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			Abstract

			Due to high specific strength, specific stiffness and flexibility in their design, braid composites have been widely used in various engineering structures. In the practical engineering application, braid composites are in a multidirectional stress state in most cases, in which the material failure mechanism is very complex. Moreover, the performance degradation of stiffness and strength is more complex. The microstructure of 3D braided composites is extremely complicated and shows intensive inhomogeneity and anisotropy, which results in considerable difficulties in the researches of macro-meso-mechanical properties and damage mechanics. This review summarized different research methods such as prediction of strength, low-velocity impact and fatigue failure. 
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			Introduction 

			3D braided composite material takes integral braided preformed parts as reinforcement material without suture and mechanical processing. Meanwhile, it has good comprehensive performance indicators, such as high specific strength, high specific stiffness, especially in integrity, delamination resistance, resistance to impact and designability etc. Therefore, it has been widely used in the fields of aerospace, military industry, ships, sports goods, transportation and construction [1]. With the application of 3D braided composites more and more widely, many models have been developed to analyze their mechanical properties. These analyses are challenging due to the complexity of the architecture. The study of mechanical properties of 3D braided composites has important guiding significance for its structural design and application. This paper mainly introduces the work in recent years and the author’s research results from several aspects.

			Prediction of Strength

			The strength criterion as the basis of material failure in mechanical analysis and numerical simulation is an important part of the research on the strength properties of materials, and the strength characteristic is a main component of the mechanical properties. No strength criterion has been established specifically for 3D braided composite materials. Hence, strength criterion of existing unidirectional composites is adopted by the failure 

criterion of fiber bundle damage, including two types: one is the strength criterion for distinguishing failure modes, such as Hashin criterion [2], Puck criterion [3], Chang-Chang criterion [4]; the other is the multi-term criterion which does not distinguish the failure modes, such as Tsai-Wu criterion [5], Hoffman criterion [6], Tsai-Hill criterion [7]. Moreover, Hashin criterion and Tsai-Wu criterion are the most widely used in the damage analysis of 3D braided composites.

			Sun et al. [8] developed a fiber-inclination mode (Figure 1) Based upon the Tsai-Wu criterion, they explored the effect of braid angle of 3D braided composites on tensile modulus and strength. The maximum strain failure criterion is used to obtain tensile curve of 3D braided composites [9]. Then, the uniaxial tensile strength was predicted and well verified by experiments. Lu et al. [10] presented an empirical failure criterion of strength, which based on existing strength theory of composite materials, to predict strength of 3D braided composites. Zeng et al. [11,12] developed a new type of finite element method (FEM) to obtain the local stress and strength. However, the numerical model was simplified to the unit cell which didn’t reflect the microscopic structure. Karkkainen [13-15] did some researches on strength analysis of textile composites. Song et al. [16,17] developed an arc-length method to measured inelastic properties of the matrix (the insitu properties) of 2D triaxial braided carbon fiber composites (2DTBC). Dong et al. [18,19] simulated micro-stress combing the method of Asymptotic Expansion Homogenization (AEH) with finite-element model which introducing face cell and body cell. They found small braiding angle have better strength. Zhang et al. [20] analyzed Hashin and Tsai-Wu failure criterions as the result of identify damage initiation of the braiding yarns, respectively. They found Tsai-Wu failure criterions were better. The strength characterizations of the 3D braided composites using the representative unit cell (RUC) were reported in many references [21-23]. Xiao et al. [24] prosed an approximate method that the periodic meso structure in RUC in textile composites is approximated by sub-cells and each sub-cell is represented by a laminate with plies representing fiber tows and matrix to investigate the stress–strain. Lei et al. [25,26] presented representative volume cell (RVC) with interface zones and the periodic boundary conditions to analyze the tensile properties. Large amount of references on the strength characterizations of the 3D braided composite using RVC are reported. However, most of them were rectangular, which was not suitable for the cylindrical shaft. Hao et al. [27] built up the geometry models of cylindrical RVCs for 3D four directional cylindrical braided composite (Figure 2) with different braiding angles and fiber volume contents to research strength characterizations.
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			Low Velocity

			The dynamic mechanical behavior of composite materials is considered one of the most important properties by structural engineers. For instance, plastic behavior and damage under low-velocity impact can possibly ensue during production, maintenance, repair, or the lifetime of structural composite components. A number of factors which can seriously damage composites include tool drop, flying debris, foreign object damage, etc. However, damage from low velocity impact is not visible to the naked eye but may affect the material’s residual mechanical properties. Compared with laminated composites, there is no delamination for three-dimensional (3D) braided composites under ballistic impact. Additionally, with the3D braiding technique, complex near-net-shape preform, and composite structures can be manufactured. These features lead to the application of complex shaped braided composite structures in impact protection areas, such as debris impact protection of supersonic aircraft and spaceship. Heimbs et al. [28] developed the meso and macro-scale to study elastic energy stored during impact. Elias et al. [29] presented the ODM-PMC model to investigate damage mechanisms of 3D woven composites and estimated the residual properties of the material. Both a Macro-homogeneous model and a Meso-heterogeneous model were adopted in [30]. In the work of Rao et al. [31] the global/local model was established, and the work pay attention to the continuity of the physical properties around the cross-sectional area of the interface Figure 3&4.  
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			However, the numerical simulations of ballistic impact damage are seldom conducted based on the microstructure level. Tabiei & Ivanov [32] implemented micro-mechanical material model into the LSDYNA to discount the shear moduli and accounted for reorientation of the yarns. Gu [33] presented a microstructure model to simulate the penetration process of 3D braided composites, which obtained that the residual velocity played a role in the energy absorption and damage of the composite. Karkkainen [34,35] established RVEs of 2D and 3D woven textile and developed cohesive element failure model to explore progressive failure of composites. The mechanical properties of the 3D braided composite tubes depend largely on them preform structures, such as yarn orientation, yarn curvature, and fiber volume fraction. Hence, many researchers payed large attention on the simulation of tubes.

			Fatigue Failure

			Due to the three-dimensional integrated braided preform structure, 3D braided composites have higher interlamination shear strength and damage tolerance than laminated composites [2,3]. The fatigue deformation and failure of 3D braided composite are the important mechanical behaviors for braided composite materials under long-time services. The geometric model of 3D braided composites can be divided into three types: fatigue life models, phenomenological models and progressive damage models.

			Wu et al. [36] discussed the stress distribution of 3D braided composite and fatigue damage mechanisms were analyzed. From such an investigation, the fatigue behaviors could be optimized. developed a microstructure geometrical model under three-point low-cyclic bending fatigue to research the stress distribution and deformation of ﬁber tows and resins. Feng et al. [37] found that fatigue damage starts from the elements of contact area between the fiber bundles, and then it spreads to the surface and interior of fiber bundles. 

			Summary and Prospect

			This paper mainly introduces the research progress of prediction of strength, low-velocity impact and fatigue failure of 3D braided composites. Based on the analysis and comparison of the existing strength criterion, the finite element model was established, and its strength was calculated. Meanwhile, the damage mechanism of 3D braided composites under impact was explored by changing yarn orientation, yarn curvature and fiber volume fraction. The fatigue properties of 3D braided composites are also discussed. But 3D braided composites for extreme conditions (mainly including low and high temperature environment) on the mechanical properties and the influence of time factor of research work is lacking. In addition, scholars mainly of 3D braided composites at low speeds damage under impact load is studied, under the action of the high-speed impact and explosive loads the mechanical behavior of research is less. Therefore, the research scope and depth of 3D braided composites need to be expanded. Due to its high specific strength and stiffness, especially its integrity, anti-stratification, anti-impact and designability, 3D braided composites will be widely used in aerospace, military industry, ships, sporting goods, transportation and architecture, and become one of the most widely used materials.
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Figure 1: The fiber-inclination mode.





OEBPS/image/105368.png
afp, =45 b ﬂ,ss'

Figure 2: The 3D four directional cylindrical braided
composite shafts.
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Figure 3: Detail of the Macro-homogeneous multi-layer
model.
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Figure 4: Individual steps of the creation of the Meso-
heterogeneous model: single yarn (a), woven fabric (b,
multi-layer composite plate with matrix (c) and final
assembly with the projectile pictured from the above (d).






