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ABSTRACT

A general fracture toughness parametar Qc was previcusly derived and
verified to be a material constant, independent of layup, for centrally cracked
boron/aluminum composite specimens. The specimens were made with various pro-
portions of 0° and *45° plies. Moreover, a limited amount of data indicared
_ * W € :
that the ra i? chstuf’ here euf is the ultimate tensile strain of the
fibers, might be a constant for all composite laminates, regardless of material

and lavup. In that case, a single value of chE could be usad £o predict

tuf
the fracture toughness of all fibrous composite laminates from only the elastic
constants and € eug’

To verify that @ /¢

/Eeus is indeed a constant, valuss of & /¢ wera

& Ttuf
calculated for centrally eracked specimens made from grsphitefgaiginiée¥
graphite/epoxy, E-glassfepexy; boron/epoxy, and S-glass-graphite/epoxy mate-
rials wi;h numerous i?iftdstQGQ} 13yup§. The data are,;resez§eé hereln,
Within 3rdinar§ scatter, the data indicate that chetuf is a.ccnseant for #Ii
laminates that did not split exzensiveiy at the crack tips or have other devi-
ate failure modes,

Using a single value of stscﬁf for all the layups and marerials,
strengths were pfe&ic:eé for the test specimens. The predicted and test values

agree well except for laminates that split extensively. Then, the predicred

strengths are usually conservative.




INTRODECTION
Fibrous composite materials like graphite/epoxy are light, stiff, and
strong. They have great potential for reducing weight in aircraft structures.

uch

However, fibrous compésice laminates are usually notch sensgitive and losge
of their original strength when damaged. Low-velocity impact damage caused by
dropred tools, runway debris, birds, et cetera, is of particular concern.

Thus, designers need to know the fracture toqghnassvof composite laminares in
order to design damage tolerant structures. Because composite laminates can

be made with many diffe;ent materials and layups, testing to determine the
fracture toughness of ‘gach combinatioﬁ would be prohibitively expensive. Thue,
~a single fracture toughness parameter that can be used to predict the fracture
toughness of all laminates, at least ghose of interest to the designer, is
greatly needed.

15 reference 1, a general fracture toughness parameter .Qc was derivad
and verified to be a material constant, independent of layup, for centrally
cracked boron/aluminﬁm (B/Al) sheet specimens. The sheets had varicus propor-
tions of 0° and $45° plies. The fracture toughness of each layup was expressed
Q" The material constant Qc, which

defines the critical level of strains in the principal load-carrying plies,

as the critical stress—-intensity factor X

boir

P
proportional to Kq. The equation for the constant of proport}onality depends
only on the elastic constants of the laminate and the orieatation of the prin-
cipal load¥carry1ng fibers.

Since the elastic coastants can be predicted quite well, so then can the
constant of proportionality. Consequently, QC can be determined from tests

of one layup, and KQ can then be predicted for other layups of the same

material.
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~ Also in reference 1, the ratios of Q te € eus? where .E:“fv isf:he‘

:nitimﬁ:e tensile strain of the fibers, were shown.to be equal far”thet[éifzﬁsi]
ﬁf&i lavups and for [0/245/90] lavups made from graphite/epoxy (Gr/Ep), boron/
evoxy (B/Ep), and E~glass/epoxy {£-C1§Ep}.’ 1€ this is indeed true for all layv-
uns ard materials, the fracture toughness of all fibrous composite laminates |

¢an be predicted from only tensile properties of unidirectional laminates.

L

ig alan 1EF -
g alsz0 gug

The “point stress” criterion ef‘ﬁhitney and Nuismer {ref. 2
gesfeé by some to be a single fracture togghness parameter fa# composite
matrrials. However, most people limit the "point stress" criterion to fiber-
dominated layups.. (In ref. 1, the general fracture toughness parsmeter predicted
the fracture toughness of [£45] B/Al laminates quite well in spite of the non-
linear stress-strain behavior.) Even for f[iber-dominated layups, the "point
strzss” criterion and the general fracture toughness parzmeter can give quite
dii{erent results, depending on the layup. |

To verify that chstb is a constant for f{ibrous composite materials,

H

vatuzy of chs are presented herein for a large amcunt of test data, The

tuf .
snacimens contained central crack-like slits. The test data, which included

rthe B/Al data in reference !, represent 44 combinations of 6 different méteriais
#nd pumerous i?ifzﬁsjf90£§ layups. Hybrid and rmatrix-dominated lavuns are
inzluded. Within ordinarv scatter, the test data verify that chgtuf is a
consgrant for all of the laminates that dié not split extensively at the crack
tips or have other deviate failure modes. Splitting elevated the values of Qc‘
Then, to show that strengihs can be predic:ed‘with a single value of chgtuf
usin~ ani? tensilc picperties, meas;red and predicted strengths are compared for

maty of the gpecinens, They usually agreed except when laminates splic. Then,

thn predictions were usually conservative.
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| LIST OF SYMBOLS

Half-length of crack-like slit, m
characteristic distance for “average stress’ criterion, m
crack-opening displacement measured nidway between the ends of the

slit, m

characteristic distance for "point stress" eriterion, m
characteristic distance for general fracture toughness rarameter
Young's modulus, Pa
ultimate tensile strenpth of laminate (uncracked specimen), Pa
shear modulus, Pa
critical stress-intensity factor (fracture toughness), Pavm
elastic critical stress-intensity factor, Parm

total number of values

th

i value

general fracture toughness parameter, v

gross laminate stress, Pa

stress at failure (stremgth) of cracked specimens, Pa

width of specimen, m

“far-field (remote) axial strain at failure

ultimate tensile strain of laminate {uncracked specimen)

ultimate tensile strain of fibers |

strain in the fiber direction

Poisson's ratic

functional that depends on oricnt&tion of principal load-carrying
plies

size of crack-tip damage, m




Subhseripts:

¢ failure

net based on net area rather than gross area
X, ¥ Cartesian coordinates (The x-direction is parallel to the slit and -

transverse to the 0° fibers.)

FAILURE MODFS IN COMPOSITE LAMINATES

Test results for céntrallg cracked sheet specimens made of boron/faluminum
(EIAi} wvere reparfed in reference 1. The sheets were made with*vsfinss propor-
tions of 0° and *45‘ plies, including both [C] and {:iﬁ} layups. (The 09 plies
are 311gned with the loading direction, which is transverse to the crack-like
slit.) On the macroscopic scale, the specimens failed largely by self-similar
crack extension, even the [2545] speﬂimeﬁé;

Radiographs of the specimens indicated that only 0° fibers, or =45% fibers
in [245] laminates, beganvbreaking at the eﬁds of crack-like slits before over-
all faziaré. The breaking began at loads corresponding o a&:&:,*é percent of
the eventual strength. The breaks progressed from fiber to fiber, in effect
extending the slit in those plies. After the breaks had progressed ahead of
the slit ends a distance of about 1.5 mm, the specimen failed catastrorphically.
Except for [$45] laminates, the 0° plies are the principal ia;é-:a::yiag‘piies,
that is, thev carry more of t#e total load than the *45° plies could carry
alone. In [£45] laminates, of course, the *45° plics are the primcipal lead-
carrying plies. Therefore, the overall failures were precipitated by unstable
extension of the crack-like slit in the principal load=carrying plies.

Tests also indicate tﬁat Gr/Ep laminates fail the ;amé =ay. A

[45/0/~45/90} Gr/Ep specimen was loaded to 95 percent of its estimated



' strength, X?rafed.,unloaded, and deétruc:iveiy examined. The photographs to
‘th;: right in figu.rvél show the second and third plies {viewed normally) near
tEe slicAend. Eacﬁ ply was phocographedlafter sﬁccessively sanding away the
outer plv. Broken fibers and small sp;its (matrix cracks) are clearly visible
in the 0° ply. The 0° fibers ﬁre broken ahead of the slit end for a distance
pf approximgtely 3 mm, 'Notice that the damage in the -45° ply, which consists
mzinly Qf-splits, colacides with the damage in the 0° ply.
| A'ra&iograph of the same area is also showa in figure 1. The dye TBE was
used :6 enhance the image of the damage. The dark region indicates delamina-
tions, The dark 245° lines emanatiﬁg from the slit end indicate splits in the
© 245 plies. Faint linee to éhe right of and parallel to the siil indicate |
splits in the 90° plies. Because the break; in the 0° fibers coihcide with
the damage in the -45° plies, the 0° fiber breaks were not revealed by the
radicgraph. | |

F‘gute 2 shows how crack-opening displacements (COD) also indicate that
the Ea[lure of principal load-carrying fibers precipitates the overall failure
~of Cr/Ep laminates. The specimen is similar to that in figure 1, but twice as
thick., -Yor a very wide isotropic specimen, the COD midyay bet?een the slit

ends is given by
con = 4aS/%E : 6]

3eeanse the 0° plies contribute the most to the axial stiffness of the laminate,

0° fiber breaks at'the slit ends will affect the COD much as an increase in slit
Length. Replacing a by a + o 1in equacion (1), where » is the extent of G°

fiber breaks, and solving fér o,

o= ;za[(t:on/S)/(covls)0 - !:l , (2)

I




where {CGBES}Q is the initial cempiianee and- {COD/S) . is‘:kcrcsmpii;sce'aftet“‘
0° fibers break. B ‘

The values of 0, calculated with equation (2), along with the COD measure—.

ments are pié:teé against applied stress in figure 2. For caévenience, the

applied stress was divided by the strength. The initial compliance in egus-

tion (2) was not measured from the COD curve because the initial part was some-
sﬁat srratic. Instead, it was calculated with egustian {1). The COD jumped |
three times during the test. A discrete “pop" was audible éaeh time. The
smoothness of the COD curve and the ab<ence éf audible noise indicate that the
crack=tip damage probably did na; extend hetweeg'jnmps. Thus, in figure 2‘§ the -
damage size P 1is shown as a constant between C0D jumps. The caizaié:s& value
af é after the last COD jump is 1.9 mm. . ‘

Radiographs made before the first COD fump (corresponding tuv a load of
%3 peréent of the strength) an& immediately after each jump arc alse ghowm in
fignre 2, The TBE dve was used to enhance the image of the damage. The radio-
araphs taken at the two largest loads reveal an apparent extension of the slirt
thaxt»csaié be O0° fiber bfeaks. The length of the éxtc::sis:: ig zbout sgumal to
the £ calculated from the COD curve. Thus, damage in the contiguous plies
hree may not coincide as it did {n figure 1.

The results in figure 2 indicate éh&t coD measursmc&:é may be z reiati:ely
simple and inexpensive method, at least compared to radiography, for meni:stiﬁg
crack-tip damage during a fracture test. As shown subsequently, fracture tests
cannot be properly interpreted without knowing the type and size of :r&:k—ﬁig
damage.

I# contrast to the quasi-isc;:cgie lamiﬁates’shaun in figures 1 and 2,

laminates with a larger proportion of 0° plies, or with groups of 0° plies, can




¢evelop very long splits at the slit ends in 0° plies. In some lam
splits extend clear to the specimen ends (grips) well before complete failure.
Shear-lag analyses (e.g., refs. 3 and 4) indicate that splits can significantly
reducc local fiber stresses and, consequently, can ameliorate the loss of
strength due to a crack-like slit. (Of course, when splits extend to the speci-
men ends, the stress concentration factor is, for all intents and purposes,
reduced to unity for very wide specimens.) The matrix shear stressss at the
snlit ends are reduced by non-0° plies, which bridge the splits, The shear
stresses are further reduced by dispersing the 0° plies among the non-0° plies
rather than grouping them together. Therefore, the size of the splits in the
0° plies depends on the proporticn of non-0° plies and their arrangement,

Although epoxy laminates can split, B/Al laminates usually do not (ref. 1).
The aluminum matrix is much stronger“and more ductile than the epoxy matrix.
Fven so, the 0° B/Al specimens do develop long yield zones due to the large
matrix shear stresses., (The shear-lc; analyses indicate that matrix yielding
also reduces local fiber stresses, but not as much as splits.)

Fpoxy laminates with S-glasg {ibers which have ultra-large ultimate tensile
strains (0,028) also tend to split. The radiographs in {igure 3 indicate that
a [%Scr/OGl/—ASGrlocilos S-glass-graphite/epoxy (S~G1-Gr/Ep) nybrid specimen
developed long splits gefore overall failure, whereas an all-Gr/Ep specimen did
not apnear to split at all. Based on the net-section area, the strength of the
cracked hybrid specimen is ne:zrly equal to that of an uncracked specimen., Thus,
the splits probably extended to the specimen ends (grims). The hybrid specimen
did not begin splitting until the stress reached about 123 percent (294 MPa) of
the strength of the all-Gr/Ep specimen. Therefore, the hybrid specimen would

not have split had its strength not been so much larger (about 150 percent) than

8




that of the all-Gr/Ep specimen. (Of course, the large strength of the hvbrid

specimen was partly due to the split itself, as noted previously.)

DERIVATION OF THE GENERAL FRACTURE TOUGHNESS PARAMETER Qc

The test results in the previous section indicate that the failure of com-
posite laminates is precipitated by failure of the pfincipal load-carrving fibers
just ahead of the crack tips. Therefore, overall fatilure should occur when the
strains in the principal load-carrying fibers reach a critical level. These
strains were derived in reference 1 for an axiailly loaded, specially orthotropic
sheet containing a central crack-like slit. The strains were expressed in terms
of the stress?intensity factor using laminate analysis. This analysis is valid
when crack-tip damage is small compared to crack length. The eritical level of
fiber strains was then defined by a general iracture toughness parameter QC.
which 1s proportional to the critical value of the stress-intensity factor KQ'
The constant of proportionality depends only on the elastic constants and the
orientation of the principal load-carrying fibers. Since the critical level of
fiber strains should depend only on the stfain capabiliry of the fibers, Qc
should be a fiber propertf, independent of layup. The test déta in referencé 1
for the various B/Al lavups verified the critical! strain level and, heﬁce, Qé
is reasonably independent of the proportion of 0° and $45° plijes.

The equation for Qc (ref. 1) is
=‘ : 3
Q. KQE/Ey 3)
where £ 1is a functional that depends on the ortlentation of the principal lcad-

carrying fibers and Ey is Young's modulus in the 0°-fiber direction (alsc the

loading direction). Vhen Q° fibers are the principal load-carrying fibers,




£E=1- Vyx "EXIE}' (%)

and when 245° fibers are the principal load-carrying fibers,

£ = -%-(1 -V, ,Ex/ﬁy)(l + 5T, ) (5)

The E, and vyx are the Young's modulus transverse to the 0°~fiber direction
and the major Poisson's rario, respectively. The major Poisson's ratio Vv
givee the ratio of transverse-to-longitudinal strain when a uniaxial load is
aonlied in the 0°~fiber direction. (Values of £ can be calenlated for other
prinnioal fiber orientations using the eguation in ref. 1.)

Bernuse Qc is a fiber property that depends on the strain capability of
the fidars in the principal load-carrying plies, Qc should alsc be propor-
tional ro the ultimate tensile strain of the fibers et“,. Indeed, a prelimi-

uL

narv study in reference 1 indicated that chetuf is approximatelv equal for

the various B/Al layups and for quasi-~isotropic epoxy lavups made from graphite,
Bnavon, and E~glass fibers.

Tt is important to note that Qc/s squared is proporticnal to a '"char-

tuf

acteristic distance,” like that in the "point stress" criterion of “hitnev and
Nuismer (ref. 2). However, the "point stress" criterion is limited to fiber-
doninated layups, but the pgeneral fracture toughness parameter (ref. 1) is not.
Moraover, even for fiber-dominated layups, the appendix shows that the 'point

strass" cricerion and general fracture toughness parameter can give quite dif-

ferent results, depending on the layup.
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A RFPRESFNTATIVE VALUE OF § /¢
‘ c _tuf

Method for Calvuiatlng 0 letuf

Values of Q, and Qc/Etuf were calculated for six different composite
materials and numerous laydps. The results are given in table !
the ultimate tensile strength of each material and layup. All of the layups
~are symmetric and balanced, and belong ‘to the rb /*45 /90:] fawilv. The dif-
ferent materials are graphite/epoxv (Gr/Ep), graphite/pelyimide (Gr/Pi),
©-glass/epoxy (E~-GL/Ep), boron/epoxy (B/Ep), S-glass-graphite/epoxy -
(5-G1-Gr/Ep), anq boron/zluminum (B/Al); The Gr/Ep laminates were made from
T300/5208, T300/934, and T300/SP-286 maierial systeme.

The values of Qc and chctnf in table 1 are averages for all spucimens
made of a given material and lavup. ‘The fes: data used to calculate Qc were
taken from references 1, S .arough 11, and table II. Table II contains results
of individual tests conducted by the author for several Gr/Ep layups. The
sn~cimens were axially loaded and contained central, crack-like slits. The
dara generally include duplicated tests of 4pecime ns with several'craék lengths

and gcmotimes with several widths. In all, average values of che are

. ‘ tuf
repnrteq for 44 combinations of material and laminate orientatiou.

Excepﬁ for B/Al laminates, the values of QC in table I were calculated
with equations (3) through (5). Four B/Al, ﬁhe values of Qc were taken
directly from reference 1, where they were calculated with failing strains in
order to eliminate nonlinear stress-strain effects

For axially loaded specimens with central crack-like slits, the KQ

values in eguation (3) were - -lculated assuming

Xy = chvfa +p.) sec (ra/¥) (6)

n




wheve §  is the strength, a 1is the half-length of the crack-;ike slic, W

is the snecimen width, pc is the size of dameage at the slit ends at failure,
.and vrqec (ma/W) 1is a widely used isotropic finite-width corvection factor.

rhe tantrovic finite-width correction factor was uéed for couvenience since
finite-eloment calculations indicated that the effect of anisotropy for the lay-
nps in tahles I and I1 wasg small, usually less than 5 percent. . The pc in

~mation (6) was determinad so that cquation (6) predicts the ultimate tensile

strennth when there is no crack--just like in reference 1. Substituting

S, =F,, and 2a =0 into ecuation (6) and solving for Pos
o2 B - .

‘oc B (KQ/Ft:u)/r ' )
Substituting equation (7) into cauation (6) and solving for 'KQ’

o 2 ( 2 ]2 8

Ko ™ ¥ge[! = Koe /17 m) : ®
whears

th S.¥7a sec (ma /W) _ 9

is the nswal "elastic" stress-intensity factor at failure.

In reference 8, values of fracture toughuess Kq2 bur not strength Sc,
were reported. However, the values of KG were not caleulated with equa-
tions (8) and (9). Thus, values of s:rength were calculated with the Ky
eqrations in reference 8, and then KO was recalculated with eq"atidns (8)
and (9),

The elastic constants and the ultinmate tensile fiber strains used to cal-
cenlate chetuf are given in table IIlﬁ The elastic~constants for the B/Al

and Gr/Pi layups were taken from references 1 and'il,,respectively. For most -

12




of the other layups, the elastic canstsnts were not reported. They were

therefore calculated with laminste analysis using the elastic constants in
table II1 for [0] layups. The same elastic constants were useé for all Gr/Ep
laminates with the same proportion of 0%, £43°, and 90° plies, even though
they were not all made from the same material svstem nor with :he same stsckisg
sequence and number of plies. The elastic constante in table ITI for [0}
E-G1/Ep, B/fp, and S-Gl/Ep were taken from references §, 10, and 12, respec-
tiveiy. Those for {0] Gr/E» wefe determined from tests of [°3sr 130075208
sgeciness (63 perceat fiber volume fraction) by the author,

The failirg strains of unidirectional unnotched laminates were used as
values of € uf in table Iil. Because the failing strains were usually not
reporced, they wer: est‘i., 3ted from stress-gtrain plots or were calculated as
_ the ratio of strength to Young's medalu#. (The-streés—::rain’cgrves for the
unidirectional laminates were very linear to failure.) -

. For the S~Gl-Gr/Ep hybrid ianina:es§ the value of zt“f for either
$-Gl/Ep or Gr/Ep was used to calculate chetsf’ depeﬁaing on the partisular"
i&miﬁ;t&. (See table III.) When all the 0° plies are S-GL/Ep, the principal
load-carrying plies are $-Gl/Ep, and the € ruf of S~C1/Fp {3 used. But when
the 0° plies are half S-G1l/Ep and half Gr/Ep, the 0° Gv,/Ep plies are the prin-
cipal load-carrying plies because the graphite plies carry 2.3 tires the load
that the S-glass plies carry, but faz1l at about one-third the strain. Thus,
the ¢, . of Gr/Ep was used for the laminates with half-and-half 0° plies, and
likewise for the h?%SGl!:éSG;ES laminates.

Values of Q fatuf could also be calculated this way for hybrid laywns in

which the S-glass fibers (or some other fibers) are uniformly integrated into

the graphite plies rather than segregated into individual plies.

13
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"Results

%]

The values of Qc,'-:mf in tabla T are shown in the bar graph in figure 4.

The data are grouped by material and all layups, except for those helonging to

[0/£45/90], are identified. The space in figure 4 is insufficient to identify

a1 [
Vaiuls &l 0 ,IE

o hotween
¢’ Teuf

()

individually the numerous (97245/90] layups. Th
1.25 and 1.75v=m (the shaded band) represent data between the 20th and'73rd per-
centiles, respectively (33 percent of the data). (See the normal probability
alot 1n fignre 5.) :Lgminétes with Qc/eLuf values in this band failed bhasi-
cailv bv self-similar crack extension, at least in the macroscopic sense, with
little crack=-tip damagé, The data outside this band are more scattered snd are
associated mostly with laminates that had variant failure modes, such as split-
ting. If the Qcyctuf values outside this band are excluded, the values within
the band have a coefficient of variation of 0.10, which is about the same as
that for Ftu va}ues of unidirectional laminates. Therefore, the parameter
chstuf accounts very well for the effects of layup and material when the crack
extension is self-similar and the crack-tip damage is relatively small.

Ihe value of Q /e, . for the 47th percentile, which 1s midway
the 29¢h and 73rd percentiles, is 1,50¢Vmm. This value should be a good estimate
af the average or representathe value for all of the materials.

The large valug of C)_c/etuf for the [:&5]25 3/Al layup was reported in
reference i to have been caused by overall vielding, especially for specimens
with short slits. (The stress-strain behavior of all the B/AL layups in refer-
zcee 1 was nonlinecar, but to a lesser degree for layups with a la
of 0° plics.. However, o.cept for the {:45]21 laminates, the effect of the non-
linecar stress-struin benavicr was mostly eliminated by using remote failing

strains rather than strengths to calculate Qr') The large values ¢f QC/Etuf

\

14




for the {GE:QSEQQI}Q and {&f?ﬁ¥&q Gr/Tp lavups in reference & are anomalous.

nota from other references gave mach lower valyes,
The other values of stat“f above the 73rd percentile in figure & are
mostly associated with layups that split extensively, such as hybrid layups

and Cr/Ep layups with a larse nraportion of 0° plies or 0° plies grouped

toaether. Ao noted previously, splits reduce local fiber stresses. Therefore,
when laminates split, the stress-intensity factor overestimates local fiber

srresses, and values of KG and thus Qc 2re greatly elovated,

far many of the B/Fp lavups, the values of Q:;Etaf

-

[¥65

in figure 4 are

bolow the 20th percentile. For the {§82f0 /890G layup, the unnotched

27772

rersile specimens, as well as the specimens with crack-like slirs, failed with

W

1o strains in the 0° fibers--much lower than In fact, the F__ values

£ -
tuf tu

rzsorted in reference 10 for many of the f{iber-dominated layups de not faIIoﬁ
the rule of mixtures very well--not nearly as well as the ?érisﬁs fiber-
deminated Gr/Ep lavups in table 1. (The rtu value for {9633}25 in table I
was taken from ref. 13 because the unnotched specimens in ref. 10 failed at a
erin,) The low values of chz£uf for the {:&ifﬁ!:éi!ﬁ}s aﬁé'{9§f-é5f§3f&5}s
lavups could be anomalous since 951? a couple of specimens were tested.

—

There is no evidence that the low values of 'chatuf for the [0,/%45

f
o

and {sfzﬁiizs Gr/Ep layups are ancmalsus. The dara come from three sources

and represent manv specimens, and the Fﬁa values follow the rule of mixtures

fairly well. Perhaps the fog values are low because the matrix damage

tuf
2t the slit ends is relatively small., (Compare radiographs in figure 3 for
the {iSf%!a&E!ﬁEZS Gr/Ep specimen with those in figures 1 and 2 for the

{45/0/-45/90] Gr/Ep specimens.)

is




It is interesting that, for a value of Q“fetu‘ = 1.5/mm, the character-

-

i§tic distance 30 caleulated with equation (A2) is quite small, only 0,36 mm.
This distance is only about two to two-and-onc-half times the spaecing of the
boron fibers or the thickness of the Gr/Ep oiies. The smallest distance cne
would expect is one fiber spacing for boron fibers or, for tows of small fibers
Iike graphite, one¢ ply thickness. Therefore, when crack~tip damage is small at
failure, the sidgular strain field given by the stress-intensity factor approxi-
mates the actual strains near the slit ends fairly well.

for

Also, for laminates damaged by ballistic impact, values cof KO/Ftu

B/Ep and Gr/Ep (ref. 14) agree quite well with thoce calculated using a

»Qt‘/.‘:t‘_‘f value of 1.5/mm. Assuming that the unnotched strengths follow the
> 'w = ~ A . e
rule of nixtures (‘tu Ey'tuf}’ equation (3) gives
= { \/E A ‘
KQ/Ftu (chetuf)/” (10)

Equatdion (10) predicts that KQ/Ftw varies with lavup. TFor the varicus lavuns
L .

in reference 14, & varies from 0.5% te 0,94, Therefore, ecuation (10) pre-

dicts values of KQ/Ftu “from 1.6 to 2.8/5;, which compare well with the values-

of 2.6 to 3,1/mm from reference 14, at least for the larger values. The lowest

predicted values of K /Ftu are assocjated with laminates that have a large

Q
_proportion of 0° plies. For these laminates, as noted previously, splitting
usually makes the measured values of KQ higher than the predicted values.
Notice also that the range of KQ/Ftu values for different lépr$ is drasti-
cally diminished by splitting. Therefore, experiments, based on data from these
laminates alone, might lead to the conclusion that KQ/Ftu is independent of

layup, which contradicts equatfon (10) and contradicts the observed results from

tests of laminates that do not split.

L6




It was shown in reference 1 that the ‘crack-tip damage size 0. given by

equation {?} agreed well with the extent af stable fiber tres&s in 0° plies of

t§, 5;15 B/AL 1amxna;es. For [0/:43/90] Gr/tp layups, equation (7) gives
P ='2*6 mm, using properties of the materizl in table II from manufacturer B.
This prediction falis‘within the Z to 3 mm range of (° fiber breaks showm gr§-
viously in figures 1 and 2. Therefore, eguaticn (7) predicts zée ,xte§t of

stable crack extension in the 0° plies of Gr/Ep, at least for [0/+45/901 layups,

as well as B/AL,

STRFNGTH PREDICTIONS WITH 0 /e _ .
Method for Calculating Strength
Strengths of epoxy specimens made with the various layups in table I wera

predicted assuming chgtnf = 1.5¢mm. Selving ecuatfons (3), (8), and (9) for

i 3, . 5¢
strength and replacing Q. by 1 Sftuf’

-1/3
s /sac (RalW/F, = }1 - m[ Pl (Le5e v}}zi 1z i1

Iie right—-hand side ef equation {(11) is independent of specimen width, and, for
laminates that follow the rule of mixturcs {Ftu - stufgy}* is independent of
the ultimate tensile strength Ftu' It mainly depends on siit length and £,
which depends mainly on laminate orientation. Thus, for convenience, the
strength ratio on the left-hand side of equaticn (11) rather than rhe absolute
strennth was used to compare measuréd and p;eéieted strengths. All nmeasured
strengths shown hereinafter are generally averages of two or three tests.

Equation (11}, which is based upon failing stress, does nof predict
screngths for nonlinear laminates like B/Al as well as the procedure in refer-

ence 1, which is based upon failing strain. Therefore, the procedure in

17




teference 1 was also used here. First, the failing-strain ratio was predicted’

i

' PN . 4 = =
EC. seg ( ,a,g)/bt“

~1/2
K (22)

‘ ’ 2
¥ £ . . 5 \
1+ 7a[,et“/{l 3et“5!]

Then, the strenpth ratio was predicted with the Ramberg-Osgood stress-strain

equarion from reference 15. Because the strese~strain r2lationship is nonlinecar,
the ecalculation of sc¢§22'??27ﬁ?/F:u from Eéfgzz_?5;7ﬁ3/etu, will depend uéon
af?. But preliminéry calculations with different values of a/W indicated that

the dependency on a/¥ was very small and could be neglected.

Comparisons of Predicted and Measured Strengths

fiber~dominated layups.- Strength ratios are plotied azainst slit lengeh

in figure 6 for [0/£45/90), [0/£45], (0 /:45], and (0/90] layups made of several

L2

dif{esrent materials. DPredictions were vssentially Identical for several mate-

ta

rials in [igure 6(a). Except for the [0/14510 and [0/.~5/0.25 r/Ep layups in

Tigures 6(b) and 6(c), the pradicred ,nd measyred strength ratios agree fairly

well. However, for the [0/:w5]?q and [0/253/0]75 Gr/Ep layups, the predxcted

stvength ratios were noticeably higher than the measured strength ratics. The
low values of /et £ noted before reflect these low values of strength,
The '0 :Li] B/Ep specimen in figure 6(v) with the lonpest slit

(2a = ?5.4 ) spl‘b at the ends of the sliit in tha 0° pliu;. The éplits

"~

. I

nded to the ends of the specimen before the specimen failed. Thusg, the
strass on the net section (compare the circular symbol to the dashed curve) was
clase to the ultimate tensile strengrh., Splitting was nat reported in the

[ 2"'57 B/Ep specimens with slits shorter than 25.4 mm.

}
&




As p:eéicte&, the streﬁgth rsties in fignte 6 fat,&igiuan~ia&inate4orieata-
:ien,ée not strangly depeaé on the type sf ca:;ssité #zfc;‘ al-—ghether ¢ the
matrix is epoxy, poiyimi&e, gr aluminum, or whether the fibers are graphite,
boron, or E-glass, Ia fact, ‘the differences in the curves are ;rahabiy less

ad

~ vl f v
A AiAa

1:2')
3
[
(&)

than normal expgrlmental<§cgz‘e~ {i

" with differences $meng.5552£ volume fractiens of the various lsﬁinates (usually

not reported). ﬁii of the lavups are very ﬁatch sensitive. Slits longer than

15 mm redace the straagth 39 percent or more.

Ha:rix-daminated lavups.~ Predicted and measured strength ratios are
plotted in figare'? fe: [#45] layups made of Gr/Ep, B/Ep, aa&-S!AI, uhich are
matrix dcainatéé. An nnﬁsua}z? large width effect was reported in reference 1
far {:asiz B/Al specimens, which had widths of 19.1, 50.8, and 101.56 mm. For
a given slit length, strength increased with specimen width more than predicred
‘by the theory of elasticity. (Twe syﬁbels are shown in figure 7 for spacimens
with 2a = 5.1 mm because they had éiffer#nt widths.) Despite this width
effect, the measured and predicted strengt& ratios for :&S} 3331 agree fairly
well.,  Also, :hé sé#eng:h :atics are surpr:siﬁgiy'leﬁ for I:ii;z B/AY, a8 low
as those for the;fiberf&amiﬁatéd layups in figure 6.

On the a:heryha#&,‘as predicted, the strength ratios for the {t&iizs epoxy
layups are mncﬁ highei‘thaﬁ those for the [2i5}35 3351. For the 25.%~ and
88.9-mm-wide i:ﬁS}’e?éxf layupse, the predicted strength ratios result in net-
section stresses‘greatef than Ftu" (Solid curves are above the dashed curves.}'
Yberéfsre, the 3étaai strengths for the 25.4- aﬁd‘SS G-mm-widc i-*J} Sp0RY
specimens were limited by the small net-gection areas and were thus lower than
the ?reﬁic:ed’stresgfhs,"(Stf§ngély enough, the net-gection st;esses for the

25.4-mm-wide Gr/Ep specimens were considerubly greater than Fta.} Hewever, for




the 254-mm-wide Gr/Ep specimans, the net-section stresses are below Ft'; and
- _ P : ; u .

the 1'eacured and predicted strength ratios agreejélmost exactiy. Therefore,

the eeneral fracture toughness parameter cqrreé icted the large differ-
snce between strength ratios for [:45) layups with;epoxy'and aluninum matrices.
Becnruse the fiber strains reached the vredicted éﬁiticél levels, fracture of

" ‘excont mavbe for the small

thasa [+453] lavups is actually "fiher daminétéd;
~poXy specimens. A

The minimum specimen width that ;ill ré§u1t>id.net-secticn s:?esses
smaller than Ft; can be predicted with éq;étibhs (3) and (8). Setting

5,=7F (L=-2a/w and solving for width, -

:-‘.lra

¢ “tuf Ny e’ ta)

' 2f. -2 ]
+ K - v - ' T VAL TP
N2 [(Q_/s WL oo/ F (S.a/k)] {2 =32 cos arm 1 (13)
Using propertics in tahles I and IT1 for [245] Gr/Ep laminates, equation (13)

gives minimum widths between 84 and 153 om for values of .. ntyeen 0

1ves| ninimuam

o

and 0,6, And for [0/245/90) Gr/Ep laminates, equation a3
widfhs between 10 and 19 mm. Therefore, muéh widcf specimens ere‘required for
[=451 Gr/Ep than for [0/£45/90) Gr/Ep.

Uybrid lavups.- The predicted and measéréd strength ratios are plotted in
 figure 8 for the hybrid laminates in Eeférenéé 7. Except for the -

+4 7
[?,,/- scr/9ost;

3L

hybrid specimens, the measured strength ratios are consider-
S i . :
ably larger than the predicted ratios, as. reflectad in the ‘large Qc/ctuf

values in table I. As discussed previously, the large streagths were caused

bv exrensive splitting at the slit ends in the 0° plies, like that shown in

figure 3. However, for the {bc,/tascr!900;] hybrid specimens, the predicted
- e -ig ’ .

20




and measured strength ratios agree very well. Thus, in this laminate, damage

at the slit ends must have been relatively small up to failure. Ualike the

all-graphite [#45],  specimens in reference 7, the E:;s . f‘-*fﬁ&} hybrid

Gl s
_specimens delaminated extensively at the slit ends well before overall failure.

Consequently, the net-section stress in the ?:isslfiiﬁség hybrid specimens
- s

wag close to Ftﬁ in figure 8.

Even though the streapgths of mdst’ef the hybrid speciméns ée:evnot pre~
dicted well, the trends were. Tue s:réngihs of hybrid layups and all-Gr/Fp
layups in the table below are in the correct proportions. Notice that, as
predicrted, there éss little or no actual improvement in strength ef!the

fo

i0c1 and *43_, /%43 - ‘hybrid layups over the correspending

/245 /0. /90 L3,/
Gr® Gr® 7 7Gr L G Grig

all-Gr/Ep layups.

i

'S s
l ‘ C)Hy‘.:rid/( “}Azz-srfsp

‘ Hybrid Lavun . i
! Predicted ? Experimental §
f - : : 3
; :
4 . ; 2.
(?zszfi*sarss L | 29 i
H - ;
LD e45 B 1.94 f 1.73 i
l ‘__883 f:usrﬁa{;{ S i f %
. | ; ;
-1 }
i * ﬁs 4
t o [0g1/ %56, 06,90, S b 80 % 9 5
Teas. /245 ] .74 1.19
f 776l &{]S ;

Effect of layup.=- The predicted and measured strength ratics are replotted

in figure 9 for the various Gr/Ep lavups. Only one curve is shown for the
[0/+45/90] layups and the {Gfséi{ﬁ},s layup because the predictions are virtu-

2)iy the same. Except for the {Q!:ﬁ5f0§?s and {%{:&SIES layups, the order of
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rbe curves is correct. For the [0{245/0]28 and [0/&&5}25,1ayups, the measured
strencths are lower than the predicted strengths, as noted previously. (The
mecasured and predicted strengths might be in hetter apreement if actual elastic
cons*ants had been available for predicting the stfengths.)

As prodicted, the overall effect of layup in figure 9 is large. The
¢flevt among the fiber-dominated layups is much gmaller, but is still signifi-
cant (greater than the effect of material in figure 6). The strength ratios of

[0/901, . specimens are about two-thirds those of [0/$45/90] specimens. For
P ,

(¥ }

iong slits, they are predicted to be about one-half. As shown in the appendix,
the "noint stress" criterion camot predict the cffect of layup in figure 9
hecause it is based or laninate stresses at the slit ends, which do not depend

vpon lavup,

CONCLUDING REMARKS

Values of Q_ /¢ , where Q 1is the general fracture toughness parameter
o' Teuf c &

and ¢, . 1s the ultimate tensile strain of the fibers, were calculated from

test dara for various [bi/zéii/90£] syrmetric and balanced laminates made yith
di‘ferent fiber and matrix materials. The materials were graphitc/epoxy (Cr/Ep),
boron/epoxy (B/Ep), E-glass/epcxy (E-G1/Fp), S-glass-graphite/epoxy (S-GL-Gr/Ep),
eraphite/polvimide (Gr/Pi), and beron/aluminum (B/al). Inﬂall. there were 44
corhinations of materials and layups. The cescs'wete conducted on gpecimens of
various sizes containing central crack-like slits of various lengths.

within ordinary scatter, thc data indicate that Qc/Ctuf is a constant for
all laminates that do not split extensively at the crack tips or have other

o

deviate faflure modes. A representative valve of Q“/ﬂtuf is l.5'mm. Values
e

of Q"/Etu are significantly above 1.5Vrm for laminates that split extensively

f




at the ends of the crack-like slit. Laminates that usually split até nade of

rl No
L

epoxy with a large proportion of C° plies, with lisg grouped together or

Se e
with 0% plies of S-glass/epoxy (hybrid). The value of chstaf far'{:&iizs
3/Al specinmens with short slits is also elevated due to averai}'?ieiding.
Raciography and crack-opening disp}acemeét {COD) measurements are good
nondestructive test methods for #anitaring ecrack-tip damage during fracture

tests. Moreover, for [0/2453/90] Gr/Ep specimens, the COD measurements reveal

the actual extent of broken 0% fibers at the crack tip.

Strengths were predicted for specimens made with the various materials

and layups and caﬁpared to the measured strengths. A single value of

cfatuf s 1.5%mm was used for all the materials and layups. Excepr for lsmi-

nates that split extensively, the measured and predicted strengths agree fairly

-

Y

well, even for [245] lavupa. Vhen laminates split, predictions are conservative,

Except for the [£43] and hybrid layups, ratios of cracked to unmerac
strengths are not significantly affected by the type of material. Por the
{£45] lavups, the ratios of cracked to uncracked strengths for epoxy specimens
are much larger than those for B/Al specimens. (For net-gection stresses at
failure to be lower than the nncracked strength, the width of [245] epoxy
specimens has to be nearly 10 times that of [#45] B/Al specimens or fiber-
dominated specimens.) For some of the hybrid lavups, the cracked strengthe
are about twice those of the same all-Gr/Ep layups. For the others, they are
about the same or less. The general frzctﬁre toughness parameter correctly
predicts these trends. However, the predictcd streagths of the hybrid lavuns
are usually conservative due to exténstve splitting.

Layup (laminate orientation) has a significant effect on the rario of

cracked to uncracked strength., For a 25 mm slit, the ratio for a [0/90) Gr/fEp
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specimen is nearly one-fourth that for a [245] Gr/Ep specimen and nearly one~
half that for a [0/:45/90] Gr/Zp specimen. The differences increase with slit
length. The general fracture toughness parameter predicts these layup effects.

The "point stress" and "average stress' criteria predict no lavup effect.
P P yup




APPENDIX

COMPARISON OF "POINT STRESS" CRTIFRION AND GEVERAL FRACTIRE
TOUGINESS PARAMETER

It is important to note the differences between the general fracture tough-—
ness parameter Qc and the "point stress” criterion of Whitney and Nuismer.
The "point stress” criterion, as originally presented in reference 2, assumes
that the distance de to the point where the laminate stress is equal to ’Fkn
is "a raterial property independent of lamiﬁate geometry and stress distribu-
tion." Data in reference 2 indicate that values of d_ for [0/45] E-GL/Ep
~ specimens with holes and [0/245] Gr/Ep specimens with crack-like slits are
equal. Since then, other investigatioms (refs. 6, 8, and 16) have reported
experimental data that indicate dﬁ {or a for the "average stress” criteriom)
may be equal fur different mcterials as well as for different layups, at ieast
for fiber-dominated layups. '

One can infer a constant characteristic distance from the general fracture
taughsesé parameter Qc as well., Considering gsly the sinzular component, the

principal fiber strains directly ahead of the crack tip are givem by

Sl = Qc;ft’?ﬂx ‘ ’ T . {AL)

where x 18 tﬁe distance from the crack tip. If 33 is the digtance to the

point where £1 = it follows from equation (Al) that

€uf’

ézsés =Q,/ (a2)

£
tuf

Therefore, if cha is a constant for all lavups and materials, then the

tuf

characteristic distance En is a constant as well.

x
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APPENDIX -

Although the "point stress” criterion and the general fracture toughness
paranmeter both assume or imply a constant characteristic distance
are quite different. First, unlike'the "point stfess" critérion, the general
fracture toughness parameter is not limited to fiber-dominated layups. Second,
the general fratcure~toug:ness parameter predicts 2 much mer: significant lavap
effect, even for fiber-dominated layups.

he layup effect can be seen as follows. Considering only the singular com-
ponent of stress, the‘"poiﬁt stress" criterion gives do in termg of KQ as
2md = R, /F | (43)

(The effect of including only the singular component 1s negligible when
. a > do') Whereas, substituting equation (1) iato equation (A2), thc general
fracture toughness parameter gives

JZﬂdo = {KQ/stu][;rtu/{syctuf)] o (%)

A comvarison of equations (A3) and (A4) shows that the "point siress” criterion

predicts that K is independent of ‘avup and material, whereas the pgeneral
p P an

/
Q’Ftu

fracture toughness parameter predicts that X /F u varies inversely with

gF_ /| Similarly, the "polnt stress" criterion predicts that the ratio

E e

tu'l ystuf)
of cracked to uncracked strength Sc/Ftu is independent of layup and material,
whcreas the general fracture toughness parameter predicts that Scli-‘tu varies

approximately inversely with ¢&F, /(E e ).
g tu' Ty tuf

S

-

The factor £ depends mainly on layup (laminate orientation). It appears
in the results for the gereral fracture toughness parameter, and not the “point

stress" criterion, because the principal fiber strains d2pend on layup, whereas
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APPEXNDIX
the laninate stresses do not, For fiber-dominated layups, the values gf £ 4n
table TII range between 0.48 and 0.93 and, for'I§&S§, are as low as 0.22.

The factor Ftu;(gygtuf} should theoretically be unity for fiber-dominated
layupe that are linear to failure. TFor most of the fiber-dominated layups ia
table I, it ranges between 0.85 and 1.00. (Most of the values below 0.85 are
associated with the nonlinear B/Al and hybrid lavups and with the B8/Ep layups.
As noted before, the B/Ep results seem anomalous.) Since thé ?31&&#435
§?mf{' zi};:nE f) range approximately between one-half and :.tssitg‘ for the fiber-
dominated Iagnpsfin table 111, the strengths calculated with the general frac-
ture toughness parameter will be as mﬁch as two times those calculated with che
“noint stress" criterion. Similarly, the characterjistic distances calculated
with the two criteria differ by as much as a factor of 4. For the f£45] epoxy
layups, the differences can be much larger.

Alsﬁ, note that the general fracture toughness parameter cam be applied to
laminates ceﬁtaining holes and other types of notches Just like the "point

stress” criterion.
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TABLE T.- ULTIMATE TENSTLE STRENGTHS AND GENERAL FRACTURE

TOUGHXESS VALUES FOR VARIOUS MATERTALS AND LA'U?S

0,,/£43/90] ¢

3
'

: Laminat? Ftu’ | Qc' l chetuf’ 1
: orientation : — ! r— i
; MPa i vim vmm i
% | H -—:[
? T300/5208 Graphite/Enoxy (ref. 5) :
N (TE2%) P 541 ‘{ 0.0:091 | 1,091
T 10/90/245] J 456 1 .01752 -‘ 1.752
i T300/5208 Graphite/Epoxy (ref. €) |
P 10/245/90) g 1T 0.02483 | 2,483
2 ! | |
]
[0/90], e | Loz | 223
4S8 ! i . {
i { . ¢
T300/5208 Grapnite/Epoxy (ref. 7) '
‘ ! 5 | i
| sl 172 | 0.01566 | 1.566 |
! - %
| (45/0/-45/90] 375 l 01586, 1.586 ‘
u - . !
. (907245701 : 383 | .01768 L 1.768 ;
‘ i i
7245/0/90] |3 01443 l 1,443
S | ! ;
| [245/90/0] a2 L0u3Ts ! 1.375 :
! [0/£45/901 462 | .01600  1.600
H . f
L foa/245/90] L s 02199 - 2,199 |
P - : ! i
T02/245/0,/90] Loraz 0 .02033 2.035 i
[ i | ‘ |
S 7% .03877 3.877 '}




TABLE J.- Continued

.t

i Laminate F_ s Q. | Q /e, ..
, N tu c el Traf
% orientation wu i Vo —
f3§&f§3é Graphite/Epoxy {ref. 8)
0y er L1627 % 0.03002 3.002 :
. i ’
[0/245/9) 5 ;72 L L01021 1.021
(o/901 ¢ 793 l 01645 1.645
(2451 167 1 o110 - 1.110
X H
i T300/SP-286 Graphite/Tpoxy (ref. 9)
i
I ‘ E 1
I [0/245/90] 502 | 0.01904 1.904
, | i
1 T300-5-Glass /5208 Graphite-S-Glass/Fpoxy {(ref. 7}
[0261/245¢r] 787 0.07053 2.519
' T061/2656e/90Gr | . 1 04496 1.606
| Dor/2tSce/06r/906r. s | 368 .02561 2,561 |
) i } ) {
~ . k3 - .
1 [24561/2450x, ; 163 .02798 2.798 |
i

Celtion 6009/PMR~-15 Graphite/Polyimide (ref. 11}

|

| {afasiesi—aﬁizs 433 0.01756 § 1.756
! T1300/5208 Graphite/Epoxy (Manufacturer B;
; [45/0/-45/0] 28 750 i G,Gi{}éﬂ 1.000
l; {45/0/-65/90) 25 i 505 01607 1.607
. T300/5208 {frap;xitefﬁpoxy (Manufa~turer 8}’ |
458 - 0;61??3 1.773

i&if&f—éif?&!zs

n




TABLE I.- Concluded

o e e a—

a, .
Reference 13.

4
‘ Laminate F_, Q. 0 /e .o
. . , tu o - ¢’ "tuf
orientation MPa Vam Y ;
E-Glass/5208 E-Glass/Fpoxy (ref. 6)
H !
i . !
L [07245/90] ¢ '; 320 0.02946 1.473
" [o/901, s .03236 1.628 |
{0 45 ;
, | ‘ {
Avco Boron (4 mil)/Epoxy (ref. 10)
; ’ ]
| 107243/90] L 439 0.01089 ! 1,452
I Al .
} [02/245] &7 | .01032 ‘ ~ 1.376 2
: { [
| toresio/-451 789 | .009778 | 1.304
! 45107 ¢ 808 | .01078  ; 1.437
[£4570/245/T] 491 ! 007190 1 959
[90/01 5, L sgss | Loossig { 276
j < ; ' i ' i
P 10790702/ (245) 2, g . 567 .009710 ! 1.295 (
5'02/902/02/:4538 I 553 01127 ;. 1.503 ‘
: | | |
902/07/903/745] ' 169 | .005107 . .681
- : i :
[90/-45/90/45] ¢ ©123 ¢ .005161 | .e88 ;
; |
“’6 f . ' . l
[265] g ‘ 141 | 00925 | 1233 |
; BS.4/6061-F Boron/Aluminum (ref. 1)
i ] '» '
L 101, L1672 | 0.01328 1.679
; 6T !
| 10a/%e3) 800 i .01068 1.351
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W, 2a, Sc’ o ' B KQ"
e e ‘ MPa MPavimm
[45/0/-45/0) 5g (Marufacturer D)
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25.4 i 7.6 B4 1A 1090 { . %
: - § - N
50.8 |  15.2 239 1320 f I
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| 2370 U
i i . . o
[45/0/-45/90) 2 ‘(Manufacturer D) ; T ;
i i
» T ' :
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50.8 152 230 | 1190 ; : %
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i 31190 i :
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R b
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! a : v
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RADIOGRAPHS .

1 2 p,mm

1 2 COD, mm

Flaure 2,- Crack-tip damage » and COD curve of g

(45/0/-45/90] 55 Gr/Ep specimen,

20 = 16,9 mm, W= 50.8,m',‘ and Sc = 208 MPg,
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Al acy

A general fracture toughness parameter (. was previously derived and verified
tas be a material constant, independent of layup, for cemtrally cracked boron/ .
aluminum composite specimens. The specimens were made with various proportions of
0° and *45° plies. Moreover, a limitred amount of data indicated that the ratio
Qc/€pyfs where €y,¢ 1is the ultimate tensile strain of the fibers, might be & con-
stant for all composite laminates, regardless of material and layup. In that case,
a single value of Q./€;, s could bae used to predict the fracture toughness of all
fibrous composite laminates from only the elastic constants and €y,¢.

To verify that ( /€.yf 1is indeed a4 constant, values of Q. /€,y were calcu-
lated for centrally cracked specimens made from graphite/polyimide, graphite/epoxy,
t-glass/epoxy, boron/epoxy, and S-glass-graphite/epoxy materials with numercus
[04/2455/90x] layups. Within ordinary scatter, the data indicate that Q./€¢yf  1s
a constant for all laminates that <id not split extensively at the crack tips or
have other deviate failure modes.

teing a single value of Q./€¢y¢ for all the layups and materials, strenpths
were predicted for the test specimens. The predicted and teat values agree well
except for laminates that split extensively., Then, the predicted strengths are
ugually conservative.
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