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Report Title
Failure in three-dimensional woven composites subjected to quasi-static and dynamic indentation

ABSTRACT

Angle-interlock 3D woven composite specimens were tested under quasi- static and dynamic loads using a Hopkinson pressure bar to
determine the effect of loading rate on damage evolution. The equilibrium condition in the composite specimen under dynamic loads was
verified using FE analysis of the experiment. A high speed camera was used to capture delamination initiation and propagation during the
experiments. The apparent inter-laminar shear strength and the bending stiffness increased with rate of loading. The damage propagated at a
steady rate during quasi-static loading. The high rate of energy input during dynamic loading resulted in a rapid propagation of damage and
a subsequent loss of stiffness in the composite. Delamination initiation and propagation in plain woven laminates and 3D orthogonal woven
composites during short beam shear tests were analyzed using FEA. Two kinds of 3D woven composites, bound with single and double
z-yarns, were considered. The FE models were guided by experimental observations from SBS tests on the same materials. . A series of
mechanisms including creation and evolution of matrix cracks and delaminations were modeled discretely. The force-displacement curves
obtained from the simulations were compared with experimental results. 3D woven composites with double yarns showed better damage
tolerance.
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Recent years have shown an increase in the use of structural composites in many industries. This increase is a response to the
need for lightweight high strength materials to reduce weight and increase performance. Many structures are often subjected to
impact loading events. Due to the susceptibility to delamination damage caused by such impacts the characterization of
delamination damage in laminated composites becomes critical to creating safe designs. 3D woven composites are one
method in reducing or mitigating delamination damage. In this study several 3D woven composites were tested at a variety of
loading rates to gains insight into the effect of weaving architecture on the delamination resistance and damage tolerance of a
woven composite. Preliminary impact tests were performed to examine the damage mechanisms during high velocity and low
velocity impact of a 3D woven composite. Tests are performed using the short beam shear test. This test method was used to
examine several designs of composites through monotonic and cyclical static testing. A new method for performing dynamic
short beam shear tests was developed and results will be presented detailing the effect of loading rate on the performance of
these materials. This test method was modified to perform blunt impact tests on small test coupons. Beam specimens were cut
from these coupons which include the damaged region and bend tests were performed on these specimens to determine the
effect of damage by examining the residual stiffness of the samples. The results from these tests show unanimous agreement
that 3D woven composites have lower damage resistance but higher damage tolerance when compared to traditional 2D woven
composites.

The effects of translaminar reinforcements (TLR) and hybridization on impact damage resistance and damage tolerance of
laminated composites were analyzed. The TLR increase the apparent fracture toughness of composite laminates and
contribute to improved impact properties. Analytical and computational methods were used to investigate the damage of
laminated composites with special focus on delamination. A non-dimensional analytical model for mode | delamination of
z-pinned composites was developed and verified using finite element (FE) analysis. The analytical and FE models were
compared with experimental results to evaluate the adequacy of the model in describing the role of translaminar
reinforcements. The influence of the TLR on the apparent fracture toughness and bridging length was quantitatively
investigated through parametric studies. The maximum allowable bridging force before inherent failure of the material was
suggested as well. A 3D woven composite was chosen to study the effect of z-yarns on impact damage. A detailed analysis
was performed to understand the limitations of quasi-static analysis in low-velocity impact studies. The static equilibrium and
shear stress evolution in a beam made of orthotropic material subjected to quasi-static and impact loadings under various
impact speeds were compared. The maximum impact velocity for which static analyses are adequate was determined. Short
beam shear (SBS) test specimens of plain woven laminated composite and 3D woven composites were analyzed for the
purpose of evaluating the effect of z-yarns on delamination. The FE model, that considered both intralaminar and interlaminar
fracture, predicted damage patterns (transverse cracks and delaminations) observed in the tests. The z-yarns in the
composites increase damage tolerance by interrupting crack propagation. Finally, the advantage of hybridization of laminate
composites was evaluated using the FE models. Some hybrid composites reduce the maximum interlaminar shear stress in
beam-type specimens, and therefore enhance the damage resistance of composite laminates.
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