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Abstract

:

Recently, instrumental nanoindentation has been widely applied to detect time-dependent plastic deformation or creep behavior in numerous materials, particularly thin films and heterogeneous materials. However, deformation mechanism at nanoindentation holding stage has not been well revealed hitherto. In the current work, nanoindentation holding tests with high loads were performed on a brittle LiTaO3 single crystal. The surface morphologies of residual impressions with various holding times were investigated. It was indicated that generation of secondary cracks and propagation of both main and secondary cracks were the dominating mechanism for time-dependent plastic deformation at the initial holding stage, and the density and length of cracks were invariable at the steady-state holding stage, which suggested a nonlocalized plastic deformation beneath the indenter. It could be concluded that time-dependent plastic deformation of brittle ceramic under nanoindentation is composed of instant cracking as the continuation of loading sequence and homogeneous creep flow by high shear-compression stress at room temperature.
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1. Introduction


Creep is classically defined as a time-dependent plastic deformation, which is occurred during elastic holding and facilitated by high temperature [1]. Creep resistance is essentially important to engineering materials which bear long-term elastic stress and high-temperature structures with active atomic mobility. Over the last century, evaluation of creep behavior has been on the cutting edge of mechanical characterization from both engineering requirement and scientific interests [2,3]. The testing requirements of conventional creep measurement (according to ASTM standards) are rigorous [4]. The large standard size of specimen and long-time (thousands of hours) duration are necessary. This greatly hinders the exploration of creep behavior and mechanism in those brittle, small-sized and heterogeneous materials. In view of limitations of conventional uniaxial holding test, nanoindentaton technology has been widely used to detect creep deformation at the nano/micro scales in recent years [5,6,7,8,9]. Due to its ultrahigh testing accuracy, it is much more time-saving to obtain creep flow by nanoindentation than conventional methods. Furthermore, the effects of loading rate, indentation length scale and holding strain on creep behavior could be conveniently investigated relying on instrumental nanoindentation. Particularly, nanoindentation creep measurement has been performed in thin films and nanopillars [10,11,12,13], and creep features of the new-structure materials such as nanocrystalline alloys, metallic glasses and high-entropy alloys, etc. were revealed [14,15,16,17,18,19].



To weaken thermal drift influence on the mechanical response, nanoindentation load-holding tests were commonly conducted at room temperature. At the onset of the nanoindentation holding stage, plastic deformation was generally occurred particularly by adopting Berkovich indenter. In this scenario, the mechanism of time-dependent plastic deformation under nanoindentation could be much different to that of the thermally activated creep flow by conventional method. To the authors’ best knowledge, the nanoindentation creep mechanism was not well revealed and merely qualitatively discussed from the viewpoint of high-temperature creep [3]. It is much more difficult to directly observe the changes of plastic morphology during holding stage at the microscale by either in-situ or ex-situ detections. Provided that creep flow occurs at the plastic zone suffered maximum shear stress beneath indenter, the cross-section of residual impression needs to be probed by scanning electron microscope (SEM) or transmission electron microscopy (TEM). In the meanwhile, new structure damage could be induced by focused ion beam (FIB) cutting, which would greatly disturb the acquisition of creep mechanisms. Furthermore, the plastic mechanisms, i.e., dislocations, twins and microcracks could stochastically appear due to the nonuniform distribution of defects at the nano- or microscale [20]. As a consequence, the change of plastic morphology induced by creep deformation could be very difficult to discern at different locations.



Lithium tantalite (LiTaO3) has been extensively used in the functional devices like laser, communication, acoustic fields as an excellent piezoelectric material [21]. In order to obtain better functional performance, smooth surface and ultrathin thickness of LiTaO3 wafer are required. Due to its soft-brittle nature, catastrophic fracture of LiTaO3 is always occurred during precise machining [22,23]. As the surface of LiTaO3 wafer suffers long-term point-contact deformation during grinding and polishing, nanoindentation exploration has attracted lots of attentions on revealing the mechanical properties and deformation features of LiTaO3 at the microscale [24,25,26,27]. In the authors’ previous work, room-temperature creep deformation was reported in this high-melting-point ceramic [28,29], and cracking is the dominating deformation mode under high-load nanoindentation for brittle solids, which could be directly detected from the surface morphology of residual impression. Relying on nanoindentation technology, researchers investigated the fracture features and estimated the fracture toughness in a lot of brittle ceramics and their composites [30,31,32]. In this work, we intend to unfold the mechanism of time-dependent plastic deformation in brittle ceramic via the evolution of surface cracks after holding stage. The deformation features at different creep stages, i.e., instantaneous and steady-state segments were studied according to the changes of size and density of cracks. Furthermore, grid nanoindentations were performed to eliminate the local occasionality of crack morphology for each holding condition.




2. Materials and Methods


A LiTaO3 single crystal belongs to the trigonal R3c space group with ion bonding structure and is commonly depicted by a hexagonal axis. Figure 1a shows the schematic illustration of the atomic arrangement of a LiTaO3 single crystal and the typical orientation (  1 ¯  102) also known as X-112° plane. The slip system perpendicular to X-112° plane was exhibited in Figure 1b. Prior to nanoindentation, the X-112° plane was carefully polished to a mirror surface, of which roughness Ra was lower than 1 nm. Diamond abrasive at the average size of 2 um (8000#) and polyurethane polish pad were adopted on the Nanopoli-100. After 45-min polishing, LiTaO3 samples were carefully cleaned in the anhydrous alcohol by ultrasonic cleaning [33]. Top view of surface morphology was observed by an optical 3D surface profilometer (Talysurf i-Series) on the area of 500 × 500 μm2 as exhibited in Figure 2, by which the surface roughness Ra could be measured.



Nanoindentation load-holding tests were performed on Agilent Nano Indenter G200 at ambient temperature of 23 °C by air condition. A spherical tip with nominal radius of 5 μm was adopted to study the crack evolution during nanoindentation holding. The effective spherical tip radius was obtained as 2.95 μm by calibrating on the standard fused silica. The loading rate and peak load were fixed to 2 mN/s and 150 mN, respectively. Under the current testing conditions, both the residual impression and crack feature at the beginning of duration could be clearly captured by scanning electron microscope (SEM). Four individual holding segments at peak load were adopted to investigate the time-dependent plastic deformation under nanoindentation, which were ranged from 0 to 1500 s (0, 250, 500 and 1500 s). It should be pointed that nanoindentation holding test was performed individually, rather than cyclic loading at the same location. Sixteen independent measurements (a 4 × 4 matrix with 50 μm interval between two adjacent locations) were conducted for each case. All the holding tests were launched until thermal drift reduced to 0.03 nm/s. Meanwhile, thermal drift (n, generally within the range from −0.05 and +0.05) correction which was calibrated at 10% of the maximum load during the unloading process was strictly performed for each test. The reduced nanoindentation displacement could be obtained by h-t × n. The morphologies of all the residual impressions were observed by SEM (sigma hv-01-43). All the sixteen residual impressions at each holding condition were carefully detected, and the count and size of cracks were recorded.




3. Results and Discussion


Figure 3a exhibits the representative load versus displacement (P-h) curves for the holding tests with different durations. Clearly, the permanent deformation continuously appeared at the holding stage, and the time-dependent plastic deformation was more pronounced with increasing holding time. The P-h curves exhibited a well repeatability for each holding time. Figure 3b–d show the representative pressed displacements or creep curves at the three holding stages, which were plotted as a function of holding time. The time-dependent plastic deformation exhibited a typical feature of nanoindentation creep flow, in which displacement was quickly increased at the beginning and then turned to be slowly and almost linearly increased with holding time, and the nanoindentation deformation during holding stage exhibited a well repeatability that the typical creep flows were almost overlapped for each case as shown in Figure S1 of Supplementary Material. The creep curves can be well fitted (R2 > 0.99) by an empirical law [34]:


h(t) = h0 + a(t − t0)b + kt



(1)




where h0, t0 are the displacement and time at the beginning of holding stage, a, b, k are the fitting constants. Based on the creep fitting lines, the nanoindentation strain rates of time-dependent plastic deformation under spherical tip were estimated by    ε ˙  =  1   A      d  A    d t     where A is the contact area, equal to 2πRhc. R is the tip radius, the contact depth hc could be deduced as hc = h − ε × P/S, where h is the recorded indenter displacement, ε = 0.75 for a spherical tip, S is the contact stiffness [35]. It should be mentioned that the contact stiffness is almost linearly increased with pressed depth. In the current work, the displacement enhancement during holding stage could be less than 10% of the initial holding depth. Hence we simply adopted the stiffness at the unloading segment for each test to estimate the strain rate during the whole duration. The strain rates during holding stage were plotted as a function of holding time and also shown in Figure 3b–d. At the very beginning of the holding stage, the strain rate could be approached to the order of magnitude of 10−3 s−1 (the difference of strain rate among the three holding stages was due to the imperfection of the fitting lines at the initial 1~2 s) and then decreased to abut 1 × 10−4 s−1 as holding time increased to about 50~100 s. At the ending of each holding stage, the average strain rates were about 1.8 × 10−5, 1.45 × 10−5 and 1.15 × 10−5 s−1 for the 250, 500 and 1500 s holdings, respectively. This means the time-dependent plastic deformation turned into the steady state from the 250 holding as the strain rate was very slowly changed. The strain rate at the onset of holding stage could be obtained by     ε ˙  i  =   P ˙   2 P     (   P ˙  =   d P   d t   =   d A H   d t   =   2 H A    A      d  A    d t   = 2 P  ε ˙   , H is hardness) [36], where   P ˙   was the constant loading rate equal to 2 mN/s and P was the peak load 150 mN. Thus the strain rate of initial time-dependent plastic deformation was comparable to that (0.0067 s−1) of loading sequence.



The increased displacements Δh at the end of holding stage were recorded for each measurement, the mean values were 20, 33.5 and 56.6 nm for the 250, 500 and 1500 s holdings, respectively. The mean contact radii at the peak load could be obtained by   a =   2 π R  h c      in which    h c    is the contact depth equal to   h − 0.75  P S   , P is the peak load and S is the contact stiffness. As shown in Figure 4a, the mean contact radii were 1.92, 1.95, 1.97 and 2 μm for instantaneous loading and three holding stages. Accordingly, the increased contact radius after holding stage could be estimated by   ∆ a = a −  a 0   , as exhibited in Figure 4b.



Figure 5 shows the typical surface morphologies of residual impressions at different holding times by SEM. Clearly, the microcrack was the dominating deformation manner of LiTaO3 under spherical nanoindentation. The radii of residual impressions were carefully measured for all the tests as also exhibited in Figure 4a. In compared to contact radius at peak load, the residual radius was evidently smaller due to the elastic recovery after unloading. Obviously, residual radius was enlarged with holding time, which substantially confirmed the occurrence of time-dependent plastic deformation under nanoindentation. Furthermore, the enlarged values of both contact and residual radii were very close for each holding stage, as exhibited in Figure 4b.



From the SEM images, it could be seen that symmetric cracks of several micrometers in length appeared along four directions with an angle of 90 degrees, as indicated by white arrows in Figure 5a. Here, we defined these primary cracks as the main crack. According to the slip system perpendicular to X-112° in Figure 1b, the (  1 ¯  120) and (0001) might be the slip planes during nanoindentation deformation. Besides, several tiny cracks could also be observed, of which orientations were disordered as indicated by yellow arrows. The four main cracks appeared in all the residual impressions, thus its total count was constant. As exhibited in Figure 6a, the total count of secondary cracks in sixteen tests was dramatically increased from 27 to 40 after 250 s holding, and then secondary cracks were slowly increased from 40 to 47 by increasing holding time to 1500 s. Figure 6b shows the mean lengths of main and secondary cracks, which were both increased about 100 nm after 250 s holding and nearly invariable by further increasing holding time. In addition, mean lengths of the main cracks along four orientations were summarized in Figure 7. All the main cracks followed a similar variation trend with increasing holding time as shown in Figure 6b, which further illustrated a uniform extension of cracks during holding stages. According to statistical results in Figure 6, the main mechanisms of time-dependent plastic deformation in LiTaO3 on the three holding stages could be qualitatively unfolded, relying on the length evolution of pre-existing main cracks and generation of new secondary cracks.



For the initial holding stage (0~250 s), the total count of secondary cracks quickly increased from 27 to 40 in a total of sixteen tests. Meanwhile, the mean lengths of both main and secondary cracks were enlarged ~100 nm simultaneously, which held at approximately 3.15 and 1.25 μm, respectively. We can conclude that the initial time-dependent plastic deformation was induced by both generation of secondary cracks and elongation of main and secondary cracks. Consequently, deformation strain rate at this stage was evidently higher than the subsequent stage and comparable to the strain rate at instant deformation at the same load. The deformation manner and strain rate at initial holding stage could even be regarded as the continuation of loading sequence by stress overshoot [37].



As related to deformation behavior on the second holding stage, i.e., 250~500 s, the displacement was almost linearly increased with holding time, which represented a typical steady-state creep flow. In this holding stage, the strain rate was gradually decreased from about 3 × 10−5 to 1 × 10−5 s−1, as indicated in Figure 3. However, plastic deformation on this stage could not be negligible given that both contact and residual radii were evidently increased as exhibited in Figure 4b. In this case, the localized crack evolution was greatly depressed whilst still discernable that five secondary cracks were increased at the end of 500 s holding and the mean length of main cracks were weakly increased. In view of the total sixteen measurements, such low increase of secondary cracks could be insignificant and even attributed to the testing error by detecting at different regions. It should be pointed that the main cracks were clearly extended during this stage from results in Figure 6b and Figure 7. Accordingly, we conceived that this stage could be the interim period, in which the local cracking deformation was depressed or even disappeared and homogeneous creep flow were occurred.



For the time-dependent deformation on third holding stage (500~1500 s), its strain rate was slowly reduced to less than 2 × 10−5 s−1, and the slow increase of residual radius also confirmed the sluggish plastic deformation in this stage. Obviously, the count and length of main and secondary cracks were invariable on the whole stage. In this scene, the time-dependent plastic deformation could be drove by homogeneous creep flow, notwithstanding its mechanism should be distinct to high-temperature creep deformation. The nanoindentaiton strain rate could be transformed to uniaxial strain rate empirically by    ε u  = 0.09  ε I    [38]. Thus the equivalent strain rate at this stage was at the magnitude of 1 × 10−6 s−1 order. From the perspective of deformation kinetics, plastic deformation under such low strain rate was already beyond the scope of quasistatic deformation, and entirely met the requirement of creep deformation. In comparison, the herein local creep strain rate under high shear stress were within the strain rate ranges by macroscopical creep tests, i.e., bending, compressure and tension at high temperature and low stress. In Duong’s report, the steady-state creep strain rate of a single crystal calcium oxide was in the range approximately from 10−7 to 10−5 s−1 at 1350 °C under low stress (5~15 MPa) [39]. Lee studied the creep flow of alumina and silicon nitride at 1000 °C, the creep strain rates increased from 10−6 to 10−4 s−1 by enhancing the applied stress from 20 to 100 MPa [40]. In Jing’s work, the creep strain rate changed from 10−8 to 10−5 s−1 for SiC/SiC composites by increasing holding stress [41]. For the single crystal LiTaO3, of which melting point was higher than 1600 °C, its room-temperature creep deformation or homogeneous plastic flow was rarely studied, as well as its high-temperature creep behavior. The occurrence of creep deformation and its mechanism should be discussed.



At the onset of the holding stage, the peak load (150 mN) had already exceeded the nanoindentation yielding point of LiTaO3 single crystal [27]. The plastic region suffered high shear-compression stress beneath spherical tip, which was considerable. A “quasiplastic” deformation could be assumed under nanoindentation due to the nonuniform stress and constraint effect by elastic surroundings even for brittle materials [42]. Accordingly, catastrophic cracking was unable to immediately occur in LiTaO3 even though the deformation strain exceeded its elastic limit by nanoindentation. Therefore, the present main cracks along symmetrical directions were induced by high-stress squeezing and the disordered secondary cracks were formed from the twinning deformation at those “fertile” places with defects [43]. In compared to conventional creep test by uniaxial elastic holding, the stress and strain herein were much higher and structure state was severely agitated beneath the spherical indenter. Notwithstanding that holding tests were performed at room temperature, the high stress and severely plastic deformation at the onset of holding stage could facilitate the occurrence of creep mechanisms such as dislocation and grain boundary climb/glide (atomic diffusion was not considered at room temperature) [3]. As the maximum stress appeared right below (~a/2) the indenter, the time-dependent plastic deformation at the steady-state stage was expected to occur beneath indenter. Thus the little change of cracks morphology on the surface as holding time increased from 250 to 1500 s could be understandable.



In brief, the deformation mechanisms herein during the holding stage could be generally determined as crack evolution at transient stage and homogeneous creep flow at the steady-state stage, respectively. In the interim, segment between the two stages, crack extension and creep flow could occur simultaneously. It should be noted that the crack-dominated holding stage was transient and could be expected approximate 0~100 s, based on the change of strain rate at holding stage. Besides, the critical point for the pure creep deformation could be much earlier than 500 s. According to the changes of strain rate and deformation morphology, the mechanisms of time-dependent plastic deformation could be qualitatively discerned, while the specific transition time for different deformation manners was difficult to trace. Basically, the transition of deformation mode would largely rely on the testing conditions, e.g., crack-dominated deformation segment could be increased by increasing the applied stress or strain and strain rate of the loading sequence. For the homogeneous creep flow in brittle LiTaO3 single crystal, it was rarely studied and its mechanism was unknown under both uniaxial and nanoindentation holdings. In comparison to metals and alloys, it requires much more experiments and simulations in future to reveal the creep behavior and mechanism of LiTaO3, and we simply discussed the room-temperature creep deformation in LiTaO3 from the view of creep mechanisms of alloys. In the current work, we reported that the transient stage of time-dependent plastic deformation was crack-dominated rather than homogeneous creep flow in brittle ceramic, for the first time. It is promising that localized plastic deformation could play an important role at the nanoindentation holding stage for other materials provided holding time is limited. Importantly, it suggests that the determinations of creep behavior including creep strain and strain rate sensitivity by nanoindentation could be misleading at short duration.




4. Conclusions


In summary, the time-dependent plastic deformation of a LiTaO3 single crystal was investigated relying on a nanoindentation constant load-holding method. The permanent plastic deformation clearly occurred whilst its strain rate was precipitously reduced with increasing holding time. The density and length of cracks around the residual impression were evidently increased after 250 s holding. By further extending holding time, the morphology of surface cracks was rarely changed. Two distinct deformation mechanisms were informed for the time-dependent plastic deformation in this brittle ceramic under high shear-compression stress. At the beginning of the holding stage, generation of secondary cracks and propagation of both main and secondary cracks were the dominating deformation manners, which was consistent to high strain rate of this stage. At the steady-state segment of holding stage, of which strain rate was approximately lower than 10−5 s−1 and very slowly changed with holding time, the time-dependent plastic deformation could be ascribed to homogeneous creep flow which occurred in the severely plastic region beneath indenter. Furthermore, there existed an interim stage between the local cracking and homogeneous creep deformations, where there was deformation by cracking extension and creep flow simultaneously.








Supplementary Materials


The following are available online at https://www.mdpi.com/2072-666X/11/9/878/s1, Figure S1: (a) Typical P-h curves of load-holding tests with various duration and the time-dependent plastic deformations were plotted as a function of holding time (b) 250 s, (c) 500 s and (d) 1500 s.





Author Contributions


Data curation, S.Z.; formal analysis, X.H.; funding acquisition, C.L.; project administration, Y.L. and T.Z.; validation, Y.M. All authors have read and agreed to the published version of the manuscript.




Funding


The support from National Natural Science Foundation of China (11727803, 11672356 and C102017310) are gratefully acknowledged.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nabarro, F.R.N.; De Villiers, F. Physics of Creep and Creep-Resistant Alloys; CRC Press: Boca Raton, FL, USA, 2018. [Google Scholar]

	



Cannon, W.R.; Langdon, T.G. Creep of ceramics. J. Mater. Sci. 1983, 18, 1–50. [Google Scholar] [CrossRef]

	



Li, W.B.; Henshall, J.L.; Hooper, R.M. The mechanisms of indentation creep. Acta Metall. Mater. 1991, 39, 3099–3110. [Google Scholar] [CrossRef]

	



He, J.Z.; Wang, G.Z.; Tu, S.T.; Xuan, F.Z. Effect of constraint on creep crack initiation time in test specimens in ASTM-E1457 standard. Eng. Fract. Mech. 2017, 176, 61–73. [Google Scholar] [CrossRef]

	



Ginder, R.S.; Nix, W.D.; Pharr, G.M. A simple model for indentation creep. J. Mech. Phys. Solids 2018, 112, 552–562. [Google Scholar] [CrossRef]

	



Gao, Z.L.; Song, Y.X.; Pan, Z.X.; Chen, J.; Ma, Y. Nanoindentation investigation on the creep behavior of P92 steel weld joint after creep-fatigue loading. Int. J. Fatigue 2020, 134, 105506. [Google Scholar] [CrossRef]

	



Choi, I.C.; Yoo, B.G.; Kim, Y.J.; Jang, J.-I. Indentation creep revisited. J. Mater. Res. 2012, 27, 3–11. [Google Scholar] [CrossRef]

	



Li, H.; Ngan, A.H.W. Size effects of nanoindentation creep. J. Mater. Res. 2004, 19, 513–522. [Google Scholar] [CrossRef]

	



Peng, G.; Xu, F.; Chen, J.; Hu, Y.; Wang, H.; Zhang, T. A cost-effective voice coil motor-based portable micro-indentation device for in situ testing. Measurement 2020, 165, 108105. [Google Scholar] [CrossRef]

	



Ma, Y.; Peng, G.J.; Feng, Y.H.; Zhang, T.H. Nanoindentation investigation on creep behavior of amorphous CuZrAl/nanocrystalline Cu nanolaminates. J. Non-Cryst. Solids 2017, 465, 8–16. [Google Scholar] [CrossRef]

	



Zhang, T.H.; Ye, J.H.; Feng, Y.H.; Ma, J. On the spherical nanoindentation creep of metallic glassy thin films at room temperature. Mater. Sci. Eng. A 2017, 685, 294–299. [Google Scholar] [CrossRef]

	



Ma, Y.; Peng, G.J.; Feng, Y.H.; Zang, T.H. Nanoindentation investigation on the creep mechanism in metallic glassy films. Mater. Sci. Eng. A 2016, 651, 548–555. [Google Scholar] [CrossRef]

	



Yoo, B.G.; Kim, J.Y.; Kim, Y.J.; Choi, I.-C.; Shim, S.; Tsui, T.Y.; Bei, H.; Ramamurty, U.; Jang, J.-I. Increased time-dependent room temperature plasticity in metallic glass nanopillars and its size-dependency. Int. J. Plast. 2012, 37, 108–118. [Google Scholar] [CrossRef]

	



Yu, L.; Xu, X.-Q.; Lu, C.-D.; Zhang, T.-H.; Ma, Y. Investigation on the microstructural and mechanical properties of a Polytetrafluoroethylene thin film by radio frequency magnetron sputtering. Thin Solid Films 2020, 712, 138302. [Google Scholar] [CrossRef]

	



Zhang, K.; Weertman, J.R.; Eastman, J.A. The influence of time, temperature, and grain size on indentation creep in high purity nanocrystalline and ultrafine grain copper. Appl. Phys. Lett. 2004, 85, 5197–5199. [Google Scholar] [CrossRef]

	



Song, X.; Huang, X.W.; Gao, Z.L.; Li, X.Q.; Ma, Y. Nanoindentation creep behavior of RPV’s weld joint at room temperature. Mech. Time-Depend. Mater. 2019. [Google Scholar] [CrossRef]

	



Yoo, B.G.; Oh, J.H.; Kim, Y.J.; Park, K.-W.; Lee, J.-C.; Jang, J.-I. Nanoindentation analysis of time-dependent deformation in as-cast and annealed Cu–Zr bulk metallic glass. Intermetallics 2010, 18, 1898–1901. [Google Scholar] [CrossRef]

	



Ma, Y.; Feng, Y.H.; Debela, T.T.; Peng, G.J.; Zhang, T.H. Nanoindentation study on the creep characteristics of high-entropy alloy films: Fcc versus bcc structures. Int. J. Refract. Met. Hard Mater. 2016, 54, 395–400. [Google Scholar] [CrossRef]

	



Ma, Y.; Peng, G.J.; Wen, D.H.; Zhang, T.H. Nanoindentation creep behavior in a CoCrFeCuNi high-entropy alloy film with two different structure states. Mater. Sci. Eng. A 2015, 621, 111–117. [Google Scholar] [CrossRef]

	



Ma, Y.; Huang, X.W.; Hang, W.; Liu, M. Nanoindentation size effect on stochastic behavior of incipient plasticity in a LiTaO3 single crystal. Eng. Fract. Mech. 2020, 226, 106877. [Google Scholar] [CrossRef]

	



Smith, R.T.; Welsh, F.S. Temperature dependence of the elastic, piezoelectric, and dielectric constants of lithium tantalate and lithium niobite. J. Appl. Phys. 1971, 42, 2219–2230. [Google Scholar] [CrossRef]

	



Hang, W.; Zhou, L.; Shimizu, J.; Yuan, J.-L.; Yamamoto, T. Study on the mechanical properties of lithium tantalate and the influence on its machinability. Int. J. Autom. Technol. 2013, 7, 645. [Google Scholar] [CrossRef]

	



Beri, H.; Ling, Y.; Liu, M.; Hang, W.; Yuan, J. Effect of rotational speed ratio between platen and work piece on lapping processes. Mach. Sci. Technol. 2020. [Google Scholar] [CrossRef]

	



Gruber, M.; Leitner, A.; Kiener, D.; Supancic, P.; Bemejo, R. Incipient plasticity and surface damage in LiTaO3 and LiNbO3 single crystals. Mater. Design 2018, 153, 221–231. [Google Scholar] [CrossRef]

	



Gruber, M.; Kraleva, I.; Supancic, P.; Bielen, J.; Kiener, D.; Bermejo, R. Strength distribution and fracture analyses of LiNbO3 and LiTaO3 single crystals under biaxial loading. J. Eur. Ceram. Soc. 2017, 37, 4397–4406. [Google Scholar] [CrossRef]

	



Ma, Y.; Huang, X.; Hang, W.; Liu, M.; Yuan, J.-L.; Zhang, T.-H. On the delayed incipient plastic deformation in a LiTaO3 single crystal by nanoindentation. J. Phys. D Appl. Phys. 2020, 53, 185303. [Google Scholar] [CrossRef]

	



Ma, Y.; Huang, X.; Song, Y.; Hang, W.; Yuan, J.; Zhang, T. Orientation-independent yield stress and activation volume of dislocation nucleation in LiTaO3 single crystal by nanoindentation. Materials 2019, 12, 2799. [Google Scholar] [CrossRef] [PubMed]

	



Ma, Y.; Huang, X.; Song, Y.; Hang, W.; Zhang, T. Room-temperature creep behavior and activation volume of dislocation nucleation in a LiTaO3 single crystal by nanoindentation. Materials 2019, 12, 1683. [Google Scholar] [CrossRef]

	



Hang, W.; Huang, X.W.; Liu, M.; Ma, Y. On the room-temperature creep behavior and its correlation with length scale of a LiTaO3 single crystal by spherical nanoindentation. Materials 2019, 12, 4213. [Google Scholar] [CrossRef]

	



Lopez, A.J.; Rico, A.J.; Rodriguez, J.R. Tough ceramic coatings: Carbon nanotube reinforced silica sol–gel. Appl. Surf. Sci. 2010, 256, 6375–6384. [Google Scholar] [CrossRef]

	



Wang, M.; Wang, D.; Hopfeld, M.; Grieseler, R.; Rossberg, D.; Schaaf, P. Nanoindentation of nano-al/si3n4 multilayers with vickers and brinell indenters. J. Eur. Ceram. Soc. 2013, 33, 2355–2358. [Google Scholar] [CrossRef]

	



Kothari, A.K.; Hu, S.; Xia, Z.; Konca, E.; Sheldon, B.W. Enhanced fracture toughness in carbon-nanotube-reinforced amorphous silicon nitride nanocomposite coatings. Acta Mater. 2012, 60, 3333–3339. [Google Scholar] [CrossRef]

	



Zeng, X.; An, Y.; Li, Z.; Ji, R.-Q.; Gao, Z.-H.; Zhu, W.; Ji, S.-M. Deformation characteristics of aramid fiber–reinforced pneumatic wheel and machining analysis. Int. J. Adv. Manuf. Technol. 2020, 110, 581–591. [Google Scholar] [CrossRef]

	



Choi, I.C.; Zhao, Y.; Kim, Y.J.; Yoo, B.G.; Suh, J.Y.; Ramamurty, U.; Jang, J.-I. Indentation size effect and shear transformation zone size in a bulk metallic glass in two different structural states. Acta Mater. 2012, 60, 6862–6868. [Google Scholar] [CrossRef]

	



Johnson, K.L. Contact Mechanics; Cambridge University Press: Cambridge, UK, 1987. [Google Scholar]

	



Pan, D.; Inoue, A.; Sakurai, T.; Chen, M.W. Experimental characterization of shear transformation zones for plastic flow of bulk metallic glasses. Proc. Natl. Acad. Sci. USA 2008, 105, 14769–14772. [Google Scholar] [CrossRef] [PubMed]

	



Kawamura, Y.; Shibata, T.; Inoue, A.; Masumoto, T. Stress overshoot in stress-strain curves of Zr65Al10Ni10Cu15 metallic glass. Mater. Trans. JIM 1999, 40, 335–342. [Google Scholar] [CrossRef]

	



Poisl, W.H.; Oliver, W.C.; Fabes, B.D. The relationship between indentation and uniaxial creep in amorphous selenium. J. Mater. Res. 1995, 10, 2024–2032. [Google Scholar] [CrossRef]

	



Duong, H.; Wolfenstine, J. Low-stress creep of single-crystalline calcium oxide. J. Am. Ceram. Soc. 2010, 74, 2697–2699. [Google Scholar] [CrossRef]

	



Lee, D.J. Estimating tensile creep rate of ceramics from flexure data. J. Eur. Ceram. Soc. 1996, 16, 1377–1383. [Google Scholar] [CrossRef]

	



Jing, X.; Yang, X.; Shi, D.; Niu, H. Tensile creep behavior of three-dimensional four-step braided SiC/SiC composite at elevated temperature. Ceram. Int. 2017, 43, 6721–6729. [Google Scholar] [CrossRef]

	



Lawn, B.R. Indentation of ceramics with spheres: A century after Hertz. J. Am. Ceram. Soc. 1998, 81, 1977–1994. [Google Scholar] [CrossRef]

	



Zhang, Y.; Zhou, Y.; Jia, D.; Meng, Q. Non-180° domains formation mechanism in LiTaO3 grains of an Al2O3/LiTaO3 composite. Ceram. Int. 2009, 35, 949–952. [Google Scholar] [CrossRef]








[image: Micromachines 11 00878 g001 550] 





Figure 1. (a) Schematic illustration of atomic arrangements of LiTaO3 single crystal, the X-112° plane (  1 ¯  102) is depicted. (b) Slip system perpendicular to the X-112° plane. 






Figure 1. (a) Schematic illustration of atomic arrangements of LiTaO3 single crystal, the X-112° plane (  1 ¯  102) is depicted. (b) Slip system perpendicular to the X-112° plane.



[image: Micromachines 11 00878 g001]







[image: Micromachines 11 00878 g002 550] 





Figure 2. Top view of the surface morphology after precise polishing process. 
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Figure 3. (a) Typical P-h curves of load-holding tests with various duration and the time-dependent plastic deformations were plotted as a function of holding time (b) 250 s, (c) 500 s and (d) 1500 s. An empirical law was adopted to fit the creep curves and the corresponding strain rate could be deduced. Both creep fitting line and strain rate were plotted as a function of holding time. 
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Figure 4. (a) The residual radii measured from scanning electron microscope (SEM) observation and the contact radii at the end of holding stage, which were plotted with holding time. (b) The increased values of contact and residual radii after holding stage. 
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Figure 5. The surface morphologies of residual nanoindentation impressions by SEM observation on the samples at the holding stages of (a) 0 s, (b) 250 s, (c) 500 s and (d) 1500 s. 
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Figure 6. (a) Total count of secondary cracks; (b) mean lengths of the main and secondary cracks under different holding conditions. 
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Figure 7. The correlation between main crack length and holding time along the four directions. 
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