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Mode Il delamination phenomena of woven fabric carbon/epoxy composites were
investigated by scanning electron microscopy. End notch flexural (ENF) test was used to
examine the mode Il delamination. Woven fabric composites showed two peculiar crack
propagation patterns due to the complexity of woven geometry. In warp yarn region, crack
propagated with forming a shear band and breaking the fiber/matrix interface. In fill yarn
region, however, no shear band was observed. Considering these crack patterns, matrix
shear property and fiber/matrix interfacial strength played an important role in enhancing
the delamination properties of woven fabric carbon/epoxy composites. Due to the woven
geometry, matrix rich positions, which are interstitial and undulated region, were formed in
woven carbon/epoxy composite. In these regions, matrix fracture and complex crack path
were mainly observed. © 1999 Kluwer Academic Publishers

1. Introduction ites manufacturing and uniform strength in two direc-
Carbon/epoxy composites have been widely used atgons. With this reason, although it is difficult to inter-
advanced composite materials due to their excellenpret the mechanical behavior of woven fabric compos-
properties, such as high specific tensile modulus andes, the necessity for understanding it grows larger and
strength, good abrasion resistance, fatigue propertidarger. Therefore, much attention is paid to the woven
and good chemical resistance [1, 2]. These excellerfiabric composites.
properties made it possible for carbon/epoxy compos- In this paper, end notch flexural (ENF) test was car-
ites to be used in aerospace and civilian and militaryried out to examine the crack propagation phenomena
aircraft [3]. in woven fabric carbon fiber reinforced epoxy compos-

Since carbon/epoxy composites for aircraft applicadites. The factors affecting the mode Il delamination of
tions are apt to suffer the shear stress in use, improwoven carbon/epoxy composites were determined by
ing the delamination resistance of carbon/epoxy comanalyzing the fracture surface of carbon/epoxy com-
posite to shear stress is indispensable for enlarging itgosites following the crack path with scanning electron
applications. Therefore, controlling the crack propagaimicroscopy. In particular, the characteristic difference
tion between laminates by shear stress has become ohetween the woven and unidirectional geometry were
of the most important research issues in carbon/epoxglso one of our main research concerns.
composites [4-9].

There have been many papers concerning on the
mode |l delamination fracture behavior of carbon/2. Experimental
epoxy composites. These are mainly focused onthe un2.1. Materials
directional carbon fiber reinforced composites [4-7].Tetrafunctional type epoxy resin\,N,N’,N’-tetra-
As for woven fabric composites, however, little inves- glycidyl-a,«’-bis-(4-amino-phenylp-diisopropylben-
tigation has been performed [8, 9]. This is partially be-zene (TGBAP) and amine type curing agenty’-bis-
cause woven fabric composites have been used le¢4-amino phenyl)p-diisopropylbenzene (BAP) were
frequently than unidirectional composites and partiallyused as a matrix. The chemical structures of TGBAP
because the delamination phenomenon of woven fabriand BAP are illustrated in Fig. 1. These materials were
composites is more complicated than that of unidirecsupplied by Shell Chemical Co. and used as supplied
tional composites due to the geometrical characteristicwithout further purification. The physical properties of
of woven fabric. these materials are presented in Table I.

Nowadays, woven fabric composites are used more Carbon fiber used in this study was Torayca T300.
frequently than before due to their easiness in compodis physical form was plain fabric. Table 1l shows the
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TABLE | Typical properties of TGBAP epoxy compound and BAP 250 1000

curing agent
Epoxy compound Curing agent 200 800
Physical form Dark solid Free flowing —_
solid powder 8 =
Epoxy equivalent weight 150-170 o 150 600 &
Melting poin€ 50°C 161-164C 2 g
Melting viscosity (110C)°  1.8-2.2 Pas g 2
Equivalent weight per 86 £ 100 |- 400 E
active hydrogen L
Ty 22.8°C
50 H/ 200
aASTM D3461, Mettler, £C/min. |
bBrook Field viscometer. |
CDifferential scanning calorimetry. ol 1 1 1 1 0
0 100 200 300 400

Time (min)
TABLE Il Typical properties of carbon fib&gr

Figure 2 Moulding cycle of woven fabric carbon/epoxy composites.

Number of Tensile Tensile Ultimate
filament strength modulus strain Density

Load
3k 3.53 GPa 230 GPa 1.50% 1.77 g/lcm
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Figure 3 Crack introduction of ENF test specimen.

N
”2”@? ‘f‘@‘”“z the manufacturing process. The average fiber volume
CHs CHa

fraction of manufactured composite was 65%.

BAP

Figure 1 Chemical structures of TGBAP and BAP reagent. 2.3. Measurement
The specimens for ENF test were made with inserting

. . ) 25 um of polyimide film whose dimension was 20
basic properties of Torayca T300. Carbon fiberwas usegg mm tg the center of specimen as a crack starter. The

after desizing. Fiber desizing was carried outas follows 4imension of ENF specimen was 1820 x 2.5 mm.
Carbonfiberwas refluxedin dichloromethanefor5daysst1arp crack was introduced in advance to ENF test to

and in distilled water for 2 days, consecutively. Desizedk,ijitate the ENF fracture of carbon/epoxy composite.
carbon fiber was dried at 12C for more than 5 days.  Thjs action was performed using a universal testing

machine model Lloyd LR10k as shown in Fig. 3. In

) ) this step, crosshead speed was 1.3 mm/min. The ENF
2.2. Composite manufacturing test of carbon/epoxy composite including sharp crack
Carbon/epoxy prepreg was made by hand lay-URyas carried out by moving the crosshead at the speed
method. The composition of resin bath used for prepregyt 5 mm/min, At least 5 specimens were tested in this

preparation is given in Table I1l. Carbon/epoxy prepregmeasurement. The detailed test information was given
was dried in a hood at room temperature for 1 day ang, other reference [10, 11].
then driedn vacuoat 80°C for 3 h. The analysis on the fractured surface of carbon/epoxy
Carbon/epoxy composites were manufactured by.,mnosite was performed with scanning electron mi-
vacuum bag moulding technique according to thegrogcopy (SEM) model JEOL-840A. Samples for SEM
moulding cycle represented in Fig. 2. In vacuum bagynaysis were prepared from the fractured specimens
moulding, 10 Torr of vacuum was applied through OUtusing a diamond coated saw. Prior to gold coating,
saw debris of surface was removed by pressurized air.
TABLE 11l The composition of resin bath for carbon/epoxy prepreg 100A of gold layer was anted on the fractured surfa_ce
of carbon/epoxy composites to enhance the resolution.
Component TGBAP resin  BAP curing agent  Acetone (solvent) |n this experiment, acceleration voltage was 15 kV.
SEM micrographs of various features were taken
from the fractured surface of carbon/epoxy composite

Weight(g) 21 9.45 60
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along the crack path. In all micrographs, crack propa:
gates from the bottom to the above.

3. Results and discussion

In order to elucidate the mode Il delamination mecha-
nism of woven fabric composites, the geometrical char
acteristics of woven fabric and fracture surface of wo-
ven fabric reinforced composites were examined in this
study.

3.1. Difference between unidirectional fiber
and woven fabric A

Woven fabrics are composed of warp and fill yarns,

which are interlaced in an alternative over-and-unde

pattern. The typical appearance of plane type woven , , _ o

fabric is illustrated in Fig. 4. There is one warp yarn for Figure 5 Two possible crack paths in woven fabric (A: matrix fill
. . L2 . . filament, B: fiber/matrix interface» fill filament).

onefill yarn without skipping. Compared with unidirec-

tional fiber, woven fabric has different features due to

its peculiar physical form. It is worthwhile to note that )
two unique positions exist in woven fabric. One is thePropagates from warp yarn to fill yarn through the

interstitial position, which is surrounded with 4 differ- Matrix region (path A) and the fiber/matrix interface

ent yarns, and the other is undulated position, which igPath B). Therefore, the path A and B are distinguished
defined as the intersection point of warp and fill yarns from each other in that fracture phenomena occurred
Compared with the other positions, these two positiond? Warp yarn region are different. Fig. 6 represents the

become resin rich region in the fiber reinforced polymerfracture surface of warp yarn region of woven fabric
composite. carbon/epoxy composite. When crack propagates along

Considering the geometry of woven fabric crackthe path A, matrix part shows a hackle structure, which

propagation in woven fabric composites is rather comiS commonly observed in mode |l failure. The size of
plex than that of unidirectional composites. In the casd'ackle structure seems to depend on the interspace be-
of unidirectional composites, crack propagates alon vv_eenflbers. In path B, however, itis difficult to obser\_/e
the either of following two directions. One is parallel to tiS hackle pattern. These phenomena can be explained

fiber direction and the other is perpendicular to the fibePY Understanding the mode Il stress state of fiber/matrix
direction. Crack propagation pattern is determined byromposite. , , _

the relative direction of crack path to fiber alignment. In  The schematic diagram of fiber/matrix composite,
woven fabric composites, however, above two differentVhich is deformed by pure shear stress, is displayed in
crack paths happen together due to the woven georrF—'g- 7. As each en_d deforms in the opposite direction,
etry. Two different crack propagation patterns appeaF_he forcec_l stress is c_oncentrated at these ends. If f[he
repeatedly at an interval of yarn width. Therefore, it is fiber/matrix interface is strong enough to endure this

easily expected that weaving type of fabric can affectStress, t_he microcrack i§ formed at the crack fron_t as
the crack propagating pattern. the applied shear stress increases. When the maximum

effective stress at crack tip reaches the critical value
that causes microcrack to coalesce to macrocrack, the
3.2. Fractographical analysis macroscopic crack advances [12-14]. Therefore, the

Fig. 5 shows the schematic diagram of two possibldYPical morphology caused by shear stress, which is

crack paths observed in woven fabric composites. Crack?lled shear band, is observed in this fracture surface.
However, if fiber/matrix composite has weak interfa-

cial strength, the adhesive failure occurs at this weak
Interstitial region interface within small deformation prior to coalescence
of microcracks and the shear band was not formed in
this case. Considering the crack propagating pattern, it
could be suggested that the propagation rate of crack

accompanying the shear band be slower than that of
crack without shear band.
\ On the other hand, the fracture phenomena occurred
at the fill yarn region are remarkably different from
fill yarn those of warp yarn region. These differences are well

understood by Fig. 8. This represents the fracture sur-
faces of fill yarn region. Compared with warp yarn

warp yarn - ) :
Undulated region region, the fill yarn region does not show the shear
band and its morphology is similar to that of interfacial
Figure 4 Sketch of typical plane type woven fabric. failure. This means when the propagating crack reaches
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Figure 6 SEM photographs of fracture surface of warp yarn region in carbon/epoxy composites (many shear bands are observed in this region)
(A) x600, (B)x2000.

A

the fill yarn, the crack goes over the fill yarn with the
interfacial breakage without forming a shear band.

As seen in Fig. 8, fill yarn region is not divided into
two crack paths, which is different from warp yarn re-
gion. In other words, fill yarn region has the uniform
property to the direction of crack propagation. In thisre-
gion, because fiber is aligned perpendicular to the crack

4 X
propagation, crack starts at the interface of fill yarn and
matrix before the matrix deformation approaches the
level that forms a shear band. Therefore, the crack prop-
agates along the fiber/matrix interface and transfers to

, the neighboring matrix.
weak interface strong interface

Considering the both fracture phenomena observed
Figure 7 Schematic diagram of fiber/matrix composite deformed by iN Warp and fill yarn region, two different crack paths
pure shear.

can be suggested as shown in Fig. 9. Judging from these

»
>
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Figure 8 SEM photographs of fracture surface of fill yarn region in carbon/epoxy composites (it is difficult to observe the shear ban8pO(A)
(B) x2000.

fracture phenomena, fiber/matrix interfacial strengthonly along the fiber/matrix interface of lower laminate,
and the shear property of matrix are important factorghis debris could not be formed. This fracture pattern
affecting the mode Il delamination resistance of wovencomes from the fact that warp yarns go down the fill
fabric composites. yarns at this undulated region. As the crack approaches
Another factor, which should be considered seriouslythe undulated region, crack propagating plane gradu-
in woven fabric composites, is the resin rich region. Theally recedes from the fiber/matrix interface due to the
effect of resin rich region on the mode Il delamination geometrical characteristic of this region. Considering
was not considered in Fig. 9. As previously mentionedthis fact, the schematic diagram of crack path at the
the interstitial and undulated regions of woven fabricundulated region could be suggested as Fig. 11. As a
become resin rich region. Fig. 10 shows the fractureaesult, the fracture pattern of this region means that the
surface of undulated region of woven fabric composite geometry of undulated region affects the crack path of
It is interesting to observe the debris of upper laminatavoven fabric composites.
at the boundary of warp and fill yarns. This debris im- Fig. 12 shows the fracture surface of interstitial re-
plies that crack propagated to the fiber/matrix interfacegion, another resin rich region of woven fabric car-
of upper laminate at this point. If the crack propagateshon/epoxy composite. As seenin Fig. 12, the interstitial
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region was mainly composed of matrix resin, therefore
matrix fracture was mainly observed here. With detailed
examination, it could be known that a part of laminate,
which was closed to interstitial position, was disjoined
with matrix fracture. Considering the morphologies of
fracture surface, this rather complex fracture pattern in
interstitial region seems to originate from the fact that
massive matrix fracture was predominant in this region
and crack path became complicate, as seenin undulated
Path B : fiber/matrix interface —» fill filament region, due to the geometrical characteristic. Although
it was difficult to know the exact cause of this fracture
morphology, it was obvious that the fracture surface of
- W this region was greatly affected by the matrix fracture.

Therefore, it could be concluded that the delamination
resistance of woven fabric composites is considerably
Figure 9 Schematic diagram of crack path occurred in woven fabric €nhanced by the modification of brittle matrix fracture
carbon/epoxy composites (intersection region is not considered). occurred in this interstitial region.

Path A : matrix — fill filament

matrix fracture

interfacial fracture
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Figure 10 SEM photographs of fracture surface of undulated region in woven fabric carbon/epoxy composite3002)B) x 2000.
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Fill fiber
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Crack

Warp fiber

4. Conclusions

From the fractographical study on the mode Il fracture
of woven fabric carbon/epoxy composites, the follow-
ing conclusions were obtained.

As for woven fabric composites, their mode Il de-
lamination fracture was different from that of unidi-
rectional composites. From SEM analysis on the frac-
ture surface of woven fabric composites, two different
crack paths were observed due to the geometrical fac-
tor of fabric. One was that crack propagated to the fill
yarn region undergoing matrix fracture in the warp re-
gion. The other was that crack propagated along the

Figure 11 Schematic diagram of crack path at the undulated region offid€r/matrix interface in the warp region and then it ad-

woven fabric composite.

vanced to the fill yarn region. Considering these crack

Figure 12 SEM photographs of fracture surface of interstitial region in woven fabric carbon/epoxy composites:(®,)(B) x 600.
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paths, it could be known that the shear property of ma-3. 3. DELMONTE, in “Technology of Carbon and Graphite Fiber
trix and the fiber/matrix interfacial strength of woven  Composites” (Van Nostrand Reinhold Company, New York, 1981)

fabric composite were crucial factors in controlling the  PP- 337-369.
4. K. FRIEDRICH,R. WALTER,L. A. CARLSSON, A. J.

delammat.lon' . . SMILEY andGILLESPIE, J. Mater. Sci24(1990) 3387.
Interstitial and undulated regions, which were pecu- s, c. 1. sunands. ZHENG, Compo. Sci. Technd6 (1996) 451.

liar parts in woven fabric composite, yielded inthe form 6. R. w. TRUSS, P. J. HINE andR. A. DUCKETT, Composite

of brittle matrix fracture and showed complex crack pat- ~ Part A28A(1997) 627.

tern due to their geometrical characteristics. Therefore,’- ¢- ZHOU, E. R. GREENandC. MORRISON, Compo. Sci.

. . . Technol 55 (1995) 187.
it can be concluded that the suppression of the matrixg " - BASCOM, J. L. BITNER, R. J. MOULTON and

fracture at t.he_se regions due to th_e m_odificaf[ion of ma- A, r. siEBERT, Compositeq1(1988) 9.
trix resin will increase the delamination resistance of 9. T. EBELING,A. H. ITNER,E. BAER,I. M. FRASERand
woven fabric composite. M. L. ORTON,J. Comp. Mater31(1997) 1318.

As a result, the modification of matrix and the con-10-L- A. CARLSSON J. W. GILLESPIE k. andR. B.

, . : . PIPES ibid. 20(1986) 594.
trol of fiber/matrix interfacial strength will change the ; |\ " "\ \kUwa . 3. w. GILLESPIE X and 3. W.

mode Il delamination resistance of carbon/epoxy com- i Tney, ibid. 23 (1989) 756.
posites. 12. H. J. SUE,R. E. JONESandE. |I. GARCIA-MEITEN,
J. Mater. Sci28(1993) 6318.
13. E. I. GARCIA-MEITEN andH. J. SUE, Polym. Composl5
(1994) 165.
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