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SUMMARY

Fracture and notch-strength tests of graphite-epoxy composites have shown
that unidirectional lay-ups generally exhibit longitudinal cracking before
failure, whereas multidirectional lay-ups fail transversely with little longi-
tudinal cracking. A simple qualitative analysis suggested that the higher
matrix shear stresses in unidirectional materials cause the longitudinal crack-
ing, and that this cracking is responsible for the higher toughness of unidirec-
tional composites. In a series of comparative tests, the interlaminar strength
of multidirectional composites was reduced by placing perforated Mylar'1 films
between laminae; tests on notched and slotted specimens showed that the inter-
laminar films promoted delamination and longitudinal cracking near the notches
and that, as a result, toughness, notch strength, and impact strength were sub-
stantially increased.

INTRODUCTION

Although graphite-epoxy composites have a high strength-density ratio, they
lack ductility and are more notch sensitive and more damage sensitive than many
common metallic materials. Notch strength, fracture toughness, and impact
resistance are of concern in primary structures, and several methods have been
proposed previously to improve these properties. For example, hybrid composites
use combinations of various fibers, such as fiber glass and graphite to increase
their impact resistance and notch strength. In some hybrids (ref. 1) the lower
modulus fibers (such as glass) and the graphite fibers are confined to separate
laminae, whereas in others (ref. 2) they are mixed within each lamina. This
hybridization also increases the fracture toughness of the composite. The
softening-strip method uses lower modulus fibers in specific areas such as fas-
tener rows to increase notch strength and toughness. In all these hybrids, the
strength-density ratio is lower than that for graphite-epoxy alone.

The present paper reports on the development of a concept for improving
the notch strength and toughness without resorting to lower modulus fibers. A
comparison of the fracture modes of unidirectional composites and multidirec-
tional composites indicated that the notch strength of multidirectional compos-
ites might be improved if local interlaminar shear failures could be induced
before the main load-bearing fibers reached their ultimate strength. A method
was conceived in which perforated Mylar film was laid between laminae to obtain
a controlled interlaminar shear strength.

Results of fracture, notch-strength, and impact-strength tests are pre-
sented herein for graphite-epoxy composites with and without the Mylar film.

Commercial product names are used in this report to asssure relevance.
The use of these names does not constitute official endorsement, expressed or

TMylar: Registered trademark of E. I. du Pont de Nemours & Co., Inc.




implied, of such products or manufacturers by the National Aeronautics and
Space Administration.

ANALYSIS
General

In composite structural components, holes and slots interrupt the fibers.
In unidirectional composites, only intralaminar shear stresses in the matrix
material transfer loads from interrupted fibers to continuous fibers. In multi-
directional composites, interlaminar shear stresses transfer loads from inter-
rupted fibers in one lamina to continuous fibers in other laminae. The notch

strength and fracture behavior of these two kinds of composites differ, and they
will be examined separately.

Unidirectional Composites

In notched unidirectional composites, matrix shear failures occur before
the fibers are loaded to their ultimate strength. Thus, longitudinal cracks
usually form along the edges of the notch before the net section of the test
piece fails. This type of damage is considered matrix controlled.

Figure 1 shows the edge of a curved notch in a unidirectional composite.
The arrows in the fibers indicate the force flow out of the interrupted fibers
and into the matrix. The arrows in the matrix indicate the intralaminar shear
flow which transfers force from the interrupted fibers to the continuous fibers.
On the vertical section through the edge of the notch, all the force from the
interrupted fibers must be carried by interlaminar shear in the matrix. 1In
most epoxy-matrix composites these shear stresses are high enough to cause
matrix shear failure before the tensile stress in the continuous fibers reaches
the fiber tensile strength. The resulting longitudinal cracks move the load-

transfer sites away from the edge of the notch and also limit the stress con-
centration in the continuous fibers.
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Most multidirectional graphite-epoxy composites fail by transverse crack-
ing at net section stresses much lower than in unidirectional 0° composites.

: l ch less matrix cracking occurs before the most highly stressed longitudinal
fibers reach their ultimate strength and start a catastrophic failure. The
onset of failure and the failure mode are considered to be fiber controlled.
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. Figure 2 shows the load path around a curved notch in a multidirectional
«composite. Only two locally important fiber directions are shown. Because of
th% stiffness of the fibers in the diagonal lamina, most of the forces from
the interrupted longitudinal fibers flow through the interlaminar matrix into
the diagonal fibers and then back into the uninterrupted longitudinal fibers.
@h% matrix shear transfer occurs over the interlaminar interface, and because
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of the greater extent of the interface transfer area, these shear stresses are
lower than the maximum intralaminar shear stresses in the unidirectional
composite.

The brittle transverse fracture of the multidirectional composites, then,
occurs because the longitudinal fiber stresses reach the fiber strength before
the matrix shear stresses reach the matrix shear strength. Comparatively little
load redistribution occurs before total fracture.

The stresses around a notch could be redistributed by inducing early local
delamination; two approaches seem promising. In the first, the local shear
stresses between laminae of unlike orientation can be increased by grouping lam-
inae of like orientation. A study of stacking-sequence effects in graphite-
epoxy composites (ref. 3) has shown that this approach produces composites of
higher toughness. In the second approach, the matrix shear strength can be
reduced. This was done in the present study by partially separating the
graphite-epoxy laminae with 0.014-mm-thick perforated Mylar film. The adjacent
laminae were bonded through each perforation, but because of the poor Mylar-to-
epoxy bond, the laminae were essentially unbonded elsewhere.

EXPERIMENTAL PROGRAM
Mylar Film Inlays

For this pilot study, Mylar film strips were perforated in one of two ways:
with a computer-card punch or with a paper-tape punch. For the card punch, the
Mylar film was taped to the back of a computer card, then the multiple-punch
feature was used to punch every location of each card column. The film strips
were limited in size to 160 by 75 mm. The open area of the film was approxi-
mately 40 percent. This type of perforated film is herein labeled film A.

A paper-tape punch was used similarly. The perforated film obtained was
limited to 25 mm in width, but was unlimited in length. The average open area
was 35 percent. This type of film is labeled film B.

Materials and Tests

In this test series one material and one lay-up were tested. The material
as supplied was 75-mm-wide, O.14-mm-thick, preimpregnated tape of Thornel 300
graphite in Narmco 5208 epoxy resin.2 The lay-up was (00, =450, 09, 90°), a
symmetrical 10-ply lay-up which has 40 percent of the fibers oriented in the
load direction. For the specimens with Mylar inlays, these inlays were located
in every interlaminar space. The material was pressure cured between 150- by

2Thornel: Registered trademark of Union Carbide Corporation.
Narmco: Registered trademark of Narmco Materials Division, Whittaker
Corporation.




300-mm plates at U465 K. All fracture and impact specimens were tested in a
1-MN-capacity servo-hydraulic testing machine. All tension and compression
specimens were tested in a 100-kN-capacity servo-hydraulic testing machine.

Fracture Specimens

Eight fracture specimens were produced and tested: four (1F, 2F, 3F, U4F)
prepared with perforated film inlays and four (1P, 2P, 3P, 4P) prepared without
perforated film inlays. The dimensions, types, and locations of the Mylar
inlays are shown in figure 3. A nine-hole, 8-mm-bolt, symmetrical grip pattern
suitable for the testing machine was used on all specimens. A crack-opening
displacement gage was mounted on one side at the center line of the specimen.
Four 2-mm-diameter attachment holes were drilled along the longitudinal center
line for the gage-mounting blocks. A common loading rate of 1 kN-s=! was used
for all fracture specimens.

Impact Specimens

Four unnotched specimens of type I (fig. 3) were prepared for impact
testing with a projectile impact tester (ref. 4). Two of these specimens (5F
and 6F) were fabricated with film A; two more specimens (5P and 6P) were fab-
ricated without film. The specimens were loaded in uniaxial tension and, while
under load, were impacted with a 12-mm-diameter aluminum ball at a speed of

75 m-s-1.

Notched Tension and Compression Specimens

Six specimens with film (7F to 12F) and six specimens without film (7P
to 12P) were prepared for notched tension and compression tests. The configu-
ration is shown in figure 4.

RESULTS AND DISCUSSIONS
Fracture Tests
Results of the fracture tests are listed in table I. Figure 5 contains
plots of load as a function of crack-opening displacement for specimen 1F, the

specimen of type I in figure 3 with film A inlay, and for specimen 1P, the
companion specimen.



TABLE I.- FRACTURE TEST RESULTS

Failure Crack
Specimen load, length, Sp/Sp Snet/Sult
kN mm
(a)
1F 55.5 37 5.0 0.64
2F 53.4 37 5.5 .61
3F 29.2 75 4.5 .51
4F 51.3 37 4.0 .59
1P 34.6 37 .40
2P 35.1 37 4o
3P 17.8 75 .31
4p 34.8 37 4o

8See figure 5. (8 and &p are crack-opening dis-
placements for specimen F and specimen P; Spet and Syit
are the net section stress and the ultimate stress.)

For the companion specimen 1P, the load-displacement plot is linear
to failure, as is typical for brittle materials. In contrast, the load-
displacement plot for the specimen with the film inlays (1F) is highly non-
linear. Moreover, specimen 1F sustained a 60-percent higher load and exper-
ienced 5 times the maximum crack-opening displacement of specimen 1P
(GF/GP = 5.0). :

Figure 6(a) shows a portion of the fracture surface of specimen 2P.
Typically, the fracture process was confined to a narrow region and involved
the creation of a minimal amount of new surface. Figure 6(b) shows a portion
of the fracture area of a specimen with the film inlays (specimen 2F). 1In
contrast to the behavior of the companion specimen, the fracture created a
much larger amount of new surface and involved extensive delamination. The

perforation pattern is visible in the film where groups of longitudinal fibers

were torn away from their neighboring diagonal fibers, which did not fracture
but were extracted intact from the specimen during the fracture process.

Motion pictures of the fracture process, taken at 400 frames per second,
revealed no visible surface changes before fracture in the specimen without
Mylar; in addition, no fracture progression was observed at this filming
speed, an indication that crack-growth rates were extremely high.

In the specimens with film inlays, longitudinal cracks first appeared in
the surface layers at about 70 percent of the maximum load and grew to about
20 mm just before fracture. The final fracture process covered less than three
frames (approximately 0.01 s), too few for an analysis of the sequence of
events.




For specimen 1F the average net section stress at failure was 350 MPa,
or 6U4 percent of the nominal handbook value for the tensile strength
(Sy1t = 551 MPa). If, in the debonded stage, all the load were carried by
the longitudinal fibers, the average net section stress at failure on these
fibers would be 877 MPa, or 64 percent of the ultimate unidirectional strength
of the 0° ply (1378 MPa). This indicates that despite the significant debond-
ing, the material still had some notch sensitivity. Further testing would be
required to assess the relative contributions of the interlaminar and intra-
laminar shears to the remaining notch sensitivity.

The fracture results for specimens 2F, 3F, and 4F and their companion
specimens 2P, 3P, and 4P are summarized in table I. Essentially, all the film-
inlaid specimens behaved as specimen 1F, with the onset of nonlinear behavior
taking place at approximately two-thirds of their failure loads, that is, near
the failure-load levels of the companion specimens. The total crack-opening
displacements §p were always about 5 times those of the control specimens at
fracture §p. Specimen UF showed the smallest crack-opening displacement and
the lowest toughness of the film-inlaid specimens, probably because the film
inlay was too narrow to promote the development of a large debond zone.

Impact Tests
The results of the impact tests are listed in table II. Specimen 5F
survived the impact but was left with a visible delamination zone about 20 mm

in diameter centered around the impact point. The delamination extended
through the full thickness of the specimen.

TABLE II.- IMPACT TEST RESULTS

Prestress,

Specimen MPa Result
5F 313 Survived
6F 375 Survived
5P 313 Failed
6P 250 Failed

Specimen 6F, loaded at a 20-percent higher prestress than specimen 5F, also
survived. A visible delamination zone about 50 mm in diameter was produced. 1In
this case the projectile passed through the specimen, but no recognizable hole
was left in the damage zone. The damage apparently involved complete shattering
of the matrix material, because the thickness of the specimen had increased by
about 50 percent near the impact point, and the damaged material had a spongy
feel.
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Specimen 5P, the specimen without Mylar, fractured explosively under the
impact. No visible damage zone was found along the fracture line. Specimen 6P,
which was impacted at a 20-percent lower prestress, also fractured, though less
explosively than specimen 5P - a sign that the lower stress level was probably
close to the threshold for failure under the given test conditions. The impact
left a visible indentation in the center of the fracture plane.

Therefore, for the particular impact and the specimen configuration, the
failure threshold tensile stress is greater than 375 MPa for the material with
the Mylar film inlay and less than 250 MPa for the material without the Mylar.

Notched Tension and Compression Tests

Tension tests were performed on three specimens of film-toughened material
(TF, 8F, and 9F) and on three specimens without Mylar film (7P, 8P, and 9P).
Table III shows the results of these tests. The average tensile strength of
the notched film-toughened specimens was 45 percent higher than that for the
control specimens. A similarity in the modes of failure of both groups was
that the U45° laminae were pulled out of the laminate. Apparently, the delam-
ination zone extended over the entire width of the specimen. In the control
specimen, the 0° laminae broke in a continuous line from the notch to the edge,
whereas in the film-toughened specimens, the breaks in the 0° laminae occurred
in a more random fashion.

TABLE IIT.- TENSION TEST RESULTS

Specimen FallureMgzress, | Spet/Sult

(a)
TF 330 0.60
8F 308 .56
9F 317 .58
TP 210 .38
8p 235 43
)3 215 .39

a3t 1s net section stress; Sy1t, ultimate
stress, or strength.

Compression tests were performed on three specimens of film-toughened
material (10F, 11F, and 12F) and on three specimens without the Mylar film (10P,
11P, and 12P). Table IV shows the results of these tests.




TABLE IV.- COMPRESSION TEST RESULTS

Compressive
Specimen strength,
MPa

10F 255
11F . 232
12F 260" , 1
10P Ly /
11P | 2230
12P 245 1

oo Y |
W\ AN \

The failure modes were difficult to analyze because of the crushing damage.
In at least two specimens (10F and 11P) some buckling of the 0° surface laminae
was observed before the full compressive strength was reached. The compressive
strengths of the film-toughened specimens and the control specimens were essen-
tially the same.

CONCLUDING REMARKS

A qualitative analysis of unidirectional and multidirectional graphite-
epoxy composites has suggested that high matrix shear stresses in the unidirec-
tional composite cause longitudinal cracking and that, as a result, unidirec-
tional composites have relatively high notch strength and toughness. In
multidirectional composites, the shear stresses in the matrix are lower, so
that failure is more likely to initiate in the longitudinal fibers at the edge
of the notch. Therefore, the multidirectional composites have lower notch
strengths and are brittle.

Tests of multidirectional laminates with intentionally reduced interlaminar
strengths have shown that toughness, tensile notch strength, and impact strength
were enhanced by reducing the interlaminar strength. In these tests, perfo-
rated Mylar films were used to weaken the interlaminar bond.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

February 15, 1978
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Figure 1.~ Force flow for a unidirectional composite.

Figure 2.~ Force flow for a multidirectional composite.
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Figure 4.- Notched tension and compression specimens.
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Figure 5.- Relation betwesen load and crack-opening displacement
for specimens 1F and 1P.




(b) Mylar-inlaid specimen (2F).
L-78-20
Figure 6.- Fracture surfaces of graphite-epoxy fracture specimens.

[ o (a) Plain specimen (2P).
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