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Fatigue fracture of fiber-reinforced polymer composites (FRP) occurs when microcracks are
induced by debonding, pull-out and delamination at the interface between the matrix and
fiber. This microcrack area increases with increase in fatigue cycles and a damage region is
formed. In our previous paper, fatigue life of a short fiber-reinforced polymer composite
consisting of glass fibers and polycarbonate matrix was found to be related not to the main
crack growth behavior but to the progression behavior of the damage region. In this paper,
using our proposed real time observational system, we performed detailed observations on
the behavior of fatigue damage and clarified the mechanism of damage progression.
Furthermore, mechanical considerations were performed by finite-element elastic-plastic
stress analysis. The results mentioned above indicate that control of short fiber alignment
makes it possible to release the stress concentration caused in the matrix, and disperse
fatigue damage. This results in an enormous improvement in fracture toughness. © 7999
Kluwer Academic Publishers

1. Introduction sity ratio was 2.78. The fiber was made of E glass and
In the case of fatigue fracture of fiber-reinforced poly- manufactured by winding melted glass through a bush-
mer composites (FRP), microcracks are induced wheing and then cutting it. Its surface was treated with
debonding, pull-out and delamination occur at the in-a urethane-type coupling agent and aminosilane-type
terface between the matrix and fiber. This microcrackbinder. The mechanical properties and composition of
area increases with increase in fatigue cycles, and this material are shownin Table |. The mechanical prop-
damage region is formed [1-6]. As reported our previ-erties of the matrix and fiber are shown in Table Il. The
ous paper, fatigue fracture life of a shortfiber-reinforcedmaterials were supplied as injection-molded plagues
polymer composite consisting of glass fibers and polywith dimensions of 70 mm by 70 mm by 2 mm. A
carbonate matrix is found to be related not to the mairthick molding has a preferred alignment of fibers in the
crack growth behavior but to the progression behavioflow direction of the surface layers, with fibers aligned
of the damage region [5, 6]. Therefore, phenomenologtransverse to the flow direction in the central layer [7].
ical clarification of the fatigue damage behavior of FRPHowever, the plaques supplied for these experiments
is important to construct a physical model and a law ofwere thin (2 mm). Therefore, in this case, the molding
fatigue failure. had a preferred alignment of fibers in the flow direc-
In this study, using the real-time observational ex-tion both on the surface and in the central layers. Fur-
perimental system proposed by us [5], we carried outhermore, to avoid variations in the fiber alignment,
detailed observations of the behavior of fatigue damageach specimen was cut out from the central site of
and clarified the mechanism of damage progressioreach plaque, as shown in Fig. 1. We used double-edged
Furthermore, mechanical considerations were perV-shaped notched specimens of 2 mm thickness with a
formed by finite element elastic-plastic stress analysis30° notch as shown in Fig. 2. To investigate the effect
of anisotropy on the fatigue behavior of this material,
. we used three types of specimens that were cut from
2. Experimental procedure the plagues in the 0 (parallel), 45 and®9@ansverse)

2.1. Material specimen e IR o
The material used was a short fiber-reinforced poly_dlrectlons to the injection-molded flow direction. We

mer composite consisting of glass fibers (SOWt%)referto these as 0, 45, and"%pecimens.

and a polycarbonate matrix. The diameter of each

glass fiber was 1@m, and the average length of each 2.2. Test method

was 0.28 mm. The matrix was a general-purpose typ€yclic fatigue tests were carried out using a fatigue-
bisphenol-A polycarbonate. The molecular weighttesting machine that enables real-time observational
(weight averageM,,) was 27,800 and the polydisper- experiments. This machine system was designed to
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Fiber Direction

Figure 1 Cut out method of a specimen from the plaque €700 x 2 mm).

TABLE | Mechanical properties and composition of the composite

material (polycarbonate matrix with glass fiber reinforcement)

Fiber content (wt %) 30
Specific gravity 1.42
Yield strength (MPa) —
Tensile strength (MPa) 118
Modulus of elasticity (MPa) 5,880
Elongation at break (%) 3
Bending strength (MPa) 136
TABLE |l Mechanical properties of the matrix and fiber
Matrix Fiber (glass)
Specific gravity 1.2 2.54
Yield strength (MPa) 62.0 2,940.0
Tensile strength (MPa) 71.0 3,430.0
Modulus of elasticity (MPa) 2,160.0 73,500.0
Elongation (%) 101.0 4.0
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Figure 2 Double-edged V-shaped notched specimen.
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Figure 3 Schematic illustration of the observation system.

enable automatic observation of the mechanical behav-
ior of deformation and damage accumulation around
the crack tip during fatigue loading under computer
control [5]. A schematic illustration of this system is
shown in Fig. 3. Progression behavior of the fatigue
damage was investigated by this real-time observa-
tional experimental technique, using a video micro-
scope (Mitsubishi Electric Ltd.). Fatigue stress ampli-
tude, Ao, was set atho = 32 MPa and the minimum
gross stressgmin Was zero, that is, the stress ratio
R(omin/omax) =0 for all tests. Tests were performed
under atmospheric conditions, although the test tem-
perature was maintained at 471 °C to avoid any ef-
fects of room temperature variations on the mechanical
behavior of the tests specimens.

3. Experimental results

3.1. Real-time observation of damage
accumulation behavior

Progression behavior of the damage around the notch

tip under fatigue testing was obtained by real-time ob-

servations using a video microscope. Photographs were

obtained by transmitting rays through the specimen

thickness from a source of light at the opposite side
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Figure 4 Real time observation on the progression behavior of damage around the notchrsge¢imen).
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of the specimen surface. Therefore the damage region DEG90

is observed as a dark region, because of the scattering
of light in this area due to microscopic fracture such as
interfacial debonding and pull-out, fiber fracture, de-
lamination and matrix cracking. The actual damage be-
havior is shown in Fig. 4. The damage region is divided
into a main damage zone (deep dark zone) and a sub-
damage zone (light dark region), which surrounds the
main damage zone. Matrix cracking and local interfa-
cial debonding mainly occur in the sub-damage zone.
In the main damage zone, these phenomena were more
advanced and sites of fiber fracture were discovered.
Schematic diagrams of the progression behavior of the
damage in the main and sub-damage zone are shown in
Figs 5-7, respectively. Based on these in situ observa-
tions, the damage formation process is estimated.
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Figure 7 Schematic diagrams of the progression behavior of the damage
in the main and sub-damage zoneq(8@ecimen).

Figure 5 Schematic diagrams of the progression behavior of the damage

in the main and sub-damage zoné gpecimen).
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Figure 8 The relationships between the length of the damage zone and
applied load cycles.

3.2. The length of the damage zone

The relationships between the length of the damage
zone and applied load cycles are shown in Fig. 8. The
length of the 90 specimen rapidly increases as com-
pared with that of the Ospecimen. The final damage
length of the O specimen is about 3.5 mm, which is
equal to the initial ligament length of the specimen
width. From this result, for the“Ospecimen, the dam-
age zone is found to spread through the specimen width
before the occurrence of final fracture. In effect, it takes
several load cycles before fracture finally occurs after
the damage zone spread through the specimen width.
This occurs as follows. The interfacial frictional stress
between the fiber and matrix resists the pull-out of a
fiber from the matrix, and thus controls the final rapid

Figure 6 Schematic diagrams of the progression behavior of the damagdracture of this material [8, 9]. The damage zone before

in the main and sub-damage zone¥(4pecimen).
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final fracture for a @ specimen is shown in Fig. 9. On
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Figure 9 The behavior of damage before fracturé gpecimen).

the other hand, for a 90specimen, final rapid frac-
ture occurred before the spread of the damage region
through the specimen width. The maximum damage
length before final fracture is 0.7 times than that of a
0° specimen. The damage zone before final fracture for
a 90 specimen is shown in Fig. 10. With respect to
the 45 specimen, however, its fatigue fracture life is
shorter than that of a’Gspecimen, the maximum dam-
age lengthis 1.3 times longer than that of afecimen.
This arises from the effect of the fiber alignment direc-
tion on damage formation, which results in the increase
of the damage propagation distance due to inclination
of its propagation direction.

3.3. Damage area

Accumulated damage areas up to fatigue fracture for the
0, 45, 90 specimens were plotted against fatigue cycle
and normalized fatigue cycléy and N/N; as shown

in Figs 11a and b, wherl; is the fatigue fracture life

for each specimen. These results show that the damage
area takes the minimum value for thee$pecimen and
larger values for the®Gand 45 specimens. That is, the
90 specimen has the lowest toughness value. With re-
gard to the 45specimen, the fatigue fracture life, how-
ever, takes an intermediate value between those of the
0° and 90 specimens, its damage area takes the max-
imum value. This is caused by the inclined progress
of the fatigue damage along the fiber direction. That
is, each fatigue damage initiated from double-edged
notch spreads over the whole ligament area of the spec-
imen width without coalescing with one another. On
the other hand, since the damage progression rate for a
45° specimen is much faster than that forasfecimen

due to the coexistence of a delamination mechanism in
the fiber [6], its fatigue fracture life becomes shorter as
compared with that of the°Gspecimen, which is con-
trolled by the pull-out mechanism [5, 6]. The aspect
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Figure 10 The behavior of damage before fracture(8pecimen).
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& 5 ® | preferentially in the direction of specimen width [5, 6].
E Rupture 90° 'L* ] The damage formation mechanism of the’ 4peci-
= A% men is essentially the same as that of thegfecimen
b 2 e ”19‘2 ] [5, 6]. The progression characteristics of damage area
o *% .Afj' *L A for specimens with various fiber alignments were well
A ‘Qﬁ.}' [ 4Rage - characterized by a unique master curve as a function
0 R — : of notch opening displacemer, as shown in Fig. 13
0 0.2 04 0.6 0.8 1 . X .
and it was written by Equation 1
WA AD /Dy = 0.13(D)%7 1)

®dy is the initial value of notch opening, i.e. the value
Figure 11 Accumulated damage area up to fatigue fracture for the O, 45'before applying the load, ald = ® — dy is the in-

90° specimens plotted against (a) fatigue cydle,and (b) normalized
fatigue cycle N/Ns.

ratio of the fatigue damage area is plotted against nor-
malized load cycles with respect to fatigue lifetime
(N/Ns) as shown in Fig. 12. These results show that
the O specimen takes the minimum aspect ratio of fa-
tigue damagelfa = 1.5) as compared with the 4and

90° specimens. That is, fatigue damage of the@ec-

imen spreads not only in the specimen width direction .=

but also in the specimen axial direction and exhibits
a two-dimensional shape pattern. On the other hand
the aspect ratios of the fatigue damage region for the4
45° and 90 specimens are about 3.5. The damage re-
gions exhibit a slender morphology extending in the
fiber direction. From these results, fatigue damage for
the @ specimen is found to be dispersed preferentially
in the direction of a specimen axis due to the short
fiber reinforcement lying preferentially in the direction
parallel to the specimen axis. On the other hand, for a
90° specimen, damage formation due to the interfacial

crement of notch opening value from the instant of
load application.
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Figure 14 Mechanical models of the short-fiber alignment near the
notch tip used for FEM analysis: (ay @pecimen, (b) 45specimen,
and (c) 90 specimen.

4. Analytical results on the relationship
between cumulative damage behavior
and fiber alignment

Elastic-plastic stress analyses based on the finite
element method were performed to investigate the ef-
fect of reinforced fibers on stress concentration behav-
ior around a notch tip. Analyses were performed for

cases of 0, 45 and 9@&lignment of short glass fibers.

Simple mechanical models for short-fiber alignment
near the notch tip were analyzed as shown in Fig. 14.
The shape of the model was the same as that of the ac
tual specimen. The distance between the notch tip anc
the center of glass fiber was 0.75 mm. The diameter

and length of this representative glass fiber were 0.0

and 0.3 mm respectively. This diameter is four times
larger than that of an actual fiber. Due to the symmetry
of this mechanical model, we analyzed one-quarter of

this model for 0 and 90 specimens and half for the 45

specimen. The number of elements and node points ar
shown in Table Il and the mechanical properties used

for FEM analysis are shown in Table IV.

By using FEM software on the elastic-plastic stress
analyses by Yamada (EPIC) [10], we modified this soft-

TABLE [Il The number of elements and node points used for FEM
analysis

No. of elements No. of nodes
o° 888 482
45° 1,840 975
90 903 490

TABLE 1V Mechanical properties used for FEM analysis

Young's modulus  Poisson’s ratio  Yield strength

(MPa) (MPa)
Polycarbonate 2,160 0.3 62
Glass 73,500 0.22 2,940

ware so that we can perform cyclic loading elastic plas-
tic analysis [11]. Local damage is considered to be
formed in the high-equivalent stress region [12-15].
Mechanical analysis in the damage region was per-
formed under the condition of perfect plastic proper-
ties, since, in this region, low-resistance inelastic de-
formation is considered to occur, due to pull out and
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Figure 15 (a) Cumulative behaviors of plastic strain energy due to equiv-
alent stress and strain under a cyclic loading and unloading process, and
(b) LE is loading process under elastic condition, LY is loading process
under plastic condition, UL is unloading process and URY is reyielding
during unloadingN = 1 means the completion of the 1st load cycle.
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5. Conclusions

90" ] In situ observations of fatigue damage progression in
1 a notched specimen of short-fiber-reinforced polymer
1 composites was performed and the following conclu-
1 sions were obtained.

10 | .
i 1 1. The length, area and aspect ratio of damage
| | strongly depend on the direction of the fiber alignment
and the applied load.

2. Stress concentration at the notch tip is released by
the alignment of short fibers on parallel to the direction
of load application and damage is dispersed. Further-
more, after fatigue damage spreads through the speci-
men width, final fracture does not occur at once and it
requires several load cycles before final fracture occurs.
Thisis caused by the interfacial frictional force between
the fiber and matrix, which constrains final rapid frac-
ture due to pull-out. This structure improves fracture
toughness as a composite material.

3. Stress concentration at the notch tip is intensified
by the neighboring fibers when the fibers are aligned
in a direction perpendicular to that of load application.

It promotes final rapid fracture due to delamination,
and final fracture occurs before fatigue damage spreads
*hrough the specimen width.

© 4. From the results mentioned above, control of the
‘short fiber alignment makes it possible to release stress
concentration caused in the matrix and disperse fatigue
amage due to multiple crack initiation. The use of this
chnique for multiple crack initiation, for dispersion of
acture damage, results in an enormous improvement
¥ fracture toughness.

T

Figure 16 Cumulative behaviors of plastic strain energy due to equiva-
lent stress and strain under a cyclic loading and unloading process.

delamination at the interface between a fiber and matri
[16-19]. Therefore, analyses of entire structure wer
performed by using an elastic perfect plastic consti
tutive law [20]. Cumulative behaviors of plastic strain
energy due to equivalent stress and strain under a cycl
loading and unloading process are shown in Figs 15 an

16. Each characteristic of strain energy accumulation,
is shown with a mark in each figure. These analyse
provide the following results. For the @pecimen, the

value of W, does not increase at the tips of a notch
or a fiber end, but increases in an intermediate regio k led t
between them (Fig. 15a, b). On the other hand, forth%lc nowlecdgements

. . e appreciate the financial aids for the Japan Soci-
90" and 45 specimens, the value o, increases at ety for Promotion of Science of the RFTF program,

the tip of a notch. This behavior is much more promi- S n .
nentin a 90 specimen. Local damage, as is reported in97R12101 and Professor Takeo Yokobori (Teikyo Uni-

s paper cccurs n e reon o creasit From 150 o Usell dscusdon, Thark aiso o be
these results, for theGpecimen, stress concentration ' PPy

around a notch tip is found to be released due to thgnaterlal used.

existence of short fibers and local damage is dispersed

around the notch tip. On the other hand, for thé 90

specimen, stress concentration occurs around the not&eferences

tip due to the mechanical interaction between the tipsl' R. D. JAMISON, K. SHULTE, K. L. REIFSNIDERand
. . . W. W. STINCHCOMB, Effect of Defects in Composite Materi-

of the fibers and the notch. Consequently, delamination a5, AsTM STP 836 (1984) 21-55.
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ple crack initiation is shown to be important forimprov- ¢, Lozter

ing the fracture toughness of concrete [21]. This should

be a common concept for general engineering materi-
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men has a significant mechanism for the improvement -
of fracture toughness.
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