.1 0-2.80

2.10-2.80

2.10-2.80

2.1 0-2.80

2.10-2.80

Loading
direction

Longitudinal
Transverse

Longitudinal

Transverse

Longitudinal

Longitudinal

Transverse

Transverse

45 ° bias

-45 ° bias

tension specimens were tested in a 50-kip capacity machine. The testing machines
were operated in stroke control, and the stroke rate was 0.050 inches per minute. A clip

gage was used to measure crack opening displacement (COD). (See Appendix B for
placement of gages.) The COD measurements were used to determine the applied
load associated with a 5% increase in compliance. Load, stroke, date, and time were

recorded on a digital data acquisition system. Strain for unnotched tension specimens
and COD for fracture specimens were also recorded.

Radiographs were made of several failed specimens to reveal damage. The
specimens were radiated with an industrial X-ray unit. The images were recorded on a
self-developing film. A radiation-opaque dye penetrant was applied prior to radiation

exposure. The penetrant was a liquid mixture of zinc iodide and a surfactant to facilitate
penetration.

Unnotched tension specimens

The unnotched tension specimens were tested using hydraulically actuated

wedge grips. Two inches of each specimen end were clamped by the grips. Instead of
bonding loading tabs to specimens, plastic shims were placed between the serrated

faces of the grips and the specimen. Carborundum coated screen, which is normally
used for an abrasive, was placed between the plastic shims and the specimen to
increase the coefficient of friction. The large failing loads for the 8-stack longitudinal

specimens were the upper limit for this gripping method. The large hydraulic pressure
necessary to prevent slip was about equal to that necessary to crush the composite.



Strain gages were bonded on the center of each face of the specimens. In some
cases, a single gage was bonded on each face, and in other cases, a 0/90 rosette was
bonded on each face. The modulus in the loading direction was determined according
to ASTM standard D 3039/D 3039M [7], and Poisson's ratio was determined similarly
from the 0/90 rosette data.

.CNT specimens

The CNT specimens were loaded through friction grips similar to the unnotched
tension specimens. However, 1-inch-diameter bolts were used to provide the normal

force rather than hydraulically actuated wedges. The holes for the bolts are shown in
Figure 1A and lB. Transferring the load between the grips and the specimen through

friction precludes stress concentrations in the specimen around the bolt holes. Also,
clearance was sufficient between the bolts and edges of the holes in the specimen to
preclude significant bearing forces.

To prevent Euler buckling in the compression regions above and below the cut,

the specimens were sandwiched between aluminum guide plates. The plates were
lined with 1/16-inch-thick Teflon sheet to minimize friction. A diamond shaped opening
in the guide plates allowed access for a clip gage to be mounted over the cut along the

centerline of the specimen. The clip gage measured the COD and had a gage length of
approximately 0.5 inches. The gage was held in place by aluminum blocks that were
bonded to the faces of a specimen using a room temperature epoxy. This method was

believed suitable for obtaining the 5% offset load. Drawings of the test specimens,
guide plates, test assembly and clip gage mounting are included in Appendix B.

ECT and CT specimens

The procedure for the CT specimens was patterned after ASTM E 399-90 [8],
and the procedure for the ECT Specimens is pi'escribed in ASTM Ei9-22-97 [9]. To
prevent twisting and Euler buckling in regions with compression stresses, the

specimens were sandwiched between aluminum guide plates. The plates were lined
with 1/16-inch-thick Teflon sheet to minimize friction. Each ECT and CT specimen was
loaded using a clevis and pin arrangement that prevent bending in either direction. A

clip gage was mounted over the cut to measure COD. The clip gage was clipped to
aluminum blocks bonded to the edge of the specimen. The clip gage assembly was

similar to that used for the CNT specimens. Detail drawings of all test specimens, guide
plates, and assembly drawings are documented in Appendix B.

ANALYSIS

Crack-tip Strain Field

Consider the coordinate systems in Figure 2. Three Cartesian coordinate

systems with origins at the crack tip are shown. The primary coordinate system is
defined with xl in crack direction or, in this application, the cut. The second coordinate

system is defined with x'1 in the direction of the fracture path and finally the 0 ° fiber
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direction of the material, Yl, defines the third coordinate system.
8_racdefine the orientations of the 0° fiber and the fracture direction, respectively,
relative to the crack coordinate system.

For monoclinic materials with plane symmetry, Yuan has shown that the stress
fields for a cracked body can be written as follows [2]:

°11 _ (8, + 1)ra, Re{ _1____1 [gnl(#_g_, 2_,_ )]}
= -.1_, )+go2"l"2("=_n-"1_n

n=l

O'22: n_=l:('n-I-1)r anRe{j_ "2 [gnl('_2n- ._n )+ gn2(_l._n- ,2._n )]}

(]12 : n=l_(Sn + 1)ra" Re{ 1[.1 - "2 gn1(,1.1 _ 1_2.2 /+\ 18n 8 n gn21_ll_2(._n ,2 )]]Sn

where gn,, are the unknown constants which are functions of loading and geometry.

The gn,, terms are real for n = 1,3,5,... and imaginary for n = 2,4,6,....

(_n---- (n-2)/2

_,, = cos 0 + _,, sin O

_,, are roots of the characteristic equation

Sl#t" - 2S_8_3 + (2S1= + $68)M = - 2S28_ + S=2 = 0

and the S terms are from the compliance matrix such that

, 11]is1s2s6],o111.._ ---- /_22

[El= Sl_ S=_ Se_ [o1=3

The angles _)fiber and

(1)

(2)

The first two terms of the series expansion for stress and strain can also be

written in term of the fracture parameters as shown in equation 3 and 4

K,/o/ +K,,22+T, +O(r"2)
to1=J LO,=J, L°l= ,,

rE,1 ] 1 ( [_:11] rE:l,] I [s,,

rL_I=j k [EI=j. LE,=. [S,.

(3)

(4)

where K_ and K. are the mode ! and mode I! stress intensity factors (SIF), T, is the T-

stress, and O(r '_=)represents higher order terms. Comparing equation 3 to equation 1, it
can be shown that [2]
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all ]
o] -- /022

L(]12 |

and _ and EH

= Re

txlP2 ( _2 _1

!"1"1-- _2

1 ( _1 _2

l_lp,2 ( 1 1 '_

can be obtained from o

ro,,]
<,,,=/o=/=Re ,

La12J' 1 ( 1_1 P2 ]

and a,, and equation 2.

The equations 1 through 4 are written in the crack-tip coordinate system.
strains along the fracture plane can be written

m

I rr] r "l.....
(17),rac = /17tie / --

LEreJfrac I._,=J

where

COS2 0frac

sin 2 0frac

-2 sin 8frac COS 0frac

Substituting equation 4 into 5,

sin 2 0frac

COS 2 0frac

2 sin efraccos 0frac

where

Efrac = 2"--_r [K, (171 )frac

sin 0frac COS 0frac 1

-- sin 0frac COS 0frac ICOS 2 0frac -- sin 2 0frac

(£l),rac =[TIE

+ KI, (17.11),rac]+ Ts (IST)frac+O(r ''2)

I Sll ]

I' (EIl)frac =[T]£1I ' (IST)frac =[ T] S12 ,

S16

The

(5)

(6)

The values of the coefficients (_,),rac, (%)fra°, and (_T)fracin equations 6 depend

only upon e_racand the elastic constants. The coefficients for normal and shear strains

(%, and _,., respectively) were calculated for the three loading directions (longitudinal,

transverse and bias) and were normalized by the $22 compliance. The shear strains
were then plotted against 0frao in Figure 3. The coefficients for radial strain (_) are not

considered because they do not contribute to the surface tractions on the fracture
surfacedefined by 0frac. Isotropic results are shown in eachfigure for comparison.

Plane stress is assumed for all calculations in this report. The subscripts in Sz_ indicate

the 2 direction of crack tip coordinate system. Thus, $22 is different for the three
loading directions. The values of the coefficients are either symmetric or asymmetric

with respect to Of,a_except for the bias loading direction where the principal material
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axis is not aligned with the crack, resulting in anisotropy. The coefficients for isotropy

and anisotropy are significantly different. The mode ] coefficient for the normal strain
and the mode ][ coefficient for the shear strain are maximum at 6frac= 0, whereas the

others coefficients for longitudinal and transverse loading are minimum at efrac= 0, and

those for bias loading are minimum near 0frac = 0. For the normal strain, the coefficients

for K. and T-stress (Ts) can be much greater than that for K_. The Ts coefficients for the

normal strains at efrac = +90 ° and the shear strains at 0frac= -+45° can also be very

large.

Fracture Criteria

Failure is assumed to occur on the plane 0frac when either the normal or shear

strain on that plane reaches a critical value (_u)frac at a characteristic distance do.

Substituting _fr_c= (_ u)frac and r = do into equation 6, neglecting terms of O(r'2), and

solving for _,

(',oo,'),r,o+ " iE   T),rac(7)

The X, in equation 7 is +1 depending on the sign of equation 6. The fracture

parameter _ is used instead of the distance do to obtain a fracture parameter

proportional to the strength for small values of Ts. The use of the critical distance do
directly, would have resulted in a failure parameter proportional to strength squared

(assuming small values of Ts).

The five fracture paths 0frac that correspond to planes normal to the fiber

directions are 0 °, 45 °, 90 °, -45 °, and -90 °. (Values of 8frac< -90 ° or _frac > 90 ° are not

considered.) The
critical fibers are Table 3. Critical fiber for different failure directions.

those normal to

these paths. The Loading _)frac

critical fiber types Direction (_fiber 0 ° 45 ° "45 ° 90 ° "90 °

are given in Table 3 Longitudinal 90 ° IM7 AS4 AS4 AS4 AS4
for each of these Transverse 0 ° AS4 AS4 AS4 IM7 IM7

paths. The value of Bias 45 ° AS4 AS4 IM7 AS4 AS4

(£ee(u))frac used for -45 ° IM7 AS4
fiber tension failure

is 0.0148 for AS4 fibers and 0.0171 for IM7 fibers [10] and the value of (E:r0(u))frac used

for shear failure is 0.022. (The average value of shear failing strain for woven and
braided textile composites in reference 10 is 0.0110; however, use of twice the average
value gave more satisfactory results. This seemed justified, because the variation in

shear strength was very large among specimens of a given type and even larger
between tubular and flat specimen types.)
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Calculations of K_, K,, and T,

Values of KI, K,, and Is were calculated using the procedure described in

reference 2 which uses finite element results and a J integral calculation. In Figure 4, K_

is normalized by the applied load and plotted against 2aAN for the CNT specimens and
against a/W for the ECT and CT specimens. Ts is also plotted in Figure 4 as a function

crack length but is normalized by K_. K, is zero except for the CT specimens with bias

loading, and the ratio of K,/K_ for this case is plotted against a/W in Figure 5. Third-

degree polynomial equations were fit to the data and plotted in each figure. The curve-

fit equations which are listed in Table 4 were used to determine the critical stress
intensity factors and Is for each fracture test conducted.

Values for isotropic properties are also plotted in Figure 4 to show the influence
of anisotropy. The equations that were used to calculate the curves in Figure 4 for the
isotropic case are as follows:

Fig. Specimen

4 CNT

ECT

Table 4. Curve fit equations for various figures.

y x Curve Equation

KJS(_ta) '!-' 2',t/W 0.8020 +1.408 x -2.961 x2 +3.273 x _

T_(ml);/:/K_ 2'dW
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CNT specimen (references 12 and 4, respectively)

K, tW = _/sec(=a/W)PV- 
(8)

m,V- 
= -[1+ 0.085 (2a/W_] (9)

Kl

ECT specimen (reference 9)

y---0.08834- 0.05964(a/W) + 1.146(a/W) 2 - 0.4537(a/W) 3 (10)

where the a' and W' are measured from the specimen edge rather than
the load line and a'/W' = (4a/W + 1)/5. No results were available for Ts.

CT specimen (reference8 and 4, respectively)

y = -0.2014- 0.1252(a/W) + 2.523(a/W) 2 - 0.gs40(a/W) 3 (11)

K I

-- = -0.4199 + 4.408 (a/W)- 6.211(a/W) 2 + 2.870 (a/W) 3 (12)

The above polynomial equation was fit to the biaxiality ratios that were
tabulated in reference 4. For bias loading, K. = 0 for the isotropic case.

Anisotropy did not affect values of K_ for the CNT and ECT specimens, but did

influence the CT specimen. The longitudinal loading values were about 13% greater
than those for transverse loading for this case. The values for bias loading were in

between and were in agreement with the isotropic case. The values of Kj for the CNT

specimen were between 1% and 2% less than those for the isotropic case. This

difference was probably caused by the finite length of the specimen and uniform
displacement boundary condition.

The value of K, in Figure 5 for the CT specimen with bias loading was about

11% of K_. The ratio declined only very slightly with increasing a/W. For the isotropic

case, K, is of course zero.

Anisotropy did strongly affect the magnitude of Ts, but not the sign. The values
of T, were negative for the CNT specimen and positive for the ECT and CT specimens.
The absolute magnitudes of T_ were greatest for the CNT specimen and smallest for

the ECT specimen, and those for the CT specimen were in between.
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TEST RESULTS

Unnotched Tension Tests

Failure load and strain were measured for each test specimen. Stress was
calculated using the width and a thickness that was normalized to a uniform 66% fiber
mass fraction which was the average mass fraction for all panels. (See Table A-1.)

Slopes of the stress strain curves were determined using a linear regression analysis for
strains between 0.001 and 0.003. Young's modulus was taken as the slope for the

strain parallel to the loading direction, and Poisson's ratio was calculated as the ratio of
the slopes for the strains perpendicular and parallel to the loading directions.

Average values of strength, failing strain, Young's modulus, and Poisson's ratio
are summarized in

Table 5 for longitudinal and transverse loading. The values are averages for all
thicknesses, and each is the average of more than 15 measurements. Coefficients of

variation, which are shown in parentheses, are reasonably low. Strength and Young's
modulus for longitudinal loading are more than two times those for transverse loading
because of the larger areal weight of the longitudinal yarns.

Strength and Young's modulus are plotted against thickness in Figure 6 and
Figure 7 for]ongitudinal and transverse loading, respectively. The strengths and moduli

decline n0t!ceably with increasin__gthickness for longitudinal loading but not for
transverse loading. The strengths of specimens that faile_J very near or in the grips

wei-e-not zinciua_in the averages n0rplotted in Figure 6 and F'igure71- _uS, it seems
unlikeiy{hat_the[arger I_ressu_s necessary for grippin_thethicker specimens caused

the decrease in strength. Also, increasing gripping pressure should not have caused
Young's modulus to decrease. Even though the decline in strength and modulus with
thickness is noticeable, the coefficient of variation is only 6.5% for strengths and 4.7%
for modulus.

All calculations in this report were made using the laminate elastic constants
shown in Table6T Here the subscript 1 and 2 in this case denote the primary 0 ° and 90 °

fiber directions, respectivelyl The laminate constants were calculated using lamination
theory and the AS4/3501-6 and IM7/3501-6 lamina properties shown. The lamina

moduli in the fiber direction were adjusted so that the laminate E, would match the
experimental unnotched tension results available at that time. Since that time,

Table 5. Results from tension tests.

Loading
direction

Longitudinal
Transverse

Strength,

Ksi (COV)
130 (6.5%)

45.4 (5.9%)

Failing strain,

(COV)
0.0117 (7.5%)
0.0112 (9.8%)

Young's modulus,

Msi (COV)
11.3 (4.7%)
4.70 (4.9%)

Poisson's ratio

(coy)
0.377 (8.1%)
0.169 (4.1%)
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Table 6. Material property values used in analysis.

El, (Msi)

E22(Msi)
G12(Msi)

%t12

V21

Laminate AS4/3501-6 IM7/3501-6

11.8
5.16
2.48

0.401

0.176

18.0

1.60
0.80

0.34

0.025

22.0
1.60

0.80
0.34

0.025

additional unnotched tension data was added to the data base causing a slight

discrepancy between the Ell and E22values derived by experiments and lamination

theory (less than 5% and 9%, respectively). This difference is not believed to be

important in the context of this report.

Detailed test results and calculated failure parameters to be discussed in the next

section are listed in the tables of Appendix A for each test specimen. The data is

grouped by type and loading direction.

Fracture Tests

COD and P_

Graphs of crack opening displacement (COD) plotted against load are shown in
Figure 8. Two graphs each are shown for the CNT, ECT, and CT specimens. The 5%
offset line is shown in each figure. Values of P,,_ and PQ, which are the maximum

load and the load corresponding to a 5% offset, are shown as symbols. For a given
specimen type, the top graph represents the smallest Prnax/Pe case while the bottom

represents the largest Pmax/Pe case. Thus, the variety of measured COD behaviors is
represented, In most cases, the increase in COD due to stable damage progression

was large, but in some the increase was small (bottom CNT response). Also, the
difference between Pn_ and PQ was significant in most cases, but in some cases the
first peak was the largest (top CT response). The magnitude of the COD and applied
load were quite different in each case because of differences in specimen thickness and

crack length. The specimen number associated with each response is noted on each
graph so that the response can be related to the detailed experimental data provided in

Appendix A.

The values of Pmax/PQwere arranged in ascending order and plotted in Figure 9.
A different symbol was used for each specimen type and loading direction. The mean
value of Pmax/Pe is 1.0947 and the values for the mean plus and minus one standard

deviation are 1.1701 and 1.0192, respectively. For each specimen type and loading
direction, the ratios varied widely. However there does seem to be some segregation in
values with specimen type. The eight lowest values of Pmax/Po were for CT specimens

(five were unity) and, the largest four values were for ECT specimens. The average
values of Pmax/Pe were similar for each loading direction. The mean values for
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longitudinal, transverse and bias were, 1.114, 1.070,and 1.106, respectively. The
standard deviations were also similar, 0.0896, 0.0567,and 0.0510, respectively.

The crack length is approximately proportional to the value of COD/P. Thus an
increase in slope of the COD versus load curve is an indication of failure at the notch tip
of fibers in the loading direction. Figure 10 shows the percent increase in slope
(COD/P) that occurs between Pmaxand PQplotted against the corresponding percent
increase in load. The percentage in each case is taken with respect to the value at PQ.
Different specimen types are indicated by different symbols and a linear regression line
is shown for each loading direction. The strongest correlation is for longitudinal loading
with nearly a one for one correlation. The correlation is small for transverse loading and
is nearly zero for bias loading. Thus, the damage evolution that occurs between PQ

and Pma_for longitudinal loading may be characteristically different from that for

transverse and bias loading.

Effect of thickness on values of K_, Kt_, and T_

In order to determine the effect of thickness on the fracture results, values of K_Q

and TsQ are plotted against the logarithm of the thickness ratio t/a in Figure 11 for CNT,
ECT, and CT specimens. Values of K.Q were zero for all cases except for the CT
specimen loaded in the bias direction. These values of K,,Qare plotted in Figure 12

against the logarithm of thickness. The subscript Q indicates that values of PQ were

used to make the calculations. The range of thickness ratios is nearly an order of

magnitude for longitudinal and transverse loading but only a factor of two for bias
loading. Different loading directions are indicated by different symbols. For the CNT

specimens with longitudinal loading, the values of K_Qdecrease 40% from the smallest

to largest values of t/a, whereas those with transverse loading are mostly unchanged
with increasing thickness. This response is somewhat similar to that observed for the

unnotched tension specimen where the strength in the longitudinal direction decreased
with thickness while the strength in the transverse direction remained unchanged
(Figure 6 and Figure 7). Scatter for the longitudinally loaded ECT specimens was much

greater than for the other tests configurations and loading directions. The regression
line for K_Qin this case decreased only 9% with increasing t/a which is less than the

coefficient of variation (15.8%). For the CT specimens, the values of K_Qdecrease less

than 14% with increasing t/a for longitudinal and transverse loading and 19% for bias
loading. The decrease is more significant for bias loading case because the range of
t/a values is much smaller. The variation of mse in Figure 11 and K.Q in Figure 12 with

thickness is similar to the variation in KjQ because KHQ and Tse are approximately

proportional to K_Q. Note that in the CNT case the magnitude of T,Q is decreasing

similar to the variation in K,Q noted earlier but the slope of the curve is positive because

the TsQvalues for this case are negative. For the ECT specimen, the effect on T,Q due
to increased thickness seems intensified over the effect on K_Qwhile for the CT

specimen the effect on T_Q-seems diminished.
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Fracture paths

Fracture paths were self-similar (0frac= 0°) for all specimen types with transverse

loading and for all CNT specimens with longitudinal loading. Radiographs showing self

similar crack growth are presented as Figure 13 and Figure 14 for a failed CNT
specimen loaded longitudinally and a failed CT specimen loaded transversely. For the

CNT specimen, radiographs are shown for both notch tips. The wide white lines are the
cuts, and the wide dark regions indicate damage along the fracture paths. The small
white spots within the damage region of the CNT specimen are gaps in the material

indicating that the specimen was nearly pulled apart. The small dark spots near the

damaged regions are stitch locations. On the other hand, the failure path for all CT
specimens with longitudinal loading was efrac= 90 ° and with bias (0fiber = 45 °) loading

was 8trac= 45 ° as shown in Figure 15 and Figure 16 respectively.

The fracture paths for the longitudinally loaded ECT specimens were complex

and varied. The radiographs of three failed ECT specimens are shown in Figure 17-
Figure 19. In Figure 17, the fracture path is 0,ao = -45 °- In Figure 18, the overall

fracture path is 0f,ao= 0 ° but the path meanders. In Figure 17 and Figure 18, the initial

fracture path appears to be 0frac '-- __.90° but changes to 0frac = -45 ° and 0 °, respectively.

In Figure 19, two fracture paths are revealed in the failed ECT specimen. The
fracture path originating at the end of the cut is 0f,ac= -'-90°. The fracture that initiates at

the free edge opposite the cut and propagates toward the cut has the appearance of a
shear-kink type compression failure caused by the large bending stress in the net
section. Similar failures occurred in longitudinally loaded ECT specimens with

thicknesses of 2 and 4 stacks (0.11 and 0.22 inches) but not in specimens with a
thickness of 8 stacks (0.44 inches). Of the two specimens with a thickness of 6 stacks

(0.33 inches), a compression-like failure occurred in one but not in the other. Thus, the
propensity for the compression-like failures varies inversely with thickness. The order of
occurrence of the failures that initiated at the end of the cut and at the free edge is not

obvious from the COD versus load graph (Bottom ECT graph in Figure 8). However,
since compression failures were never observed alone, they may have been the second
to initiate.

Use of _ as a failure parameter

Values of _--do were calculated using equation 7 for each observed fracture

path and for both the normal tension strain, E0o, and the shear strain, _. The critical

values of Kie, KHQ, and Tsa in Table 6 were calculated for t/a = 0.1 using the

regression curves in Figure 11 and Figure 12. The value t/a = 0.1 is approximately the
smallest value of t/a common to the CNT, ECT, and CT specimens. The coefficients

(E00(I))frac, (Ee0(ll))frac, (ESe(T))frac, (Ere(l))frac, (ErS(II))frac, and (£-'re(T))frac were determined for each

value of eff_c using the curves in Figure 3. The critical distance parameter.q_o is

plotted against crack extension direction in Figure 20 for each test specimen type and
for both tension and shear strains. Even though the results are for the discrete values
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of 0frac -- 0 °, 45 °, 90 °, -45 °, and -90 °, continuous curves are drawn through the values to

assist in visualizing the results. The curves were drawn using a spline fit method. A

larger critical distance parameter can be interpreted as larger strains driving growth in
that direction. Detailed calculations dealing with failure of specimens normalized to a t/a
ratio of 0.1 are listed in Appendix A.

For longitudinal loading, the curves for the critical distance due to normal strain
are similar in shape with all having a maximum at (_frac = 0°" However, there is some

separation between the curves. The failures for the CNT specimens and for one of the

ECT specimens were self-similar (errac= 0°). The other ECT specimens failed along

efrac= -45 ° and +90 °. The maximum values of _ due to normal strain and

longitudinal loading was about 7% higher for the CNT and ECT specimen which
exhibited self similar crack growth than it was for the CT which did not fail in the efra_= 0 °

direction. Because failures of the ECT and CT specimens failed in directions other than

0frac "- 0 ° where the critical distance parameter is highest for the normal strain, shear

must contribute to the fracture in these cases. The curves for _ due to shear

strain with longitudinal loading reach a maximum at 0rrac= +90 °. The minimum value of

for shear occurs at (_frac= 0°"

All tests conducted in transverse loading direction failed in a self-similar manner.

The _ curves due to the normal strain for the three specimen types are virtually

identical for transverse loading and similar in shape to that seen for longitudinal loading

The maximum _ values were on average about 12% higher for the transverse

direction than they were for the longitudinal loading direction. The curves for shear
strain due to transverse loading are also quite close for the ECT and CT specimens, but
the CNT curve is about 15% higher than the other two. The critical distance due to

shear in the fracture direction (efrac= 0°) is zero indicating that shear did not help drive

the fracture process for these tests. The shape of the shear curves are quite different

from those seen for longitudinal loading. The values of _ for shear in the

transverse direction is a maximum at 0frac= +45 ° but no failures were observed in that

direction for transversely loaded specimen.

Only CT specimens were tested with bias loading. The _ curve for normal

and shear strain for this case is plotted on Figure 20. The curve due to normal strain is
somewhat similar in shape to those for transverse and longitudinal loading but it is

skewed toward positive values of (_frac" The value of _ due to normal strain at

0frac -- 0 ° and -45 ° are about equal but all specimens failed in the _)frao= 45° direction

where the _J-_o due to shear strain was larger. The shear curve for bias loading is

asymmetric and has two maxima, one at 0frac = -45 ° and one at Ofrac= 900. The fact
that failure occurred in a direction that was not a maximum for either normal or shear

strain but where both were large is an indication that there is an interaction between

these two crack driving forces.
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To examine the influence of normal and shear strain on fracture path, the critical

values of _o for normal strain were plotted against the critical _ values for

shear in Figure 21. The values for each type of specimen are plotted separately.
Critical values in all five fracture directions (0frac = 0 °, +45 °, and +90 °) and in each

loading direction were plotted, but actual failures were observed only in the directions

marked with an "X". Because of material symmetry in the longitudinal and transverse

loading cases, the critical values in the 0frac = __.0 directions are the same. For

longitudinal and transverse loading, self-similar failures lie on the ordinate, and non-self-

similar failures lie to the right of the ordinate. For bias loading, all failures lie to the right
of the ordinate.

Two failure criteria are also plotted in Figure 21. These failure criteria were fit to

all the critical points corresponding to observed failures (those marked with an "X") from

all of the specimen types. The "maximum _ cirterion" requires that neither the

normal or shear value of V_oo be greater than their respective critical value. This

criterion therefore ignores any interaction between the normal and the shear. The

average value of _oo for specimens that failed with an absence of shear (in a self-

similar manner) was 0.361 _ with a coefficient of variation of only 7.3%. Thus, a

maximum normal strain criterion represents self-similar failures accurately. On the

other hand, for failures that were not self similar, the values of _ range from

approximately 0.03 to 0.28 _ for normal strain and from 0.20 to 0.54 _ for shear

strain. Thus, failures that were not self-similar are not well represented by maximum

strain criteria, indicating a significant interaction between shear and tension.

The "polynomial criterion" was generated by fitting a second order polynomial

through all the data marked with an "X" in Figure 21. Although the values of

were accurately represented for observed critical fracture paths, the criterion could not

be used to accurately predict the fracture paths because the curve also fell though

points representing failure directions that were not observed in testing. For example the

polynomial criterion indicates that 0 ° and 45 ° fracture paths are equally likely for CNT

specimens with transverse loading, but only 0 ° fracture paths were observed. Because

the polynomial failure criterion does fall through all the observed critical values, it can be

used to predict the strengths of the CNT, ECT, and CT specimens with longitudinal,

transverse, and bias loading correctly. The strength of actual structures however might

not be predicted accurately with this criterion because the fracture path could not be

correctly predicted. The fracture path must be predicted correctly in order to determine

the effect of structural elements on the ultimate strength of the structure and on the
arrest and containment of the fracture.

The polynomial _/--_do criterion provides a failure criterion that is independent of

loading direction which distinguishes it from a criterion based on K_a where the critical

values change significantly with loading direction as seen in Table 7. The critical K_Q
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Table 7. Summary of fracture parameters for different specimen.

Specimen

type

CNT

ECT

Loading

L_udinal

Longitudinal
Tran sverse

Fiber

CT Longitudinal

Direction

0fi_r

0

Observed

Fracture

Path

0frac

o

KIQ,

ksi i_.

85.8

93.5

P = Po and t/a = 0.1

-23.87

3.30
i o0 ,45 o,9o °

KIIQ,

ksi i_.
for

0f,_¢ = 0 °,

0.329

0.339

CNT 0 ° 0 ° 4 ! .4 0 -21.5 0.395

ECT Transverse 0 ° 0 ° 38.9 0 2.0 0.372

CT Transverse 0 ° 0 ° 39.0 0 6.78 0.369

Average 0.361
COV 7.3%

90° 90 ° 88.1 0 17.5 0.310

CT Bias 45 ° ,-45 ° 45 ° ,-45 ° 50.8 5.6 5.988 0.340

values vary due to their dependence on modulus which varies with loading direction.

Unlike K,o, the _ parameter is also influenced by the T-stress.

Influence of T-stress

[ ]'The T-factor is defined by Xij - T s (Ei,(r))frac/( Eu)frac and a separate T-factor can

be calculated for each critical strain component (normal or shear). The sign of the T-

factor indicates the sign of the critical strain but no negative (compression) values for

normal strain were calculated for fracture paths observed in tests. The deviation of the

T-factor from +1 indicates the relative magnitude of the T, contribution to the failure

strain calculated from ecluation 6. If 1T-factorl>l, the T-stress augmented strains due to

the stress intensity at the crack tip causing an early failure while if IT-factorl<l, the T-

stress reduced these strains. Values of the T-factor for the fracture paths observed in

the tests loaded in the longitudinal direction were ranked and plotted in Figure 22 for

critical normal and shear strains. For critical tension, the values of T-factor range from

0.98 to 1.30, but the value of 1.30 is of no consequence because the resulting q_o

is very small (The failure was dominated by shear instead of normal strain). Neglecting

values that correspond to _/-_--do < 0.1, the values of T-factor, for normal strain, range

only from 0.981 to 1.050. For critical shear, the values of T-factor range from 0.915 to

1.000. The range of the T-factor for observed fracture paths indicates that the T-stress

influences values of _ by less than 8% for either normal or shear strain.

Although the T-stress had less than a 8% effect on the magnitude of _o , the

sense or sign of the T-stress has been shown to play an important role in influencing the

stability of the fracture path. In reference 3, Cotterell determined the approximate

isotropic stress field f0r a Crack with a small kink at one end and showed that a negative
T-stress would cause an extension of the kinked end to turn back toward the direction of
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the main crack, resulting in overall self-similar crack extension. In the present

investigation of orthotropic composites, the T-stress is only negative for the CNT
specimens with both longitudinal and transverse loading, and indeed, the cracks did
extend in a self-similar manner. (See Table 7.) The T-stress is positive for the

longitudinal and bias loaded ECT and CT specimens, and cracks grew in a non-self

similar manner. However, contrary to Cotterell's prediction, all transversely loaded ECT
and CT specimens extended in a self-similar manner even though the T-stress was
positive. Therefore, a negative T-stress was sufficient for self-similar crack extension

but not necessary.

Comparisons to historical data,

An average value of _ = 0.30 _ due to normal strain was reported by

Poe[14] for CNT specimens of specially orthotropic composite materials with self-similar
fracture paths. The shear component would be zero due to the self-similar fracture

direction. The calculations by Poe were made using maximum loads and equation (6)
with 0frac "- 0 ° but without the T-stress term. The median value of PmaJPa in Figure 9

is 1.095. Dividing _ = 0.30 by 1.095 gives _ = 0.274 i._., which is 24%

less than the average value of 0.361 _ found in this study.

Harris and Morris[15] reported fracture test results for [0/90]as, [0/--45/90],s, and

[0/_+45],_ laminates of various thicknesses made from T300/5208 carbon/epoxy prepreg
tape. CT and three-point-bend specimens (TPB) were used for the thicker laminates

and CNT specimens for all thicknesses. Values of _ were calculated using

equation 7 and plotted against thickness in Figure 23. The calculations were made with
the 5% offset load PQ and _frac = 0°, and the T-stress term was neglected. The elastic

constants in reference 15 and a value of (Eeel._)frac= 0.010 were used. The values of

for the [0/90],s and [0/_-----45/90]°slaminates decrease with increasing thickness.

They appear to have reached a minimum at t/a = 0.7. However, the values for the

[0/+45],_ laminates increase with increasing thickness. For the [0/90],s and [0/±45/90]n s

laminates, the values of _ for the various specimen types are in good

agreement. For the [0/±45]n s laminates, on the other hand, the values for the TPB and
CT specimens are significantly less than those for CNT specimens. All failures were
self-similar except those for the [0/±45],, CT specimens that were efrac= 45°.

The values of _o for the [0/90],s laminates with t/a = 0.1 are in good

agreement with the average value of 0.368 _ for the stitched warp-knit composites

with self-similar failures found in this study, Those for the [0/±45/90]n s laminates are

about 25% smaller, and those for [0/±45]ns are about 45% smaller.
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CONCLUDING REMARKS

Tests were conducted on center notched tension (CNT), extended compact

tension (ECT), and compact tension (CT) specimens made from a carbon/epoxy
composite. The composite material, which was made from a stitched warp-knit fabric,
contained 44% 0 ° yarns, 44% _+45° yarns, and 12% 90 ° yarns. The modulus in the

longitudinal direction was twice that in the transverse direction. In order to determine
the influence of anisotropy, specimens were cut with three orientations from panels -

longitudinal, transverse, and on a 45 ° bias. The specimens loaded longitudinally and
transversely were specially orthotropic, but the specimens loaded on the bias were

anisotropic. Crack opening displacements (COD) were measured and loads Pa
corresponding to a 5% offset in the COD versus load curves were determined. The
mean ratio of the maximum load Pr,a, to PQ was 1.09. The standard deviation was
0.07.

The panels were made with thicknesses ranging from 0.22 to 0.88 inches to

represent a wing skin from tip to root. Values of fracture toughness were calculated for
the offset loads Pa' For CNT specimens with longitudinal loading, the mean value of
fracture toughness for 0.33-inch-thick specimens was 40% less than the mean value for

0.11-inch-thick specimens. However, with transverse loading, the mean values were
essentially equal, The difference was 19% or less for the other specimen types and
loading directions.

Failures were self-similar for all specimens with transverse loading and for all
CNT specimens with longitudinal loading. Except for one ECT specimen, failures were
not self-similar for ECT and CT specimens with longitudinal loading nor for the CT

specimens with bias lOading. The ECT specimens with longitudinal loading were the
only type to fail atong more than one path. The thinner ECT specimens also failed in

compression on the edge opposite the cut due to large bending stresses. The failure
appeared to a shear-kinking type material failure. The compression failures never
occurred a[on_, _-=_- =

The hormal and shear strains were calculated on fracture planes using a series
representation of strain fields for plane anisotropic crack problems developed by Yuan.
The singular terms and the uniform stress term (T-stress) were included. For

specimens with self-similar failures, shear strains were zero along the fracture paths.

But for specimens with failures that were not self-similar, large shear strains were
calculated along the fracture paths. Characteristic distances for tension and shear

strains were calculated for each specimen. For specimens with self-similar failures, the

values of the characteristic distance were reasonably constant and were in agreement
with other values in the literature for carbon/epoxy composites. When failures were not
self-similar, the values of characteristic distance for critical tension strain were smaller.

A polynomial failure criterion was applied to the characteristic distances for critical

tension and shear strains. The predictions of strength using this criterion were

reasonably accurate, but the predictions of fracture paths were not accurate. A stability
analysis for a kinked crack may be required to predict fracture paths.
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1 inch

Left notch tip

1 inch

Right notch tip

Figure 13. Radiograph of longitudinally loaded CNT specimen (CNT-3L2C).
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1 inch

Figure 14. Radiograph of transversely loaded CTspecimen (CT-2T6).

1 inch

Figure 15. Radiograph of longitudinally loaded CT specimen (CT-2L6).

38



Figure 16. Radiograph of bias loaded (0fiber=45 °) CT specimen

(CT-2LT, (Sfracture=45°)).

]1 inch

Figure 17.

m

1 inch

m

Radiograph of longitudinally loaded ECT specimen (ECT-L7).

39



1 inch

Figure 18. Radiograph of longitudinally loaded ECT specimen (ECT-L2).

1 inch

Figure 19. Radiograph of longitudinally loaded ECT specimen (ECT-L3).
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Table A-1. Fiber volume and mass fractions.

Sample
number

2C-1
2C-2
2C-3
2C-4

Average
Deviation

COV

3-1
3-4

3-7

2C

2C
2C

2C

2_

2'

2

2

Sheet

number

Thickness

stacks

Thickness

inches

0.1140

per stack,
inches

0.0570

Density,
Ib/ft 3

96.1
96.1
95.5
97.4

Fiber

mass
fraction

0.644
0.604
0.583
0.624

96.3
0.5

0.6%

98.0
98.6
98.0

0.614
0.020
3.3%

0.696
0.649
0.664

Fiber

volume
fraction

0.56(
0.52!
0.50z

0.55(
0.535
0.02£

3.8°/,

0.61_
0.57 c
0.58 c

Average
Deviation

COV
4-1
4-4
4-7

Average
Deviation

COV

5-1
5-2
5-3
5-4

Average
Deviation

COV

6-1
6-2
6-3
6-4

Average
Deviation

COV

F44-1
F44-2
F44 -3
F44 -4

Average
Deviation

COY

4

4

4

5
5
5
5

6
6
6
6

F44
F44
F44
F44

2
2
2

4
4

4
4

0.1074

0.1108

0.05370

0.05540

98.2
0.3

0.3%

98.6
98.6
98.0
98.4

0.3
O%

98.6
98.6
97.4
98.0

0.670
0.018
2.6%

0.679
0.683
0.654
0.672
0.012
1.8%

0.6631
0.663
0.634
0.646

0.595
0.01_
2.5%

0.60E
0.609
0.58(]
0.598
0.012
2.0%

0.592
0.591
0.559
0.573

0.2184'

4
4
4
4

0.0546O

0.2136

' "6.2 ;50

0.0534

98.2
0.5

0.5%

98.6
97.4
99.3
98.6

98.5
0.5

0.6%

0.0563

98.0
97.4
97.4
98.0
97.7

0.3
0.3%

0.652 O.579
0.012 0.013
1.8% 2.2%

0.681 O.6O8
0.669 0.590
0.683 0.613
0.680 0.607
0.678 0.605
0.005 0.007
0.7% 1.2%1

0.654 0.58G
0.660 0.581
0.634 0.55g
0.651 0.578

0.650 0.575
0.008 0.008
1.2% 1.3%
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Table1. Concluded.
Sample Sheet
number number

6A-1
6A-2
6A-3
6A-4

Average
Deviation

1-1
1-4
1-7

Average
Deviation

2-1
2-4
2-7

Average
Deviation

(3D#
7-1
7-2
7-3
7-4

Average
Deviation

8-1
8-2
8-3
8-4

Average
Deviation

6A
6A
6A
6A

Average
Deviation

Thickness
inches

0.3380

0.3468

0.3273

per stack,
inches

0.0563

0.0578

0.05455

0.05550.4443

Density,
g/cc

1.57
1.57
1.57
1.57
1.57
0.00
O.O%
1.51
1.50
1.51
1.51
0.00
0.3%
1.58
1.58

1.6
1.59
0.01
0.6%
1.57
1.56
1.56
1.56
1.57
0.00
0.2%
1.59
1.58
1.58
1.59
1.59
0.01
0.3%

Thickness,
stacks

0.4313 0.0539

All _h_l_
0.0557
0.0016

2.9%

1.57
0.02
1.O%

Fiber
mass

fraction

0.659
0.649
0.652
0.654
0.654
0.003
0.5%

0.657
0.651
O.659
0.656
0.003

0.5%

0.672
0.666
0.694

0.677
0.011
1.6%

0.635

0.631
0.630
0.631
0.632
0.002
0.3%

0.687
0.667
0.676
0.681
0.678
0.006
0.9%

i

0.656
0.018
2.7%

Fiber
volume
fraction

0.585
0.576
0.579
0.581
0.580
0.003
0.5%

0.560
0.552
0.562
0.558
0.004
0.7%

0.600
0.594
0.627
0.607
0.013
2.2%

0.563
0.556
0.555
0.556
0.558
0.003
0.5%

0.617
0.595
0.603
0.612
0.607
0.008
1.3%

0.581
O.02O
3.5%
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Table A-2. Unnotched tension test results for longitudinal loading.

Specimen

no.

Thickness,
inches

Actual aNormal-

ized

Width,
inches

TEN-1L3

TEN-2L3

TEN-3L3

Average
Deviation

COV

0.106

0.108

0.108

0.107
0.001

1.0%

0.108

0.110
0.110

0.109
0.001

1.0%

0.995

1.013

1.013

1.007
0.010

1.0%

Failing
load,

Ibf

Sheet

13,951

14,314

14,819
14,361

436

3.0%

aStrenqth,

psi

129,924

128,875

133_360
130,719

2,346
1.8%

Failing
strain

0.0110

0.0114

0.0117

0.0114

0.0003

2.9%

abyounq's

modulus,

Msi

11.7

11.3

11.4

11.5

0.2
1.8%

Poisson's

ratio

_heet 4
TEN-1L4

TEN-2L4

TEN-3L4

Average
Deviation

COV

TEN-1L2C

TEN-3L2C

TEN-4L2C

TEN-5L2C

TEN-6L2C

Average
Deviation

COV
nil

0.111

0.110

0.111

0.111
0.001

O.5%

0.115

0.114

0.112

0.114

0.113

0.114
0.001

0.9%

0.113

0.112

0.113
0.113

0.001

0.5%

0.107

0.106

0.105

0.106

0.105
0.106

0.001

0.9%

1.008

1.006
1.013

1.009

0.004

0.4%

0.998

0.999

1.003

1 .O06

1.008
1.003

0.004

0.4%

15,452
15,240

15a387
15,360

109

0.7%

15,747

14,129

14,694

15,671

14r694
14,987

699

4.7%

135,062

134,833

134r839
134,911

130

0.1%

147,301

133,787

140,034

146,737

138_553
141,282i

5,726
4.1%

Average
Deviation

COV

0.111

0.003

2.6%

0.109

0.003

2.9%
Hi

_heet_3.4. and2C

1.006 14,918 136,664

0.006 676 6,034
0.6% 4.5% 4.4%

0.0125

0.0119

0.0122

0.0122
0.0003

2.7%

11.3

11.4

11.3

11.3
0.1

0.7%

0.0129

0.0119
0.0115'

0.0119

0.0113

0.0119

0.0006
5.2%

11.8 0.359

11.9 0.356

12.1 0.423
12.1 0.409

12.3 0.416

12.0 0.392

0.2 0.032
1.6% 8.3%

0.0119 11.7 0.392

0.0006 0.4 0.032

4.6% 3.2% 8.3%

TEN-1L5

TEN-2L5 e

TEN-3L5 f

Average
Deviation

COV

0.218

0.215

0.206

0.213

0.006

2.8%

0.215

0.212

0.203

0.210

0.006

2.8%

1.004

1 .OO7

1.003

1.005

0.002
0.2%

TEN-1L6

TEN-2L6 ef

TEN-3L6

Average
Deviation

COV

0.211

0.213

0.200

0.208

0.007

3.3%

0.217_ 1.010

0.218 1.005

0.205 1.005

0.214 1.006

0.007 0.003
3.3% 0.3%

Sheet5

27,676

28,795

19,180
28,236

791

2.8%

Sheet6

28,390

26,090

27,140
27,765

884

3.2%

128,481

134,861

94f091
131,671

4,511
3.4%

0.0111

0.0117

0.0078

0.0114

0.0004

3.4%

11.7

11.7

12.3

11.9

0.4

3.1%

0.384

0.370

0.370

O.375

0.010

2.8%

129,450

118,811

131,475
130,463

1,432
1.1%

0.0124

0.0107

0.0107

0.0116

0.0012
10.2%

11.3

11.3

10.4

11.0
0.6

5.1%

0.372

0.413

0.324

0.348

0.034
9.6%
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TableA-2. C_,ntinued.
Specimen Thickness_

no. inches
Actual aNormal-

ized

TEN-1LF44
TEN-2LF44
TEN-3LF44

Average
Deviation

COV

0.233

0.232

0.233

0.232

0.001

0.3%

0.230

0.228

0.229

0.229

0.001

0.3%

Average
Deviation

COV

0.218

0.012

5.6%

0.218

0.010

4.5%

TEN-1L1 c

TEN-2L1 g

TEN-3L1

Average
Deviation

COV

0.347

0.347

0.347

0.347

0.000

0.1%

0.344

0.345

0.345

0.345

0.000

0.1%

TEN-1L2

TEN-2L2 g

TEN-3L2 d

Average
Deviation

COV

0.328

0.327

0.326

O.328

0.000

0.1%

0.337

0.336

0.335

0.336

0.000

0.1%

TEN-1L6A

TEN-2L6A

TEN-3L6A

TEN-4L6A

TEN-5L6A

Average
Deviation

COV

0.341

0.340

0.344

0.331

0.331

0.337

0.006

1.8%

0.337

0.337

0.341

0.328

O.328

0.334

0.006

1.8%

Average 0.337
Deviation 0.008

C OV 2.5%

0.337

0.006

1.8%

Width,
inches

1.007

1.009

1.012

1.009

0.002

0.2%

_h,
1.007

0.003

0.3%

1.001

1.006

0.995

1.000

0.005

0.5%

1.003

1.0O4

1.004

1.004

0.001

0.1%

1.003

1.012

1.007

1.006

1.008

1 .OO7

0.003

0.3%

S_

1.005

O.O04

0.4%

Failing

load,

Ibf

aStrenqth,

psi

F,
25,894

30,666

29j138
28,566

2,437

8.5%

28,243

1,530

5.4%

,_heeli 1

44,315

43,424

45,487
44,9Ol

829

1.8%

_hge_ 2

43,567

42,896

451078

44,323

1,068
2.4%

't
112,009

133,097

125_755

123,620

10,705
8.7%

n_ Far4

127,875

7,617

6.0%

128,586

125,254

132,518

130,552

2,780
2.1%

129,027

127,162

...... 134,106
131,567

3,592
2.7%

6A
41,942

41,815

38,821

43,186

41_376
41,428

1,605
3.9%

eets 1. _,
42,8431

2,091

4.9%

123,866

122,461

113,197

130,925

1251275
123,145

6,423
5.2%

¢A
126,662

6,382

5.0%

Failin_

strain

0.0103

0.0118

0.0115

0.0112

0.0008

6.8%

0.0114

0.0007

6.1%

0.0130

0.0114

0.0144

0.0137

0.0010

7.2%

0.0119

0.0115

0.0118

0.0119

0.0001

0.5%

0.0113

0.0112

0.0105

0.0127

0.0107

0.0113

0.0009

7.6%

0.0119

0.0011

9.5%

abyounq's

modulus,

Msi

10.9

11.0

10.8

10.9

0.1

0.8%

11.3

0.6

5.2%

10.9

10.8

10.4

10.7'

0.2'

2.3%

10.9

11.0

11.2

11.0

0.2

1.6%

10.7

10.9

10.8

10.7

11.4

10.9

0.3

2.6%

10.9

0.3

2.4%

Poisson's

ratio

0.369

0.393

0.337

0.366

0.028

7.6%

0.370

0.025

6.7%

0.356

0.362

0.376

0.391

O.449

0.387

0.037

9.6%

0.387

0.037

9.6%
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Tabl_A-2, _;_;
Specimen

no.

ncluded.
Thicknes% Width,

inches inches
Actual aNormal-

ized

1

0.443 0.424 1.004

TEN-1 L8 f

TEN-2L8

Average
Deviation

COV

0.440 0.452 1.008

0.443 0.455 1.010

0.441 0.453 1.009

0.002 0.002 0.001

0.5% 0.5% 0.1%
i nl

Average
Deviation

COV

0.442 0.443 1.007

0.002 0.017 0.003

0.4% 3.8% 0.3%

Average
Deviation

COV

Failing
load,

Ibf

aStrength,

psi

,_h_li 7

47,7oo

Sheet

40,272

51 _700
51,700i

Sheets 7 and

51,700

All shee s

1 .OO6

0.005

0.5%

112,044

88,457

1121624

112,624

i ||

8

112,624

Failing
strain

0.01031

0.0076

0.0107

0.0107

abyoung' s

modulus,

Msi

Poisson's

ratio

0.0107

11.3

11.5

10.5

0.334

0.371

0.368

130,393J 0.0117

8,511 0.0009

6.5% 7.5%

aNormalized to 66% fiber mass fraction_

bModuius wascalculated between 1000 and 3000 i_strain.

CStrain at 118.26 ksi; .qages failed subsequently. Not included in average and deviation.

dSpecimen slipped in the .qrips the first three times it was loaded.

eTransverse strain measured on only one side.

fFailed in grip.

gSpecimen failed at or very near a grip.

10.8

0.7

6.5%

11.1

0.5

4.8%

11.3

0.5

4.7%

0.368

0.002

0.6%

0.358

0.02(]

5.7%

0.377

0.030

8.1%
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Table A-3. Unnotched tension test results for transverse loading.

Specimen
no.

Thickness r Width, Failing
inches inches load,

Actual aNormal- Ibf
ized

TEN-1T3

TEN-2T3
TEN-3T3

Average
Deviation

COV

0.109
0.109

0.108
0.109
0.000
0.3%

0.111
0.110
0.110

0.110
0.000
O.3%

1.010
1.006
1.006

1.007
0.002
0.2%

TEN-1T4
TEN-2T4
TEN-3T4

Average
Deviation

COV

0.110
0.111
0.110
0.110'

0.001
0.7%

0.112 1.019
0.113 1.014
0.112 1.006
0.112 1.013

0.001 0.007
0.7% 0.6%

Average
Deviation

QDJ

0.109 0.111 1.010
0.001 0.001 0.005
0.9% 1.0% 0.5%

TEN-1T5
TEN-2T5
TEN-3T5

Average
Deviation

COV

0.222
0.224
0.216'

0.221
0.004
1.7%

0.219 1.006
0.221 1.005
0.214 1.008
0.218 1.006
0.004 0.001
1.7% 0.1%

TE N- 1T6 c
TEN-2T6
TEN-3T6

Average
Deviation

COV

0.217
0.218
0.214 I

0.2161
0.002
1.0%

0.223 1.O05

O.224 1,006
0.220 1.005
O.222 1.005
0.002 0.000
1.0% 0.0%

Average 0.218 0.220 1.006
Deviation 0.004 0.004 0

COV 1.7% 1.7% 0.1%

aStren.qth, Failin,q
psi strain

,_h_ 3
5,236
5,537

51274
5,349

164
3.1%

_h_ 4
5,051
4,894

41919
4,955

85

1.7%

5,152
245

4.8%

_h_#t 5
10,456

10,702

101278
10,479

213

2.0%

{}h gt
10,505
11,094

91291
10,297

920
8.9%

10,388
605

5.8%

46,858
49,949

471602
48,136

1613
3.4%

44,438
42,694

431654
43,596

873

2.0%

45,866
2744

6.0%

47,496
48,135

471716
47,783

325
0.7%

46,900
49,223

421086
46,070

3640
7.9%

46,926
2495
5.3%

abyoun,q'S
modulus,

Msi

Poisson's
ratio

0.0115
0.0111
0.0115
0.0114
0.0002

2.1%

4.82
5.10

4.74
4.89
0.19

3.9%

0.0117
0.0106
0.0110
0.0111
0.0006

5.0%

4.30
4.61
4.65
4.52
0.19

4.2%

0.0112
0.0004

3.6%

4
0

5.

.70

.26
6%

0.0106
0.0123
0.0110
0.0113
0.0009

7.9%

4.87
4.79
4.80
4.82
0.04

0.9%

0.168
0.165

0.175
0.170
0.005
3.0%

0.0101
0.0130
0.0106
0.0112
0.0015
13.7%

5.11
4.65
4.38
4.72
0.37

7.8%

0.171
0.169
0.168
0.169
0.002
0.9%

0.0113
0.0011
10.0%

4.70
0.24

5.1%

0.169
0.003
2.0%
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Table A-3. Concluded.

Specimen Thickness_
no. inches

Actual I aN°rmal-..... ized

TEN-1T1

TEN-2T1

TEN-3T1

Average
Deviation

COV

0.339

0.340

0.343

0.341

0.002

0.5%

0.337

0.338

0.340

0.338

0.002

0.5%
ml.| i i

Width,
inches

1 .O04

1.005

1.002

1.003

0.002

0.2%

Failing
load,

Ibf

,_heet 1
15,068

15,585

13_356
14,670

1,167

8.0%

aStrength,

psi

44,519

45,906

_39r169
43,198

3,558

8.2%

Failing

strain

abyoung's

modulus,

Msi

Poisson's

ratio

0.0108

0.0t29

0.0093

0.0110

0.0018

16.4%

4.54

4.48

4.50

4.51

0.03

0.6%

TEN-1T2

TEN-2T2

TEN-3T2

Average
Deviation

COY

0.318

0.325

0.325

0.323

0.004

1.2%

0.348

0.349

0.351i

0.349

0.002

0.5%

1.001

1.004

0.990

0.998

0.008

0.8%

Average 0.332 0.344 1.001
Deviation 0.010 0.006 0.006

COV 3.1% 1.8% 0.6%

TEN-1T7 0.447 0.428 1.004

0.451 1.004

0.446 !,;005
O.449 1.005

O.OO4 0.001

0.8% 0.1%

TEN-1T8 0.439

TEN-2T8 d 0.4,34

Average 0.437
Deviation 0.004

COV 0.8%

_h_1_ o

14,990

16,086

15_246
15,441

573

3_7%

Sheet 1 & 2

15,055

924

6.1%

_hg_t 7

18r947 i

19,997

171204
19,997i

43,046

45,942

431839

44,276
1497

3.4%

0.0121

0.0114

0.0113

0.0116

0.000

4.1%

4.73

4.77

4.78

4.76

0.02

0.5%

43,737 0.0113

2511 0.0012

5.7% 10.8%

4.63

0.14

3.1%

44_1141 0.0087 5.11
a| i i

0.1812

44,136 0.01271

38v367 0.0092
44,364 0.0127

4.44

4.53

4.48

0.06

1.4%

0.164

0.156

0.164

Average 0.440 0.442 1.005 19,472
Deviation 0.006 0.012 0.001 742

COV 1.4% 2.8% 0.1% 3.8%

All She_

Average 1.005

Deviation 0.005
COY 0.5 %

aNormaiized to 66% fTber mass fraction.

bModulus was calculated between 1000 and 3000 _strain.

CTransverse strain measured on only one side.

dSpecimen failed at or very near a grip.

Sheets 7 _,F_ {}

44,125

15

0.0%

._ts

45,371

2,670
5.9%

0.0107

0.0028

26.1%

0.0112

0.0011

9.8%

4.69

0.37

7.8%

4.70

0.23

4.9%

0.167

0.013

7.6°/,

0.1687

0.007G
4.1%
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Appendix B. Detail Drawings of Tests specimen and apparatus

Figure B-1.

Figure B-2.

Figure B-3.
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Figure B-1. Drawing of 9.50-inch-wide center notch tension (CNT) specimens.
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Figure B-5. Drawing of 12.0-inch-wide compact tension (CT) specimens.
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Figure B-6. Drawing of guide plates for CNT specimens.
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Figure B-7. Arrangement of guide plates and clip gage for CNT specimens.
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Figure B-8. Installation of clip gage for CNT specimens.
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Figure B-9. Drawing of guide plates for ECT specimens.
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Figure B'IO. Drawing of guide piates for 7.0-inch-wide CT specimens.
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Figure B-11. Drawing of guide plates for 12.0-inch-wide CT specimens.
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Arrangement of guide plates and clip gage for ECT specimens.
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Figure B-13. Arrangement of guide plates and clip gage for CT specimens.
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Figure B-14. Clevis arrangement for ECT and CT specimens.
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Figure B-15. Installation of clip gage for ECT and CT specimens.
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