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Abstract
An experimental study is described in this paper dealing with the tension–tension fatigue
and failure mechanism of 3D MWK composites with different fiber architectures and
material sizes. Macroscopic fracture morphology and SEM micrographs are examined to
understand the fatigue damage and failure mechanism. The results show the fatigue
properties and failure mechanism of composites can be affected significantly by the fiber
architecture and material size. The fatigue life of material A(0°
/0°
/0°
/0°
) with small fiber
orientation angle is significantly longer than that of material B(+45°/−45°/+45°/−45°). For
material A, the fatigue properties of the long composite are better than that of the short one.
It is 0°fiber bundles fracture under fatigue stress which cause the material failure and the
long composite provides more space for the formation and propagation of local fatigue
micro-cracks. However, for material B, the short composites have better fatigue properties.
Moreover, the materials show typical ±45°zigzag fatigue fracture and obvious shear
behavior. The fatigue cracks for the long composite can be spread more quickly along the
fiber/matrix interface due to the fiber bundles realignment.
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1. Introduction
Three-Dimensional (3D) composites have been developed recently by the advanced textile techniques
such as weaving, knitting, braiding and stitching in an attempt to produce near-net-shape preforms and
overcome many of the problems with the manufacturing and mechanical properties of conventional 2D
laminates. In particular, 3D multi-axial warp knitted (MWK) approach is well suited to the rapid
manufacture of components to overcome damage tolerance problem and weak strength in the thickness
direction. The most attractive feature of this composites is the fabrics perform consist of unidirectional
plies with no crimp arranged in a number of different orientations relative to the fabric production
direction; the individual plies are kept together by stitching yarns using warp knitting process
technology. In recent years, the use of 3D MWK composites is growing rapidly in aircraft,
automobiles, marines, wind turbine blades and other complex structural components[1-4].
It is valuable to study the fatigue behavior and failure mechanism of 3D multi-axial warp knitted
composite because of its wide potential applications in engineering, especially when they are used in
aerospace structures. This paper presents an experimental study on the tensile fatigue properties of 3D
MWK composites with different fiber architecture and material size. The damage and fracture
morphology of the composites after failure are observed from the macroscopic and microscopic views
and the fatigue failure mechanism is demonstrated. Furthermore, the influences of the fiber
architecture, the material size on the fatigue properties and failure mechanism of composites are also
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analyzed. The aim of our study is to assist in establishing the database and providing an experimental
basis for the potential applications of 3D MWK composites.

2. Experimental
3D MWK performs are made from layers of non-crimp fabric(made with unidirectional tows) stacked
in the required orientations and then bound together with binder yarns inserted in the through-thickness
direction by warp knitting needles. Fig. 1 shows the schematic of 3D MWK perform manufacturing. In
this study, E-glass fiber bundles are used for unidirectional reinforcing in 0°, 45°or −45° directions
while polyester fiber bundles are used for knitted linking and two kinds of structure with different fiber
orientation A[0°/0°/0°/0°], B[+45°/−45°/+45°/−45°] are manufactured. Twelve fiber layers with
non-crimp are used in the 3D MWK composites and the fiber volume fraction is 60%. Fig. 2 shows the
photographs of the face and the back of two types of orientation preforms (0°and +45°). 3D MWK
performs are injected into the epoxy resins by the Vacuum Assisted Resin Transfer Molding (VARTM)
process and then consolidated to produce the 3D MWK composites. The composites are then cut as
dog-bone shape using a water-lubricated diamond saw for static tensile and fatigue tests. The
dimensions of the long specimens are 200 mm(length) × 9 mm(width) × 2.5 mm(thickness) with the
clear distance between grips 80 mm; the dimensions of the short specimens are 120 mm(length) × 9
mm(width) × 2.5 mm(thickness) with the clear distance between grips 10 mm. Here, the notations of
the long and short specimens for material A and B, are AL, AS and BL, BS respectively. Fig. 3 shows
that the photographs of specimens BL and BS.

Fig. 1. 3D multi-axial warp knitted system.

Fig. 2. Photographs of 3D MWK preforms.

Fig. 3. The fatigue specimen.
A hydraulic Instron 8874K4979 fatigue machine with a load cell of 25 kN was adopted for fatigue
investigation. With refer to ASTM D3479/D3479M standard, fatigue testing was performed under
constant stress amplitude, an alternating sinusoidal wave-form tensile–tensile loading. The stress ratio,
R(σmin/σmax), of the minimum load (σmin) to the maximum load (σmax) in the cycle was kept
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constant to be 0.1. Fatigue tests were carried out at normalized applied stress Smax(σmax/σult) (0.8,
0.7, 0.55, 0.4) in order to have a complete characterization. In order to reduce self-generated heating in
the specimen, the frequency of the stress cycle was 5 Hz at ambient temperature. This frequency was
selected after verifying that the maximum temperature reached by the specimen during the test did not
exceed 25 °C. The fatigue experimental procedure is shown schematically in Fig. 4.

Fig. 4. The fatigue experiment procedure.

3. Results and discussion
Fig. 5 gives the tensile stress vs. strain curves for two types of composites. It can be found that the fiber
architecture has a significant effect on the stress–strain curves. For material A, it can be seen that the
curve shows obvious linear elastic feature up to failure and the material exhibits brittle fracture
characteristics. This is due to the fact that there is no crimp for the fiber bundles inside the material, and
fiber bundles act as the main load-bearing object which can bear load until the failure occurred.
However, the curve for material B shows significant nonlinear transition and exhibits an obvious
plastic platform which attributes to different failure mechanisms. The ±45°fiber/matrix interfaces are
the main load-bearing objects, the degradation of the matrix between the fibers increases gradually
which exhibits progressive loss of stiffness. From the stress vs. strain curves, the ultimate strength (σult)
of the composites can be obtained, that is: σult-A for material A is 753.3 MPa and σult-B for material
B is 152.0 MPa.

Fig. 5. The tensile stress vs. strain curves.
Fig. 6(a) shows the results of the maximum fatigue stress plotted against the fatigue life for 3D MWK
composites with different fiber architecture. It can be found that the fatigue performance of material B
is lower than that of material A. In fact, the low fatigue performance of material B is related to their
lower ultimate stress found in the static tests, which is caused by the absence of the fiber bundles that
can efficiently bear the fatigue load in the 0°direction. Fig. 6(b) shows the comparison of the fatigue
properties based on the relationship between the normalized fatigue stress and fatigue life. It can be
found that the fiber architecture and material size have significant influence on the fatigue life of
composites. For the composites with the same tested length, the fatigue life of material A is always
longer than that of material B over the entire range of stress investigated.
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Fig. 6. The fatigue performance of 3D MWK composites.
Power-law regression equations (Smax = a * (log N)b) are determined for the evaluation of fatigue test
data. As shown in Fig. 7(a), for material A, no matter long samples or the short one, the power function
can be fitted the experiment plots very well, it is clear that in all the fatigue zone, for the same
normalized applied stress Smax, the fatigue life of long samples is obviously bigger than the short one.
However, for material B (Fig. 7(b)), the power function can be simulated very well for the short
sample, but totally not for the long samples. And the experimental data shows a relatively small scatter
and can be well described with the linear function for the long samples, which are consistent with those
from other literatures[5-6]. Comparing the two fitted curves, it can be seen further that the fatigue life
of the short composites is longer than that of the long composites in the entire fatigue zone.

Fig. 7. The fitted fatigue curves of Smax vs. log N.
In order to investigate the type of damage and failure mechanism, the morphology of fractures is
observed by photos and scanning electron microscope (JSM 7500F) from the macroscopic and
microscopic views. Fig. 8 shows the typical fatigue failure morphology of material under the same
Smax level (0.7). It is found that the damage and failure morphology are different from the fiber
architecture of composites.

Fig. 8. The fatigue fracture photographs (Smax = 0.7).
By SEM observations, from Fig. 9(a), the matrix is cracked and the fatigue cracks extend along both
directions. At the same time, the 0°fibers are curled and fractured inside the material where the splits
exist (Fig. 9(b)). So, when the fatigue stress is applied on material A, it is the 0°fibers that act as the
main load-bearing object.
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Fig. 9. The SEM photographs of material A. (Smax = 0.7).
From Fig. 10(a), SEM observations show that the fatigue cracks formed on the edge of the materials
and extended to the interior at 45°angle. At the same time, although the binding yarns boost the
separation resistance between layers, the delamination fracture can be clearly observed from the
fracture cross-section (Fig. 10(b)).

Fig. 10. The SEM photographs of material B. (Smax = 0.7).
Fig. 11 shows the fatigue fracture photographs of material A with different material sizes at vary stress
levels. It can be observed that the fatigue damage extent increases significantly with the increase of the
stress level for both long and short specimens. This is due to the fact that at higher fatigue stress level,
more fatigue cracks are stimulated to occur inside the material in order to relax the stress concentration.
SEM observations show that the materials with long and short gauge length have similar fatigue
damage. From Figs. 12(a) and 13(a), some 0°fibers are fractured evenly due to tensile fatigue normal
stress and some are fractured in shear due to shear stress. From Figs. 12(b) and 13(b), it can be found
that the matrix cracks, fiber/matrix interface are debonded and the fibers curled under the fatigue loads.
However, for the long specimens AL, more space for the generation and extension of local fatigue
cracks, which show a better fatigue life. While for the short specimens AS, the stress concentration is
increased significantly due to limited space, which improve the possibility for the local destruction and
shows bad fatigue life.

Fig. 11. The fatigue fracture photographs of material A at different stress levels.
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Fig. 12. The SEM photographs of specimen AL.

Fig. 13. The SEM photographs of specimen AS.

Fig. 14. The fatigue fracture of material B at different stress levels.

Fig. 15. The SEM photographs of specimen BL.
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Fig. 16. The SEM photographs of specimen BS. (Smax = 0.7).
Fig. 14 shows the fatigue fracture photographs of material B with different material size at vary stress
levels. It can be seen that all the materials show typical ±45°zigzag fatigue fracture. The whitening
matrix cracking damage and the fibers realign phenomenon can be obviously observed. For material B,
it is ±45°fiber/matrix interface dominates the failure of material. Failure will occur when local crack
grows unstably after it reaches a critical length by fatigue. So, for the long specimen BL, the fiber
bundles realign themselves and form a smaller angle between the fiber orientation and fatigue load, the
fatigue cracks can be extended more quickly along the fiber/matrix interface, which shows the short
fatigue life. From Fig. 15(a) and (b), further SEM observations show that the matrix is cracked, the
fibers are realigned and torn obviously. For the short specimen BS, it is more difficult for the ±45°
fibers to realign due to more limited space and more fatigue cycles are needed for the fatigue
micro-cracks propagation along ±45°fiber/matrix interface. From Fig. 16(a), during the fatigue cracks
grow along fiber/matrix interface, the matrix are cracked and many fibers are fractured transversely
due to limited space, which hinders the fatigue cracks to spread. On the other hand, an interesting nest
of fiber bundles can be observed, which can also diffuse the fatigue energy (Fig. 16(b)). This is mainly
because the tensile–tensile fatigue stress is more likely to be concentrated around fiber bundles of the
short specimens and the sudden fiber slacks in the limited space lead to the crimping of fiber bundles.

4. Conclution
The tension–tension fatigue properties of 3D MWK composites with different fiber architectures and
material sizes are studied. The fatigue life of material A(0°/0°/0°/0°) is significantly longer than that of
material B(+45°/−45°/+45°/−45°) due to its high tensile strength. Moreover, the fatigue life of the long
composite (AL) is obvious longer than that of the short one (AS), because more micro-cracks can be
propagated and the stress concentration is decreased significantly. However, for material B, the fatigue
life of the long composite (BL) is always shorter than that of the short one (BS), due to the fact that the
longer specimen is, the fibers are more likely to realign themselves.
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