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ABSTRACT: The collective mechanical behavior of multilayer colloidal arrays of hollow silica nanoparticles (HSNP) is explored under spherical nanoindentation through a combination of experimental, numerical, and theoretical approaches. The effective indentation modulus Eind is found to decrease with an increasing number of layers in a nonlinear manner. The indentation force versus penetration depth behavior for multilayer hollow particle arrays is predicted by an approximate analytical model based on the spring stiffness of the individual particles and the multipoint, multiparticle interactions as well as force transmission between the layers. The model is in good agreement with experiments and with detailed finite element simulations. The ability to tune the effective indentation modulus, Eind, of the multilayer arrays by manipulating particle geometry and layering is revealed through the model, where Eind = (0.725m−3/2 + 0.275)Emon and Emon is the monolayer modulus and m is number of layers. Eind is seen to plateau with increasing m to Eind_plateau = 0.275Emon and Emon scales with (t/R)2, t being the particle shell thickness and R being the particle radius. The scaling law governing the nonlinear decrease in indentation modulus with an increase in layer number (Eind scaling with m−3/2) is found to be similar to that governing the indentation modulus of thin solid films Eind_solid on a stiff substrate (where Eind_solid scales with h‑1.4 and also decreases until reaching a plateau value) which also decreases with an increase in film thickness h. However, the mechanisms underlying this trend for the colloidal array are clearly different, where discrete particle-to-particle interactions govern the colloidal array behavior in contrast to the substrate constraint on deformation, which governs the thickness dependence of the continuous thin film indentation modulus.



■



INTRODUCTION With the development of various deposition and self-assembly techniques,1,2 colloidal nanoparticles (NPs) have emerged as ideal building blocks for the fabrication of functional nanostructures and nanocomposites. These NPs self-assemble into controlled architectures such as ordered 2D monolayers3,4 and 3D multilayers of NP arrays5,6 as well as 3D colloidal NP crystals7−9 under specified conditions. In recent years, such large self-assembled ordered 2D and 3D arrays of colloidal NPs have attracted intense attention due to their tailorable mechanical,10−12 photonic,13,14 phononic,15 electronic,16 catalytic,17 and magnetic18 properties, which have various potential applications in drug delivery,19 nanophotonics,20 nanoelectronics and electrochemical sensors,21 catalysis,17 and magnetic storage devices.22 Compared with solid NPs, the unique attributes of hollow NPs, such as low-density and controllable wall thickness and cavity volume, make multifunctional hollow NP-based nanostructures and nanocomposites also promising candidates for mechanical and thermal applications, including lightweight thermal and acoustic insulating coatings, vibration damping devices, and energy absorption devices (impact and blast protection).23 © 2012 American Chemical Society



Recently, the collective mechanical behavior of a monolayer of close-packed hollow silica nanoparticle (HSNP) arrays was explored using nanoindentation,24 which demonstrated a method to measure the stiffness of constituent single NPs as well as a quantitative way to tailor the effective stiffness of HSNP nanostructured monolayer films through tuning particle t/R, with t being the particle shell thickness and R the particle radius. The effective mechanical behavior of colloidal CdSe nanocrystals during nanoindentation has been found to exhibit either a viscoplastic film response or a loosely packed granular response, depending upon the cross-linking treatment of the colloidal arrays.12 Multilayer arrays of discrete hollow NPs offer a new avenue for tailoring mechanical performance where deformation mechanisms of the individual nanoparticles now combine with those introduced due to interlayer particle− particle interactions in multilayer films. Hence, the dependence of the effective indentation modulus or stiffness on the coating thickness (i.e., on the number of layers) for multilayer colloidal Received: January 3, 2012 Revised: March 12, 2012 Published: March 14, 2012 5580
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Figure 1. (a) 2D schematic illustration of the nanoindentation of a trilayer of hexagonally close packed (hcp; ABA layer stacking) HSNPs using a spherical indentor with a tip radius Rd = 10 μm. (b) SEM image of the transition from a monolayer (left) to bilayer region (right). (c) Average experimental normalized F−p curves (solid curves) of nanoindentation on monolayer, bilayer, and trilayer HSNP arrays for particles with R = 243 nm and t = 22 nm (Fmax = 170 μN). (d) Normalized F−p curves for particles with R = 253 nm and t = 44 nm (Fmax = 450 μN). The insets show the fit of a Hertzian contact model to the experimental curves with normalized indentation modulus E̅ = Eind/Emon, with Emon = 0.8 and 1.41 GPa for particles with (R, t) of (243 nm, 22 nm) and (253 nm, 44 nm), respectively. (e) Normalized indentation modulus vs number of layers, m.



constituent particles with t/R = 0.09 (R = 243 nm, t = 22 nm) and relatively thick-shelled particles with t/R = 0.17 (R = 253 nm, t = 44 nm) are investigated, where the standard deviation of the particle diameter and the shell thickness range between 1% and 4% and between 3% and 6%, respectively. The preparation of HSNP films and the description of the nanoindentation experiment are discussed by Yin et al.24 Figure 1c,d shows the averaged experimental indentation force−penetration depth curves (F−p curves) for monolayer, bilayer, and trilayer HSNP arrays composed of particles with (243 nm, 22 nm) and (253 nm, 44 nm), where the indentation force F is normalized by the maximum reaction force Fmax of a monolayer array at a penetration depth p0 = 120 nm. Each solid line was obtained by averaging multiple (approximately 25) nanoindentation test results conducted on different locations for each HSNP array (hence, these data represent results of well over 100 experiments); a small preload (2 μN) is applied to the tip to provide initial contact prior to indentation. Figure 1c,d shows that at any depth p, for both t/R = 0.09 and t/R =



NPs remains to be explored and likely differs from that of thin solid films. To this end, we explore the collective response of multilayer HSNP arrays and the underlying deformation mechanisms during nanoindentation and compare these with that of a monolayer of the same HSNP through a combined experimental, numerical, and theoretical study.



■



RESULTS AND DISCUSSION Experimental Indentation Force−Penetration Depth (F−p) Curves of Multilayer Arrays. The nanoindentation of multilayer HSNP arrays is schematically illustrated in Figure 1a, where the collective mechanical responses of monolayer, bilayer, and trilayer HSNP films are explored via a spherical indentor with a radius of Rd = 10 μm, which is about 40 times larger than the radius R of the constituent HSNPs studied here, where R ∼ 250 nm. A scanning electron microscope (SEM) image (Figure 1b) shows the transition from a monolayer to a bilayer of a hexagonally packed array of HSNPs on a silicon substrate. Two different HSNP arrays of relatively thin-shelled 5581
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Figure 2. The maximum principal stress contours of indented layers of nanoparticle arrays (a) cross-section view of indented monolayer, (b) bilayer, and (c) trilayer at the normalized indentation penetration depth p/R = 0.5. (d) Left column, top view of stress contours of each layer in an hcp trilayer array as p/R increases; right column: side view of typical final deformed topology of a particle in the top, middle, and bottom layer.



followed by the bilayer and then the trilayer, where the indentation load is transmitted to the arrays through multipoint contacts of particles between layers, as shown in the elevated stress regions (yellow spots) of Figure 2b,c. These contours show the deformation mechanisms of the hollow particles and also show the details of stress transmission or “force chain” structures in these finite bi- and trilayer colloidal arrays which have parallels to the force chain structures studied for the case of concentrated loading on granular crystals.25,26 During indentation, as the penetration depth is increased to p/R = 0.5 (i.e., p = 120 nm), the number of interlayer interparticle contacts sequentially increases as a result of the indentor contacting an increasing number of top layer particles with increasing p/R with the concomitant increase in interlayer particle−particle contacts, as shown in the highlighted top-view maximum principal stress contours (Figure 2d). Hence the evolution in the force chain structure with indentation is clearly shown. Under a point contact load, the contacted regions of hollow particles first become flattened and then buckle into a dimple as the contact load increases. During each consecutive contact, a particle in the top layer of a multilayer array is subjected to one point contact with the indentor from the top and three point contacts with the underlying support particles. In addition to the interlayer contact forces, the particles are also subjected to intralayer lateral interactions with neighboring particles. For thin-shelled particles at relatively small penetration depth, the lateral interaction forces are negligible when compared to the out-of-plane contact forces, as can be seen in the nonelevated stress regions of lateral contact locations in Figure 2d. Hence, for top layer particles, a typical heart-shaped deformed configuration (left top corner of Figure 2d) is found with one dimple on the top and three symmetrically distributed dimples at an angle of 60° from the bottom. A particle in the central layer of an hcp trilayer is geometrically in contact with six out-of-layer neighboring particles, three from the top and three from the bottom, where it is first subjected to one interparticle contact force from one top particle (elevated stress region represented by the highlighted color at p/R = 0.17 in the



0.17, the monolayer gives the largest indentation force followed by the bilayer and then the trilayer. By assuming the monolayer or multilayer to be a continuous and homogeneous film, an effective indentation modulus or stiffness of the monolayer and multilayer Emon and Eind can be obtained by fitting the Hertzian contact model to the lower penetration depth region (p/R < 0.3) of the experimental curves. The Hertzian contact model gives the relationship between the indentation force F and penetration depth p as F = 4EindRd1/2p3/2/3(1 − ν2). As shown in the insets of Figure 1c,d, the normalized effective indentation stiffness E̅ ind = Eind/Emon decreases with the increasing number of layers in the same manner for both types of particles, which shows a nonlinear dependence on the number of layers m as shown in Figure 1e. The indentation modulus of these two systems of colloidal arrays showed the same dependency on the number of layers, which suggests an underlying mechanistic scaling with layering for these materials, as investigated next. Insights from Numerical Simulation: Interlayer Particle−Particle Multipoint Contacts. To reveal the underlying mechanics and the quantitative relationship of the indentation force−depth behavior dependence on layering, the indentation process is first modeled using the finite element method (FEM) following the method of Yin et al.24 Owing to the symmetry of the hexagonally packed arrays, a finite element model is constructed considering one-sixth of the structure with symmetrical boundary conditions to capture the symmetry of the colloidal structure and the loading conditions. The bottom layer of particles is taken to be bonded to the substrate to mimic the experimental condition. The indentor−particle interaction is taken to be frictionless, as is the particle−particle interaction. Figures 2a−c show the maximum principal stress contours of deformed HSNP structures for a monolayer, bilayer, and trilayer composed of particles with t/R = 0.09 (t = 22 nm) under the same depth, p0 = 120 nm. For trilayer arrays, there are two different packing methods, i.e., hcp and fcc (face centered cubic; ABC layer stacking). It can be seen that the particles in the monolayer experience the largest deformation, 5582
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Figure 3. The comparison between the simulated (solid lines) and theoretical (symbols) normalized F−p curves of nanoindentation on monolayer, bilayer, trilayer (hcp and fcc), four-layer (hcp with ABAB layer stacking), and five-layer (hcp with ABABA layer stacking) HSNP arrays for two types of particles with (a) R = 243 nm, t = 22 nm, and Fmax = 27.2 μN and (b) R = 253 nm, t = 44 nm, and Fmax = 76 μN. The inset shows the F−p curves for a penetration depth of 80 nm. (c) The comparison of simulated F−p curves for bilayer and trilayer arrays with and without sliding displacement of constituent particles during nanoindentation. A defect is introduced by removal of one particle in the top layer (d) 3D schematic illustration of the force chain structure for hcp and fcc trilayer arrays under a top vertical point load, where the solid circles represent the centroid of hollow particles.



indentation depth increases. For both values of t/R, the respective FEM simulation results show a decreasing effective stiffness with an increase in the number of layers, which is consistent with experimental results. The effect of the lattice packing of the particles, hcp vs fcc, was examined for a trilayer. As shown in Figure 3a, the lattice structure was found to have a negligible effect on the indentation force−depth behavior for trilayer HSNP arrays. However, as the number of layers increase, there is an effect of the lattice structure on the indentation behavior due to the specific details of stress transmission (i.e., the force chain structure) as was also seen in the studies on large granular crystals25 and as shown in Figures 2c and 3d, which will be discussed later. Simplified Analytical Springs-in-Series Model. Insights on the F−p curves for multilayer HSNP arrays can be obtained from the predicted indentation−penetration response of a monolayer. For a monolayer of hollow particles, the total indentation force Fmon is given by the superposition of the resistance force Fi from each contacted particle, and the nonlinear behavior is primarily due to the increasing number of particles in contact as the indentor penetration depth increases (Yin et al.24). For the particle (R, t) pair of (243 nm, 22 nm), at



second row of Figure 2d) and three support forces from the bottom. As indentation depth further increases, the indentor is in sequential contact with three top layer particles, which gives three elevated stress regions for particles in the middle layer (represented by light color at p/R ≥ 0.38 in the middle row of Figure 2d), thus experiencing a typical spindle-shaped final configuration with three dimples at 60° from the top and three at 60° from the bottom (middle row in the right column of Figure 2d). The interlayer interparticle contact condition on the upper region of the bottom layer of particles is similar to that of the middle layer particles (the bottom row of Figure 2d); thus, a particle in the bottom layer exhibits a similar reversed heartlike shape as the top layer but with a flattened bottom due to substrate constraint (right bottom corner of Figure 2d). The two highlighted regions in the equatorial area represent the intralayer contact reaction from the neighboring particles at a large indentation depth (p/R = 0.5), and the resulting deflection is negligible compared to that caused by interlayer reaction force. Parts a and b of Figure 3 show the simulated normalized F−p curves for multilayer HSNP arrays with the number of layers varying from one to five for particles with t/R = 0.09 (243 nm, 22 nm) and t/R = 0.17 (253 nm, 44 nm), where the Young’s modulus E and Poisson’s ratio ν of the silica shell is assumed to be the same (E = 5 GPa, ν = 0.17) for the two types of particles. The nonlinearity of F−p curves results from an increasing number of particles in contact with the indentor and an increasing number of particle−particle contacts as 5583
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the indentation force is small (Yin et al.24) and found to be 0.9% for t/R = 0.09 and 3.5% for t/R = 0.17 and thus shows a negligible effect on the longitudinal stiffness of the layers and is neglected. As discussed above, during each consecutive contact, any particle in the top layer experiences similar indentor and interlayer interparticle contact conditions, and thus the effective spring stiffness kmi can be assumed to be the same value km for each sequential contact. When a particle in the top layer is subjected to one vertical contact force from the indentor, the force transmission chain along a trilayer array is shown in Figure 3d, where the top particle is subjected to three equal simultaneously loaded contact forces angled 60° away from the support particles in the middle layer, as shown in Figure 3d. Similarly, each of the three contacted particles in the middle layer is subjected to one reaction force angled 60° away from the top particle and three support forces from the bottom as well as one in-plane reaction force from neighboring particles (Figure 3d). Consequently, any of the six contacted particles in the outer annuli of the bottom layer is subjected to one reaction force 60° angled away from the particle of the middle layer, and one particle in the center is subjected to three reaction forces angled 60° away from the top three particles. All the particles in the bottom layer are subjected to one vertical reaction force from the substrate (Figure 3d). On the basis of the loading conditions discussed above, the spring stiffness of individual particles along the indentation direction in the top layer, intermediate or sandwiched layer, and bottom layer is readily given by ktop = 3k0 /4, kint = 3k0/4, and kbot = k0/2 (see Supporting Information), respectively. For fcc multilayer arrays, during each consecutive contact with the indentor, the loading condition for the stressed particles in the intermediate layers is different, where the loaded particle is essentially a “two-force member” subjected to one force from the top and one from the bottom at an angle of 35.3° with respect to the vertical. Thus, it gives the spring stiffness in the intermediate layer to be approximately k̅int = k0/2. In addition, the number of stressed particles remains constant throughout the force-chain, which will be discussed later. With the typical stiffness of particles in each layer known, the effective spring stiffness km for the bi- and trilayer arrays can be obtained from the springs-in-series model as follows



p = 50 nm the indentor will contact 19 particles and the total force is given by n = 19



Fmon =



∑



k1αi(p − pi )



i=1



= k1p + 6k1α1[p − 2(R + t /2)2 /R d] + 6k1α2[p − 6(R + t /2)2 /R d] + 6k1α3[p − 8(R + t /2)2 /R d]



(1)



where αi is equal to 1 when the indentor encounters the ith HSNP at a certain penetration depth pi (i.e., p ≥ pi); otherwise, αi = 0 (i.e., p < pi), where pi is the penetration depth at which the indentor encounters the ith HSNP. k1 is defined as the spring stiffness of a whole particle under point force Fi with Fi = k1(p − pi )



(2a)



k k1 = 0 = 2Et 2/R[3(1 − ν 2)]1/2 2



(2b)



where k0 is the spring stiffness of one-half of a thin-shell particle (a hemisphere) under a central point force Fi. Despite the classic thin-shelled particle model of eq 2 being accurate only when t/R < 0.1, eq 2 was also found to provide an excellent estimation for relatively large t/R, t/R = 0.17, with less than 3% error when p/R < 0.3 and less than 10% when 0.3 < p/R < 0.5. The deformation of the majority of particles within the arrays are within small deformation regime (p/R < 0.3) and thus eqs 1 and 2 give an excellent prediction for the particle geometries studied here, as shown in Figure 3a,b. For indentation on multilayer particle arrays, the nonlinearity of F−p curves originates from the sequential contact of the indentor with the increasing number of particles in the top layer as penetration depth increases; the increase in the compliance of the F−p curves with an increase in the number of layers comes from the particle−particle interactions between layers. The interlayer interparticle contact mechanism suggests a simplified springs-in-series model to predict the scaling of the multilayer F−p curves with layering. For multilayer arrays with a number of layers m, the total indentation force Fmult is given by the superposition of the resistance force from each contacted particle in the top layer. Similarly, for particle size with (243 nm, 22 nm), at p = 50 nm the total force is given by



for bilayer



n = 19



Fmult =



∑ i=1



k mi αi(p − pi )



for trilayer (hcp) (3)



=



where kmi is now an effective spring stiffness of contacting a particle in the top layer along the indentation direction during the ith consecutive contact. This effective stiffness reflects the individual stiffness of an isolated top particle as well as influences of the deformation of the underlying layers due to particle−particle interaction between layers, which can be obtained from a springs-in-series model of individual particles in each layer when considering the particles as discrete linear springs. The spring stiffness of an individual particle in the top, middle, and bottom layer is determined by the mechanism by which each particle is loaded during each consecutive contact. For hcp multilayer arrays, generally, each particle in any layer is also subjected to six reaction forces from the intralayer neighboring particles. The ratio of the resulting normal deflection induced by such lateral forces to that caused by



16 3k 0



(4a)



1 1 1 1 = + + k3 k top k int k bot



14 3k 0



for trilayer (fcc) =



1 1 1 10 = + = k2 k top k bot 3k 0



(4b)



1 1 1 1 = + + k3̅ k top k ̅int k bot (4c)



where k2 and k3 are the effective spring stiffness of particles in the longitudinal direction (i.e., along z-direction) in bilayer and trilayer arrays during indentation, respectively. To extend the springs-in-series model to multilayers, more details of the force transmission to the layers at increasing depth must be considered. Details of force−chain transmission between layers are considered as shown in Figure 3d, which 5584
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Figure 4. Comparison between the theoretical model and experiments for particles with radius R = 243 nm and thickness t = 22 nm (a) and R = 253 nm and t = 44 nm (b). (c) Comparison of the effective normalized indentation modulus between the springs-in-series theoretical model, experiments, and FEM simulations for multilayer hollow particle arrays with m layers.



for the hcp multilayer will plateau with increasing m and this plateau value is about 0.14k0, as will be discussed later. Validation of the Analytical Model with FEM and Experiments. A comparison with FEM simulation shows that for a relatively modest penetration depth (p/R ≤ 0.3, which for our particular particles corresponds to p ≤ 80 nm), the spring model shows good agreement for multilayer particle arrays with t/R = 0.09 (Figure 3a) and t/R = 0.17 (Figure 3b). For a larger p with 0.3 < p/R ≤ 0.5 (i.e., 80 nm < p ≤ 120 nm), the model is consistent with the simulation for the thicker-shelled particles with t/R = 0.17 and shows small deviation with simulation for the thinner-shelled particle with t/R = 0.09 as a result of the linear relationship assumption between F and p in the spring model. The thinner shelled particles are more susceptible to localized bending deformation at smaller indentation depths (i.e., the formation of dimples) and thus give a nonlinear response of F and p beginning at a lower force. Additionally, the proposed analytical model for multilayer arrays is examined and compared with the corresponding experiments. The monolayers for both values of t/R (Figure 4a,b) show good agreement between the theory and experiments. For the bilayer and trilayer arrays, when the penetration depth is small (p ≤ 60 nm, i.e., p/R ≤ 0.25), as shown in the insets of Figure 4a,b, the theory is in good agreement with experiment, indicating that the model captures the underlying deformation mechanisms and the important scaling of the indentation modulus with the number of layers, as will be discussed below. When the penetration depth is increased beyond p/R = 0.25 (p > 60 nm), the indentation force predicted by theory is much larger than that observed in the experiments. Several factors can contribute to the lower experimental indentation force at large penetration depths, including, for example, the following: the relative displacement of particles in the top and middle layer,



shows how force from one layer gets distributed to the layer below. For the fcc multilayer, the number of particles M(m) in the mth layer is M(m) = 3(m − 1) with m ≥ 2. However, the number of stressed particles remains unchanged (at 3, recall Figure 3d) for each layer and the effective stiffness of each layer is the same. The effective spring stiffness km for the multilayer fcc array is thus given by m layers (fcc) 2(3m − 1) 1 1 1 1 = + (m − 2) + = k ̅m k top k int k bot 3k 0 ̅ (5)



For the hcp multilayer, the number of particles N(m) in the mth layer is N(m) = 3(m − 1)(m + 1)/4 + [(−1)m‑1 + 7]/8 and the particles in each layer (Figure 3d) share 1/3 or 2/3 of the load with other units, and thus the effective number of particles in each layer Neff gives Neff = (m − 2)(m + 4)/4 + [5(−1)m +19]/24 ≈ (m − 2)(m + 4)/4 (see the Supporting Information; the error of such an approximation on the normalized indentation modulus is within 6%). By approximating each particle to have the same spring stiffness, the effective spring stiffness Km for an hcp multilayer with the number of layers m is given by m layers (hcp) m ⎡ ⎤ 1 2 ⎢1 1 4 ⎥ = + + ∑ Km k 0 ⎢⎣ 1 1 (i − 2)(i + 4) ⎥⎦ i=3



(6)



Note that since each additional layer effectively increases in stiffness due to more particles carrying the load, the stiffness Km 5585



dx.doi.org/10.1021/la300039v | Langmuir 2012, 28, 5580−5588



Langmuir



Article



Figure 5. (a) Comparison of F−p curves between multilayer hollow particle arrays and solid films with the same Young’s modulus and thickness as that of hollow hcp arrays under the same spherical indentor, where Fmax = 0.015 N for monolayer thickness of solid thin film. (b) Comparison of normalized indentation modulus vs normalized film thickness for hollow particle arrays (hcp) and solid films with the same thickness h. (c) The respective S22 stress contours for solid films with the same thickness h as hollow particle arrays at penetration depth of p = 120 nm. (d) Maximum principal stress contours of monolayer, bilayer, trilayer, and five-layer particle arrays at p = 120 nm.



increasing m since each layer in the fcc lattice has similar stiffness because the number of particles that bear the load is the same. However, as seen in large granular crystals, the presence of stacking faults in fcc crystals leads to force−chain structures that take a form along the lines of those of hcp arrays resulting in load transmission to greater numbers of particles26 at each increasing layer depth, and therefore, we would expect experimental results of fcc arrays with large numbers of layers to follow the trends of the hcp models. Comparison to Continuous Thin Films. It is interesting to find that, despite the discrete structure of hollow particle colloidal arrays, the normalized indentation force−penetration behavior of multilayer hollow particle arrays scales with layering in a manner similar to how the indentation behavior of thin solid films scales with film thickness h, as shown in Figure 5a. We note that the film thickness h is proportional to m with h = [2√6(m − 1)/3 + 2](R + t/2), and hence, the scaling of E̅ ind_solid with h is the same as with m. Figure 5b shows the normalized indentation modulus vs the normalized thickness h̅ = h/(Rdp0)1/2 for solid thin films and for hcp multilayer HSNP coatings with the corresponding number of layers (i.e., giving equivalent film thickness), where the indentation force−depth curves are fitted to the same penetration depth p0 = 120 nm, and a0 = (Rdp0)1/2 is the contact radius at p0. The thin solid film and the discrete HSNP colloidal coatings show a similar trend of decreasing indentation modulus with increasing layers (thickness) and both approach a plateau, where E̅ ind_solid is fitted by E̅ ind_solid ≈ 0.287h̅−1.4 + 0.157. Although these trends are the same, the underlying mechanisms are distinctly different: for thin solid films, the substrate constrains shearing of the film beneath the indentor, necessitating a higher pressure in the film, which elevates the normal stress, as shown in the contours of Figure 5c and hence gives a higher indentation



where the influence of stacking defects including packing disorder and small gaps between particles would enhance this effect (Figure 1b); the relative displacement leading to pileup of particles around the rim of the indentor at very large penetration depths; the relative movement of layers at large penetration contributing to a lower total force, which only has a minor influence, as shown in the FEM simulation in Figure 3c, where mutual sliding was allowed; and the onset of particle yielding and cracking of particles directly beneath the indentor, which was found to have a minor effect on the force level in monolayers since the large numbers of particles in the outer annuli of the contact zone carry most of the load (Yin et al.23). Finally, the springs-in-series model is employed to predict the normalized effective indentation modulus of the multilayer films (E̅ind) scaling with number of layers, as shown in Figure 4c. For hcp multilayer, it shows excellent agreement with experiments and FEM simulations for the E̅ind of multilayer. As m increases, the predicted stiffness for an hcp force−chain 6 1/i) ≈ structure approaches a plateau Kplateau = k0/4(1 + ∑i=1 0.1375k0, and this plateau value is essentially achieved at around 30 layers. Since there is no simple explicit expression for E̅ ind for the hcp multilayer, a fitting equation of E̅ ind as a function of layer number m is obtained by E̅ ind ≈ 0.725 m−3/2 + 0.275, where E̅ ind_plateau ≈ 0.275 (see the Figure S2 of the Supporting Information for the fitting). Comparing the fcc multilayer to the hcp multilayer, the indentation modulus for the two lattices begins to diverge significantly after m = 4 (Figure 4c). The increase in hcp stiffness over that of fcc grows with the increasing number of layers, and thus, an increasing deviation of predicted E̅ ind between the two structures is observed, as shown in Figure 4c. In particular, the hcp indentation modulus reaches a plateau in contrast to the fcc, which continues to decrease with 5586
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modulus for thinner films; this is the well-known “substrate effect”.27,28 Here, for the colloidal arrays, the loading is transmitted through multipoint particle contacts as shown in Figure 5d and the indentation modulus dependence on the number of layers is due to the additional compliance resulting from a decrease in the effective stiffness of the indentor contact with a surface particle due to the springs-in-series effect of the underlying layers. In addition, Figure 5b also shows that as the number of layers increases, the normalized indentation modulus E̅ind of both solid film and hcp hollow particle arrays approaches to a plateau, where at the same large film thickness E̅ind of hollow particle arrays is larger than that of solid films.
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CONCLUSIONS



In summary, the collective mechanical behavior of multilayer hollow spherical nanoparticle arrays was investigated by means of spherical nanoindentation. The effective indentation modulus of multilayer arrays decreases with an increase in the number of layers, as found in both experiments and FEM simulations. The FEM results reveal details of the underlying deformation mechanisms of sequential indentor−particle contact and particle−particle contact that govern the nonlinear force−penetration depth behavior as well as the scaling relationship of a nonlinear decrease in indentation modulus with an increase in the number of layers. A force−chain model is established to predict the indentation force−penetration depth response for m-layer hcp and fcc arrays. Eind of hcp colloidal arrays is found to decrease with an increase in the number of layers following a scaling of m−3/2 with a plateau value of 0.275 Emon, where Emon is the monolayer indentation modulus, which scales with (t/R)2. More specifically, the Eind of the hcp array exhibits a plateau since the effective stiffness of each additional layer increases due to the increase in number of particles that bear the load in each additional layer, where eventually additional layers are effectively rigid. The plateau is essentially reached after 30 layers. In contrast, although the fcc Efcc_ind shows similar results to the hcp arrays when m < 4, Efcc_ind does not plateau but continues to decrease with increasing m due to the nature of load transmission in fcc arrays. Hence, Eind of hcp is significantly greater than those of fcc arrays for large m. However, defects in fcc arrays of large granular crystals26 have been shown to alter fcc load transmission to mimic that found in hcp, and therefore, fcc arrays are likely to experimentally exhibit behavior closer to that of the hcp model. It is interesting to find that despite the discrete structures of colloidal arrays, such a scaling relationship is similar to how the indentation response of thin solid films scales with film thickness. This study has shown the ability to deterministically tailor the indentation behavior of multilayer hollow nanoparticle arrays with constituent particle t/R < 0.2, which opens new avenues for designing and constructing lightweight nanoparticle-based coatings and structures with tunable mechanical properties.
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