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Abstract

:

Structural biological materials with integrated soft and hard phases are ubiquitous in nature. Over recent decades, bio-inspired hard-soft-integrated materials (BHSIMs) have shown excellent mechanical properties of drag reduction and abrasion resistance. This work is proposed to investigate the friction behaviors of BHSIMs via theoretical modeling, numerical simulation and experimental verification. First, the mathematical model of the friction process was established based on the classic adhesive friction theory. Then, a range of factors in the friction process were examined by simulation and the respective friction coefficients were discussed. Subsequently bio-inspired materials with integrated soft and hard layers were prepared by 3D printing and their friction coefficients were measured by experiments, which had verified the results of theoretical analyses.
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1. Introduction


It is well known that structural biological materials are often of heterogeneous phases and hierarchical architectures, which afford outstanding mechanical performance to protect an organism against complex environments [1,2,3]. One particular feature of these structural biomaterials, such as nacre, bones and skins, is the integration of periodic soft and hard layers, which widely exist in a vast array of invertebrates and vertebrates [4]. For example, shark skin consists of stiff surface denticles embedded in a supporting layer of flexible collagenous matrix [5]. Snake skin also exhibits a similar arrangement of relative stiff scale supported by a flexible layer [5,6]. It has been shown that biomaterials with integrated hard and soft phases are of exceptional mechanical properties beyond those of pure soft or hard phase, demonstrating a remarkable balance of stiffness, strength, fracture toughness, energy dissipation and wear resistance [7,8,9,10,11,12,13,14]. It is commonly assumed that in such a scenario, the hard phase can improve the hardness of materials and resist deformation and wear, whereas the soft phase can function to dissipate and absorb external energy. Although nature has evolved abundant solutions to achieve low friction and wear reduction, it remains a challenge to design and fabricate materials with desired friction and wear behavior based on the integrated structure of soft and hard components [15]. Herein, we have investigated the friction behavior of bio-inspired hard-soft-integrated materials (BHSIMs) under dry sliding conditions via a theoretical approach of mathematical modeling and simulation. Then, a series of BHSIMs with varied contents of hard and soft phases have been prepared by 3D printing, and the friction properties of the resultant specimens are examined by experiment.




2. Theory


In order to investigate the friction behavior of BHSIMs, we first set up a mathematical model based on adhesive friction. It is widely believed that adhesion between surfaces is the main source of friction and surface roughness plays a secondary role based on the classic adhesive friction theory [16] (surface roughness decreases the “real area of contact”, thereby reducing the adhesion and consequently the friction between surfaces).



The friction behavior of BHSIMs can be explained by the adhesion theory of friction [17]. In the sliding process, normal load can be expressed as


  W =  A s   q s  +  A h   q h   



(1)




where As and Ah are the “real areas of contact” for soft and hard phases, respectively, and qs and qh are force on unit area of the interacting surfaces for soft and hard phases.



The adhesive friction of BHSIMs is a complex trait combining the individual properties of soft and hard phases, but also with mutual influence between these two phases (“real area of contact” of soft and hard phases in sliding process will influence each other). For BHSIMs here, we describe it by two scalar parameters, Young’s modulus Es (Young’s modulus of soft phase) and Eh (Young’s modulus of hard phase), which are the load per unit surface per relative elongation/compression of the chain for pure soft and hard phases. When a normal load is applied to the BHSIMs, the deformations of hard phase and soft phase per relative compression have to be similar within the sliding process, as shown in Figure 1, which results in a change in “real area of contact”, thus leading to the redistribution of the normal load.



To deduce the change in the friction coefficient from Es and Eh, we have designated the volume ratios of soft and hard phases in BHSIMs as c% and 1 − c%. Then, based on the theory of statistics and the structure characteristic of the combined soft and hard phases, the normal force can be given according to a simple equation:


  W =  W s  +  W h  = c % A  E s  ε + ( 1 − c % ) A  E h  ε  



(2)




where A denotes the “real area of contact” of BHSIMs, ε is the strain on the adhesion point.



Hence, the sliding process can be considered as the formation and destruction of the adhesion point. Friction force is therefore expressed as:


  F = c % A  τ s  + ( 1 − c % ) A  τ h   



(3)




where τs and τh are the shear strength for soft phase and hard phase, respectively.



With respect to Coulomb friction, the dynamic friction coefficient f is described by the friction force F divided by the normal force W, then, the friction coefficient f can be determined by:


  f =   c %  f s   E s  + ( 1 − c % )  f h   E h    c %  E s  + ( 1 − c % )  E h     



(4)







Equation (4) indicates that the friction coefficient of BHSIMs is a parameter that relates to Young’s modulus and content of soft and hard phase.




3. Simulation


In order to gain more insight into the structure–property relationship in BHSIMs, finite element (FE) models of the sliding process of BHSIMs were established. It is believed that the adhesion between surfaces is the main source of friction and surface roughness plays a secondary role. In order to simplify the model, we are not concerned with such roughness in simulation. Thus, we assume that the surfaces of the friction pair are of geometrically simple and smooth shapes. Figure 2a is the FE model of the sliding process of BHSIMs, which is based on ABAQUS/Explicit. In this model, surface-to-surface contact mode was used to simulate the friction boundary condition between the bio-inspired materials and rubbing pin. The friction tool is set as a rigid body, the BHSIMs is composed of layered materials with different soft and hard phases (different elastic modulus). The size of the soft and hard phase layered bionic material during simulation is 5 mm × 5 mm × 6 mm and the thickness of the soft/hard phase layer (C-S/C-H) is 0.2 mm. The BHSIMs is meshed with a C3D8R element which is evaluated using hourglass control elements and reduced integration. The friction tool is located above the material surface at 0 s. It then brings contact with the material surface at 0.1 s, and then moved alternately. The Mises stress distributions of bio-inspired materials at different timepoints in the sliding process are shown in Figure 2b. It can be observed that the contact zone has the maximum Mises stress, and the Mises stress decreases dramatically beyond the deformation zone. More importantly, the maximum Mises stress occurs at the hard phase layer, whereas relatively smaller Mises stresses can be found at the soft phase layer. The observation of more concentrated stress on the hard phase is probably due to the remarkable load carrying capability of the hard phase, and indicates a redistribution of the normal load from the soft phase to hard phase in sliding process.



To better understand the effect of Young’s modulus of hard phases on the friction coefficients, a series of BHSIMs simulations were carried out and separate sets of data were obtained, in which the Eh was the unique variable ranging from 400 to 3000 MPa. The insets in Figure 3b is the variables and constants in the simulation (Es was selected for 270 MPa, and the friction coefficients of the soft and hard phase are 0.1 and 0.2, respectively). It can be observed in Figure 3a that the friction force on the hard phase (shaded area), as well as the total friction force (black line), increases as the Eh rises. Meanwhile, the friction force on the soft phase decreases with the increase of Eh. It is also found that the increase of Eh, also causes a redistribution in line with the findings from Figure 2, i.e., the higher the Eh, the more load on the hard phase (inset in Figure 3a). Figure 3b shows the relationship between the load on the hard phase and the friction coefficient based on the simulated output result, it can be observed that, with the Eh varying from 700 MPa to 3000 MPa, the friction coefficient of the BHSIMs linearly increases from 0.142 to 0.189, which can be interpreted by Equation (4).



Next, in order to investigate the effect of the friction coefficient of hard material components on the friction properties of BHSIMs, a range of bio-inspired hard-soft-integrated materials with different material components friction coefficients were established and related data were obtained, in which the hard phase friction coefficient was the unique variable varied from 0.17 to 0.25. The insets in Figure 4b are the variables and constants in the simulation (Es was selected for 270 MPa, Eh was selected for 700 MPa, and the friction coefficient of the soft phase was selected for 0.1). The results are shown in Figure 4. It is found that increasing the friction coefficient of the hard phase incurs an increasing friction force in the sliding process (Figure 4a), which leads to a linearly increasing friction coefficient of BHSIMs from 0.17 to 0.25 (Figure 4b). These results are also in line with the calculated values from Equation (4).




4. Experiment


Subsequently, in order to test our simulated results, a series of composites with integrated hard and soft phases have been fabricated by 3D printing from two starting materials (VisiJet CR-WT and VisiJet CF-BK are the basic materials equipped with 3D printers (ProJet 5500X, 3D SYSTEMS, Hangzhou, China)) with an elastic modulus differential (Table 1).



3D printing allows an easy fabrication of objects with complex geometries, making it a viable option for direct manufacturing. Thus, we have envisioned that 3D printing can be an attractive fabrication technique for the preparation of BHSIMs. Photographs of printed specimens are shown in Figure 5a, which verifies that BHSIMs can be readily achieved by a well-controlled 3D printing process. Herein, five compositions of printing material (namely, C100, C150, C200, C250 and C300 with Young’s modulus decreasing from C100 to C300) have been prepared by mixing different ratios of VisiJet CR-WT and VisiJet CF-BK, which represent the hard and soft components of the bio-inspired materials, respectively. Subsequently, a range of bio-inspired materials with integrated hard and soft layers (0.2 mm) have been fabricated by 3D printing. Specifically, we prepared a series of soft and hard layered bionic materials with a width of 15 mm, length of 30 mm, and thickness of 2 mm. As shown in Figure 5b, we define the stripe width of the soft material as “a”, and the stripe width of the hard material as “b”. As the color gradually gets darker from C100 to C300, the color of composts also changes from the upper left (C100/C100) to lower right (C300/C300).



To corroborate the aforementioned findings, the friction coefficients of BHSIMs with different configurations of soft and hard phases were measured on a micro-tribotester. The friction coefficient can be measured directly via the MG-2000 high temperature and high speed friction and wear tester (Kehua Test Machine Manufacturing Company, Hebei, China). In the test, we choose a metal ball with a 10 mm diameter as the counter-grinding part. Moreover, the normal phase load of the metal ball to the layered bionic material is set to 10 N, the sliding distance of the metal ball is 2 mm, the frequency is 10 Hz, and the test time is 10 min. We set the metal ball reciprocating movement, which is from top to bottom and then from bottom to top. In order to verify the validity of the relationship between the friction coefficient of BHSIMs and the friction coefficients of hard and soft phases, based on the classic adhesive friction theory, surface roughness in the experiment is not focused on. Thus, we assume that the surfaces of the friction pair are of geometrically simple and smooth shapes. To our delight, the friction coefficients of bio-inspired materials indeed reveal a trend depending on the composition of the material. The friction coefficient of BHSIMs increases as the elastic modulus of hard materials increase because the friction coefficient of hard materials is set to be greater than that of soft materials during the experiment. Then during the friction process, materials with larger elastic modulus bear more load. The greater the elastic modulus of hard materials, the closer the friction factor of BHSIMs is to the friction factor of the hard materials (0. 2), which conforms to the law shown in Equation (4).



Specifically, as the friction coefficient of the constituting materials increases from C100 to C300, the friction coefficient of the bio-inspired composite material increases from C100/C100 to C300/C300 (Figure 6). It can be seen from Figure 6 that the friction coefficient of the soft and hard layered bionic material will change as the material properties of the hard material components change, which indicates that the elastic modulus Es and Eh, the friction coefficients fs and fh of the hard layered bionic materials in the soft and hard materials are the main factors affecting the friction coefficient of the soft and hard layered bionic materials. The experimental results coincide with Equation (4).




5. Conclusions


In this work, we have investigated the friction behaviors of bio-inspired hard-soft-integrated materials (BHSIMs) via theoretical modeling, numerical simulation and experimental verification. Theoretical analysis reveals that the friction coefficient of BHSIMs is a parameter correlating to the Young’s modulus and friction coefficients of both the soft phase and hard phase. Through the numerical simulation, the Mises stress distribution, as well as its time-course variation, is discussed to prove the methods. The simulation results of a series of BHSIMs show that the friction coefficient of bio-inspired material lies in between the friction coefficients of the hard phase and soft phase, and the increase of the friction coefficient of the hard phase leads to the increase of the overall friction coefficient of BHSIMs (linearly increasing friction coefficients of BHSIMs from 0.17 to 0.25). The larger the elastic modulus of the hard phase is, the closer the friction coefficient of BHSIMs to the friction coefficient of the hard phase is (with the Eh varying from 700 MPa to 3000 MPa, the friction coefficient of the BHSIMs linearly increases from 0.142 to 0.189). Experimental results verify the validity of the relationship between the friction coefficient of BHSIMs and the friction coefficients of the hard and soft phases (when the friction coefficient of the constituting materials increases from C100 to C300, the friction coefficient of the bio-inspired composite material increases from C100/C100 to C300/C300).
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Figure 1. Schematic illustration for the rubbing interface of bio-inspired hard-soft-integrated materials (BHSIMs). 






Figure 1. Schematic illustration for the rubbing interface of bio-inspired hard-soft-integrated materials (BHSIMs).



[image: Coatings 11 01296 g001]







[image: Coatings 11 01296 g002 550] 





Figure 2. Finite element (FE) model of dry sliding process of BHSIMs. (a) FE model of BHSIMs, (b) Mises stress distributions sliding process at different timepoints. 
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Figure 3. Curves of friction force and friction coefficient for BHSIMs with varied elastic modulus of hard phase (Eh). (a) friction force (inset is the load); (b) friction coefficient (inset is the friction coefficient). 
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Figure 4. Curves of friction force and friction coefficient for BHSIMs with varied friction coefficients of hard phase. (a) friction force (inset is the load); (b) friction coefficient (inset is the friction coefficient). 
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Figure 5. (a) Photographs of the 3D printed specimens for the tribological experiment; (b) the schematic diagram of soft and hard layered bionic materials. 
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Figure 6. Friction coefficients of BHSIMs (phase I is labeled on the X-axis and phase II is indicated by legends). 
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Table 1. Properties of the materials to make the composites with integrated hard and soft phases.
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	Content
	Density (g/cm3)
	Young’s Modulus (MPa)
	Tensile Strength (MPa)





	VisiJet CR-WT
	1.18
	1000–1600
	37–47



	VisiJet CF-BK
	1.12
	0.27–0.43
	0.2–0.4
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