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Abstract: As an essential renewable mineral resource, mollusk shells can be used as handicrafts, building materials, adsorbents, etc. However, there are few reports on the wear resistance of their structures. The Vicker’s hardness and friction, and wear resistance of different microstructures in mollusk shells were comparatively studied in the present work. The hardness of prismatic structures is lower than that of cross-lamellar and nacreous structures. However, the experimental results of sliding tests indicate that the prismatic structure exhibits the best anti-wear ability compared with foliated, crossed-lamellar, and nacreous structures. The anti-wear and hardness do not present a positive correlation, as the wear resistance properties of different microstructures in mollusk shells are governed jointly by organic matrix, structural arrangement, and basic building block actions. The present research findings are expected to provide fundamental insight into the design of renewable bionic materials with high wear resistance.
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1  Introduction

Since the phenomenon of friction and wear spreads across all kinds of machinery and causes considerable losses to the national economy, many works have focused on the investigations of the friction and wear properties of materials [1]. Compared with artificial materials, some natural biological materials usually show good wear resistance in addition to high strength and toughness [2,3].

It is well known that natural biomaterials not only provide guidelines for human inventions at the macro level but also offer inspiration for the design of high-performance materials at the micro level due to their specific microstructural construction [4–6]. As an important renewable mineral resource, the conversion and utilization of mollusk shells have attracted considerable attention [7]. The full development and utilization of abundant mollusk shell resources not only increase the added value and realize the recycling and reduction of wastes but also promote the healthy development of shellfish farming and increase the carbon sink capacity of marine resources. It has been recognized that there are seven kinds of microstructures in shells (including crossed-lamellar, complex crossed-lamellar, prismatic, sheet nacre, columnar nacre, foliated and homogeneous structures), and there are significant differences in the structural arrangement of different microstructures [8]. So far, most studies focus on the friction and wear performance of shells with different outer surface morphologies under different external conditions or that of a specific microstructure or a particular shell under various external conditions [9–11]. For instance, Tong et al. [9] reported that the direction of the corrugations on the outer surface of shells had a more significant impact on the friction and wear resistance under different external environments. Stempflé et al. [10] studied the friction and wear properties of nacre in dry conditions and liquid media, respectively, and found that various external environments had different effects on the wear behavior of materials. Lv et al. [11] showed that the friction and wear properties of the cuticle, nacreous and prismatic layers within the same mollusk shell depended significantly on their different microstructures under dry conditions and liquid media. However, systematic study concerning the comparison of friction and wear resistance of different microstructures in mollusk shells is still lacking.

Therefore, several common types of microstructures in natural shells have been selected as the target materials, and their hardness and anti-wear behaviors have been investigated to find the microstructure with the best resistance to friction and wear, and thus provide a novel guideline for the biomimetic fabrication of renewable friction-reduction and anti-wear materials.

2  Materials and Methods

The hard shells of five mollusk species are selected as the target materials in the present work, including Cassis cornuta from the South China Sea (Fig. 1a), Hyriopis cumingii from Henan, China (Fig. 1b), Pinctada margaritifera from Tahiti in Polynesia (Fig. 1c), Red Abalone from California, USA (Fig. 1d), and Placuna placenta from the East China Sea (Fig. 1e). The entire P. placenta shell is highly transparent in contrast to the other shells [12,13]. All the shells were purchased from a material supplier. The microstructures along different directions of these shells were observed by scanning electron microscopy (SEM). The inorganic crystalline phase of these shells was analyzed using an X-ray diffraction machine with CuKα radiation at 45 kV and 40 mA.
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Figure 1: Morphologies and samples for friction and wear tests of C. cornuta (a, f), H. cumingii (b, g), P. margaritifera (c, h), R. Abalone (d, i), and P. placenta (e, j) shells, and (k) schematic diagram of the friction-wear tester

The microhardness of five types of microstructures in mollusk shells was evaluated by using a Vickers hardness tester (TMV-1) at a load of 200 g and a dwelling time of 15 s. The tribometer friction and wear testing machine produced by NANOVEA company was used to study the friction and wear properties of five types of microstructures. Three groups of parallel samples were prepared. Square samples of 10 mm × 10 mm are cut from the mollusk shells, and the large face of all the samples is parallel to the outer surfaces of the shells, as illustrated in Figs. 1f–1j. The samples are smoothed by rough and fine grinding, and then mechanically polished with 0.5 μm diamond abrasion paste. The friction and wear tests were carried out on these samples in a dry condition for 15 min under a speed of 160 rpm and a load of 8 N. For P. placenta sample. The experimental time is set as 5 min since its shell is obviously thinner than the other shells. The thickness of the P. placenta sample in Fig. 1j is ~1.0 mm, and the other four samples are ~2.5 mm. The friction pair is a SiC sphere with a diameter of 6 mm. The relative sliding length of the friction pair is 6 mm. Fig. 1k shows the schematic diagram of the friction-wear tester. Wear tracks and morphologies of the surface were analyzed using a laser scanning confocal microscope (LSCM) and SEM. The mass of the samples before and after wear was measured with an MT-ME204 electronic scale with an accuracy of 0.01 mg. The weight loss rate was calculated as follows:


η=W0−WbW0
(1)

where W0 and Wb represent the sample mass before and after wear tests, respectively.

3  Results and Discussion

3.1 Microstructure

Figs. 2a and 2f give the SEM morphologies of the C. cornuta shell, and it presents a crossed-lamellar structure, in which the fibers in the adjacent lamellae are aligned in different directions (Fig. 2a). It is observed that the fibers in the adjacent lamellae are perpendicular to each other, showing a kind of natural composite with fiber-reinforced and cross-ply laminates (Fig. 2f). Figs. 2b and 2g give the SEM image of the exterior layer in H. cumingii shell, and it is found that this layer shows a prismatic structure, and the prisms are unusually large with a diameter of 10–60 μm (Fig. 2b) and a length of hundreds of microns (Fig. 2g). Figs. 2c and 2h show the microstructure of the inner layer in P. margaritifera shell, which exhibits a sheet nacre structure, and the platelets in this structure present a hexagonal shape (Fig. 2c). The upper platelets span the interfaces of the underlying platelets, presenting a ‘‘brick wall’’ morphology (Fig. 2h). Figs. 2d and 2i are the microstructures of Red Abalone, and it is composed of a columnar nacre structure, and the platelets in this structure also have a hexagonal shape (Fig. 2d). The platelets show a roughly uniform size and the centers of the platelets are coincident (Fig. 2i). The shell of P. placenta mainly presents a foliated structure, as shown in Figs. 2e and 2j. The folia are usually inclined at an angle lower than 10° to the surface of the shell, presenting a “fish scales” morphology (Fig. 2e). Besides, the thickness of the folia is extremely thin (Fig. 2j). XRD analysis reveals that the crossed-lamellar structure, prismatic, sheet nacre, and columnar nacre are composed of aragonite calcium carbonate, while the foliated structure consists of calcite calcium carbonate, as shown in Fig. 2k. The mineral phase of four types of structures keeps the same, except for the foliated structure as it only has one type of mineral phase. In such a way, the comparison of the influence of different microstructures on friction and wear behavior of shells is exacter. Mollusk shells are mainly composed of mineral phase and a few percent of organic matrix. The previous investigations have indicated that the organic content is more than 4 wt.% in prismatic structure [14], 3–4 wt.% in nacreous structure [15], 1–2 wt.% in crossed-lamellar structure [16], and less than 1 wt.% in foliated structure [17].

[image: images]

Figure 2: Morphologies on the transversal and longitudinal sections of the crossed-lamellar (a, f), prismatic (b, g), sheet nacre (c, h), columnar nacre (d, i), and foliated (e, j), respectively, and (k) the XRD spectra of five types of microstructures

3.2 Hardness

The Vicker’s hardness of five types of microstructures in mollusk shells is shown in Fig. 3. It can be seen that the nacreous structures exhibit the highest hardness, i.e., the hardness of sheet nacre in the P. margaritifera shell is ~287 HV, and it is a little higher than that (262 HV) of the columnar nacre in R. Abalone shell. The hardness of the crossed-lamellar structure in the C. cornuta shell and the prismatic structure in the H. cumingii shell is comparable, which presents a value of 246 HV and 252 HV, respectively. The foliated structure shows the lowest hardness (189 HV). It should note that the distribution of the hardness of different shells does not show an obvious relationship with the organic matter content. For example, the crossed-lamellar and foliated structures both present a ~1 wt.% organic matter content, but the crossed-lamellar structure is much harder than the foliated structure. Therefore, the microstructures play important roles in the hardness of shell materials. It can be seen that the platelet arrangement is more complicated in sheet nacre, which results in higher hardness.
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Figure 3: Hardness of crossed-lamellar, prismatic, sheet nacre, columnar nacre and foliated structure in mollusk shells

3.3 Anti-Wear Ability of Different Microstructures

Fig. 4 gives the coefficient of friction (COF) and mass wear rate of five types of microstructures in mollusk shells, respectively. It can be seen that the friction coefficient of each structure increases, and finally keeps stable with time increasing (Fig. 4a). The COF of samples presents a stage with a slow growth rate at the very beginning of the tests except for the P. placenta sample, and this stage is wide, especially for the crossed-lamellar and prismatic structure. In contrast, the COF increases directly and rapidly in the P. placenta sample, indicating that the sample is damaged immediately once the test starts. Some fluctuations can be observed in the experimental curves, which are attributed to the existence of detached particles and oxides in the contact [18–21]. The friction coefficients of the crossed-lamellar and foliated structures are greater than those of the other structures, as shown in Fig. 4a. For nacreous structures, the friction coefficient of columnar nacre is greater than that of sheet nacre. Furthermore, the prismatic structure has the lowest COF among the five structures. Although the friction and wear time of the foliated structure is only one-third that of the other four types of structures, its mass wear rate is much higher among the structures. In sharp contrast, the mass wear rate of the prismatic structure is an order of magnitude lower than that of the other four types of structures (Fig. 4b). In other words, under the same external conditions, there are many differences in the resistance to friction and wear deformation for different structures.
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Figure 4: Coefficient of friction (a) and mass wear rate (b) of five types of microstructures

The topographies and the cross-section profiles of the wear tracks obtained with the confocal profilometer are shown in Fig. 5. Figs. 5a, 5e, and 5f clearly show that the foliated and crossed-lamellar structures present larger tracks. The foliated structure exhibits the deepest track (~300 μm), although the friction and wear time is one-third that of the other four types of structures (Fig. 4a). Such phenomena indicate that the foliated structure is the worst to resist friction and wear. The wear track morphologies of sheet nacre and columnar nacre are similar, but the depth of the track of columnar nacre is larger than that of sheet nacre (Figs. 5c, 5d, and 5f). In contrast, the wear track depth of the prismatic structure is evidently lower than those of the other structures, and no serious wear is observed on its surface (Figs. 5b and 5f). That is to say, the friction and wear resistance of the foliated structure is the worst, but the prismatic structure is the best among the five types of structures.
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Figure 5: LSCM of the wear tracks of crossed-lamellar (a), prismatic (b), sheet nacre (c), columnar nacre (d), and foliated (e) structures in friction and wear tests, and (f) cross-section profiles of the wear tracks obtained in friction and wear tests

Fig. 6 shows SEM characterization of the topographies of the wear tracks of the crossed-lamellar structure and foliated structure. The wear track surfaces in the crossed-lamellar structure represent a typical fatigue fracture wear and plastic deformation wear with plough and some cracks, as shown in Figs. 6a–6c. Also, more fractures can be clearly seen in the edges (Fig. 6c). In comparison to the crossed-lamellar structure, more fracturing and ploughing are observed on the wear track surfaces of the foliated structure (Figs. 6d–6f). Besides, it is noted that fracture failure emerges almost on all of the edges of samples, which may be the main factor causing higher friction coefficient and mass wear rate in foliated structure (Fig. 6f). That is to say, the surface first undergoes evident plastic deformation, and eventually, cracks are formed at the edges of defects and stress concentration sites on the surfaces, further causing a fracture failure. The organic matrix content of these two types of structure is obviously low, and their wear tracks present the biggest depth, which may illustrate that the organic matrix can contribute to the friction and wear resistance of materials.
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Figure 6: SEM characterization of the topographies of the wear tracks generated in friction and wear tests of crossed-lamellar structure (a–c), and foliated structure (d–f)

Comparing the topographies of the nacreous structures in Fig. 7, it can be observed that the surfaces of the wear track from the sheet nacre structure represent a typical fatigue fracture wear and a plastic deformation wear with many peeling layers and fine debris, as shown in Figs. 7a, 7b, whereas the surfaces of wear track from the columnar nacre exhibit a typical fatigue fracture wear and a plastic deformation wear with larger regularly arranged plough (like-hills) and some debris, as shown in Figs. 7c, 7d. So, the different arrangements of nacreous structures result in different forms of the plough, indicating that the different arrangements of nacreous structures provide different wear mechanisms.
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Figure 7: SEM characterization of the topographies of the wear tracks generated friction and wear tests of sheet nacre structure (a, b), and columnar nacre structure (c, d)

Fig. 8 shows the SEM characterizations of the topography of the wear tracks of the prismatic structure generated in friction and wear tests. The micro-cutting wear and plastic deformation wear with a bit of ploughs and micro-pits on the worn surface are observed, indicating that a small amount of damage is introduced. Therefore, the wear is weaker in the prismatic structure. The composition in the interfaces between prisms is evidently fallen away (Fig. 8c). In the prismatic structure, the organic matrix content is higher and they mainly locate on the interfaces among prisms [22,23]. The interprismatic organic membranes may act as a kind of lubricant, thus effectively protecting the prisms from wear and friction damage.
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Figure 8: SEM characterization of the topography of the wear tracks generated in friction and wear tests of prismatic structure

It is well known that metallic materials with a higher hardness can exhibit better anti-wear, which originates from the compactness of metallic materials and better bonding strength of grain boundaries [24–26]. However, in the current work, it is revealed that the higher hardness does not exactly correspond to higher wear resistance in mollusk shells, since the wear resistance properties of the different microstructures are the result of interactions of organic matrix, structural arrangement, and basic building block. During wear, the organic matrix will be moved to the friction interface, hence forming an organic film. The organic film will lubricate the friction interface and thus protect the friction surface, which makes the mollusk shells present great friction and wear resistance [25]. The content of organic matrix in prismatic structure is the highest among the five kinds of structures, which has a positive influence on friction and wear resistance. Besides, a relatively high hardness may effectively restrain the crack propagation, thus avoiding fatigue fracture wear [26].

The schematic abrasion mechanism and the abrasive penetration effect are clearly shown in Fig. 9. Since the crossed-lamellar structure is composed of tiny fibers [27,28], it is easily damaged during wear. Furthermore, the lamellae are parallel to each other [29], which leads to the formation of the regular fracture and plough in some areas, and thus makes it to be worn severely (Fig. 9a).
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Figure 9: Schematic diagrams showing the abrasion mechanisms in crossed-lamellar (a), prismatic (b), sheet nacre (c), columnar nacre (d), and foliated structure (e). Notes that the red line represents the worn area

The prismatic structure is the most important feature of the H. cumingii’s exterior. The prismatic units consist of large and long calcite that are surrounded by thick organic walls, and they are perpendicular to the shell faces [30,31]. The organic envelope lubricated the friction interface and the large and long prismatic aragonite protects the friction surface, which promotes the formation of only a few ploughs and micro-cutting wear in this layered structure [23]. Therefore, the prismatic structure shows particular resistance to wear (Fig. 9b).

The platelets in columnar nacres are arranged in columns with well-defined cores, and they have a quasi-periodic structure [32,33]. In this way, the interfaces of the edge faces of the platelets are more easily to be cracked. In contrast, the sheet nacre has a more random staggered arrangement with no well-defined overlap and core regions [34]. Although the interfaces of the edge faces of the upper platelets are cracked, the platelets under the interfaces can effectively resist further cracking. The regular arrangement of columnar nacre suffers a more significant effect of contact pressure, which makes a larger deformation. Therefore, the likelihood of friction and wear in sheet nacre is lower than that in columnar nacre.

The foliated structure is composed of blade-like elongated parallel crystals of calcite (lamellae) that are coalesced laterally to form flakes (folia) with arrow-point [35]. Because the foliated structure is composed of blade-like slats that are extremely thin, the structure is particularly susceptible to fracture wear and even more severe failure (Fig. 9e). Therefore, the foliated structure exhibits the worst tribological behavior.

To summarize, although the hardness of the prismatic is not large, it presents the best resistance to friction and wear deformation among the five common types of structures in mollusk shells. In nature, the microstructures and mechanical properties of materials are mainly dominated by their functions. The prismatic layer, as the outer layer in shells, should resist the wear and friction of the water and sand. For this reason, it must present excellent wear and friction resistance to protect the biological shells. In this work, the wear resistance of the microstructures is determined by the organic matrix, arrangement, and basic building block. More specifically, the squeezing action of force and normal load will produce different stress concentrations due to the varied structural arrangement and basic building block in different microstructures, which leads to the difference in anti-wear and wear morphologies. The above research findings provide an essential guideline for the biomimetic fabrication of friction-reduction and anti-wear materials.

4  Conclusion

The friction behaviors of cross-lamellar, prismatic, sheet nacre, columnar nacre, and foliated structures were investigated systematically in the present work. The following conclusions can be drawn:

1.    The cross-lamellar and foliated structures have a severely worn surface with fatigue fracture and plastic deformation, and fracture failure emerges almost on all of the edges in the foliated structure. For nacreous structures, the anti-wear ability of columnar nacre is greater than that of sheet nacre. In sharp contrast, the prismatic structure possesses excellent friction resistance, which explains why the prismatic structure is frequently located on the exterior surface of shells.

2.    Unlike metals, there is no perfect positive correlation between anti-wear capacity and hardness in mollusk shells. The wear resistance properties of different microstructures are closely dependent upon the interactions of the organic matrix, structural arrangement, and basic building block.

As a low-cost renewable resource, mollusk shells have large potential value. Based on the above results, the prismatic structure can be reused in conditions with more wear and friction damage. The nacreous structures can be used in handicrafts and building materials as they have beautiful colors and higher hardness. The foliated structure presents a highly transparent feature, but it has a poor wear and friction resistance. Thus, it is beautiful as handcrafts and ornaments.
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