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Abstract

:

While deposited thin film coatings can help enhance surface characteristics such as hardness and friction, their effective incorporation in product design is restricted by the limited understanding of their mechanical behavior. To address this, an approach combining micro-indentation and meso/micro-scale simulations was proposed. In this approach, micro-indentation testing was conducted on both the coating and the substrate. A meso-scale uniaxial compression finite element model was developed to obtain a material model of the coating. This material model was incorporated within an axisymmetric micro-scale model of the coating to simulate the indentation. The proposed approach was applied to a Ti/SiC metal matrix nanocomposite (MMNC) coating, with a 5% weight of SiC nanoparticles deposited over a Ti-6Al-4V substrate using selective laser melting (SLM). Micro-indentation testing was conducted on both the Ti/SiC MMNC coating and the Ti-6Al-4V substrate. The results of the meso-scale finite element indicated that the MMNC coating can be represented using a bi-linear elastic-plastic material model, which was incorporated within an axisymmetric micro-scale model. Comparison of the experimental and micro-scale model results indicated that the proposed approach was effective in capturing the post-indentation behavior of the Ti/SiC MMNC coating. This methodology can also be used for studying the response of composite coatings with different percentages of reinforcements.
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1. Introduction


Dispersing nanoceramic particles into a metal matrix can enhance many performance aspects of the substrate, including strength, temperature stability, wear, fatigue resistance, and toughness [1,2,3,4,5]. These characteristics have led to the expanded use of nanoceramic particles in various structural, aerospace, automotive, and railway applications [6,7,8].



Titanium alloys are of special interest to the aerospace industry because of their outstanding mechanical properties, such as high strength-to-weight ratios, superior strength [9], and high fracture toughness and corrosion resistance [10,11]. Different types of coatings have been proposed in the literature to improve the performance of titanium alloys. For example, Guo et al. [12] synthesized three kinds of laser-boronizing composite coatings on titanium substrates by using powders of B, BN, and B4C as starting materials. The three composite coatings had higher microhardness and better wear resistance than pure titanium substrate. Further, Savalani et al. [13] fabricated TiC-reinforced titanium matrix composite layers by laser cladding with 5, 10, 15, and 20 weight percentages of carbon-nanotubes. In particular, Ti/SiC composites have recently received attention because of their great potential in improving mechanical behaviors. For example, Machethe et al. [14] deposited titanium with SiC-based cermet for improved surface properties. Further, Singh et al. [15] synthesized composite coatings using a mixture of Ti/SiC/C powders on a titanium substrate, which showed significant potential for wear-resistant surfaces. In an earlier study, a Ti/SiC metal matrix nanocomposite (MMNC) coating with 5% weight of SiC, was deposited on a Ti-6Al-4V substrate. This coating exhibited a higher surface hardness, lower coefficient of friction, and superior wear rate, compared with the substrate [16]. Additionally, it also improved the hypervelocity impact resistance of the titanium substrates [17].



Different technologies exist for metal additive manufacturing, such as powder bed fusion. During the powder bed fusion process, powder layers are repeatedly melted by an energy source until a fully dense part is obtained [18]. The selective laser melting (SLM) technique, which falls into this category, has been used by some researchers. For instance, a titanium diboride powder mixture was incorporated into a titanium substrate by an SLM process [19]. In another study, micron-sized TiC particles were added to 316L austenitic stainless steel using SLM [20]. In another research, tubes with a wall thickness of 500 μm were made of 316L stainless steel using the SLM technique [21]. This technique was also used by Zhang et al. [16] to create a Ti/SiC MMNC coating.



While the coatings have been shown to enhance the performance of various components, the mechanisms of these enhancements are not well understood, due to the limited ability to conduct material characterization tests, similar to what can be carried out with bulk materials. A common technique for testing thin film coating is micro-indentation, where an indenter made of a hard material, typically diamond, is applied to the coating under controlled displacement or force conditions [22]. The resulting deformation is then recorded. While micro-indentation is mainly a hardness test [23], several researchers have explored combining it with finite element techniques to predict the mechanical properties of structures based on micro-indentation experiments. For instance, a finite element model to simulate the micro-indentation process of an Al6061-T6 aluminum alloy was developed by Amiri et al. [24]. In this work, the indentation load-depth curves from experimental tests and numerical analyses were compared, to calibrate the plastic behavior of the numerical model. Similarly, Iankov et al. [25] carried out finite element simulations of micro-indentation to investigate the material properties of a thin copper film deposited over a brass alloy (CuZn36) substrate, using a trial-and-error approach. Additionally, a finite element analysis was performed by Iio et al. [26] to obtain the modulus of elasticity and yield stress of a hollow-strut cellular material based on micro-indentation experiments.



For modeling composites made of materials with significantly different characteristics and crystal sizes, researchers have developed various techniques, such as meso-scale and micro-scale modeling. In micro-scale modeling, the composite is typically considered as a single transverse isotropic or orthotropic material [27]. In meso-scale modeling, the reinforcement and the matrix are modeled as separated entities. For example, Ghasemi et al. [28] developed a computational model of an aluminum/silica nanocomposite. They employed an elastoplastic material model and a ductile damage model, for an aluminum matrix, and a linear elastic model for nanosilica particles. Further, Teng et al. [29] performed a multi-scale simulation study on the cutting mechanism of magnesium-based metal matrix composites reinforced with SiC nanoparticles. Lepore et al. [30] developed a meso-scale model to study non-linear fatigue propagation of multiple cracks in an aluminum metal matrix composite with silicon–carbide fiber reinforcement. The material behavior of the aluminum was modeled by means of the Ramberg–Osgood equation, while linear material properties were used for the reinforcing fibers.



As the literature failed to provide a general approach for identifying the material models of composites, this work proposes a methodology for identifying the material model parameters of composite coatings using a combination of micro-indentation experiments and meso/micro-scale simulations. Figure 1 summarizes the approach. The proposed methodology starts with micro-indentation testing on the composite coatings. The testing can be either load controlled or displacement controlled; however, the former was preferred. The residual indentation depth values should be measured.



In the next stage, a unit cell of the composite coating was modeled including the metal matrix and the reinforcement particle sphere suspended in the middle. As this approach assumes that the reinforcement particles are distributed uniformly within the metal matrix, the size of the unit cell was selected such that the volume fraction of the composite coating would be maintained. The appropriate material models were selected for both the reinforcement particles and the metal matrix. A quasi-static uniaxial compression simulation was performed by applying a vertical displacement to the top face of the matrix, and fully constraining the bottom face. The overall stress was then computed by dividing the measured load by the cross-sectional area of the bottom surface. The overall strain was calculated by dividing the displacement at the cube’s top surface by its initial height. The resulting stress–strain curve of the composite coating was extracted from the meso-scale model. Multiple cube sizes were tested, and the results were almost stable.



The last stage includes developing an axisymmetric micro-scale finite element model to simulate the micro-indentation experiments of the composite coating. The stress–strain curve parameters obtained from the meso-scale model were incorporated into this micro-scale model. The plastic indentation depth results of the experiments and micro-scale study were compared, to validate the material model parameters of the composite coating.



As an example, the application of this methodology in identifying the material model parameters of a Ti/SiC metal matrix nanocomposite coating fabricated on a titanium substrate using the selective laser melting technique is presented in the rest of this paper.



The following is a brief overview of the paper: Section 2 presents the micro-indentation testing, performed on both the Ti-6Al-4V substrate and Ti/SiC MMNC coating. The meso-scale model of the Ti/SiC MMNC coating, and the micro-scale finite element model of the micro-indentation testing under various loads are presented in Section 3 and Section 4, respectively. Discussions are presented in Section 5, and finally, conclusions are drawn in Section 6.




2. Materials and Methods


2.1. Specimen Preparation


We applied the proposed approach to the Ti/SiC MMNC composite coating deposited by the SLM technique on a titanium substrate. As this particular coating is relatively new, the literature review failed to identify the mechanical characteristics of this material. The closest available material with documented stress-strain curves under various strain rates is MMNC, with 35% SiC and 65% Ti by volume [31]. However, due to the large difference in the SiC volume fraction between this material and the one used in the current research, the results of [31] may not be readily applicable. Amiri’s procedure to obtain the material model parameters require continuous loading and unloading curves, which are not available with the current instrumentation [24]. In addition, this technique requires several indentation tests.



Pure titanium powder was mixed with 5% weight SiC nanoparticles. The average sizes of the titanium powders and SiC nanoparticles were 45 μm and 40 nm, respectively. A ball milling machine (PM100, Retsch Corporation, Haan, Germany) was used to combine the mixture for four hours, operating at a rotation speed of 200 rpm and a ball-to-powder ratio of 5:1, without a protective atmosphere. A layer of the mixed powder, with a thickness of 200 μm, was deposited on the as-milled Ti-6Al-4V substrate (Figure 2). An IPG 500 W fiber laser (YLR-500-AC, IPG Photonics, Oxford, MA, USA) was used to implement the SLM procedure with laser power of 150W, and a height gauge was used to set the coating thickness (200 µm), as shown in Figure 2. The SLM processing parameters, i.e., the laser power and scanning speed, were selected to maintain the processing temperature lower than the melting temperature of nano-SiC. The microstructure characterization indicated that nano-SiC was unaffected or only partially melted after laser processing.



The samples were cross-sectioned, ground with sandpaper of grit up to #1200, and then vibrationally polished with 0.05 μm silica suspension, followed by etching with the Kroll’s reagent (2 mL HF + 4 mL HNO3 + 94 mL H2O) for 15 s. The scanning electron microscopy (SEM, JSM-7100FT, JEOL Ltd., Tokyo, Japan), energy-dispersive X-ray spectroscopy (EDS, JSM-7100FT, JEOL Ltd., Tokyo, Japan), and X-ray diffraction (XRD, D8 Advance, Bruker Corporation, Billerica, MA, USA) techniques were used to characterize the microstructure and to identify the chemical and phase compositions, [16]. The Ti5Si3 and TiC phases, in addition to a small amount of retained β-Ti, were found in the MMNC coating. It was observed that a typical bi-modal structure was formed, as the globular and dendrite grains were surrounded by small equiaxed grains, which were formed due to the combination of the presence of nano-SiC during the solidification process, acting as a nucleation barrier for β-Ti and the decreased cooling rate during the SLM process. As the temperature further dropped, α’martensite was formed within the equiaxed grains. The EDS analysis results showed a more than 90 wt.% presence of Ti within the globular and dendrite grains.




2.2. Micro-Indentation Experiments


A Wilson Tukon 1202 Vickers hardness tester (Wilson Tukon 1202, Buehler, Uzwil, Switzerland) with a diamond indenter was used to conduct the micro-indentation tests on the MMNC-coated samples and titanium substrates. The indentation process was load controlled. A preload was applied for three seconds before ramping up to the desired load for the specified dwell time. The indenter was then pressed down, reaching the maximum load within seven seconds. The full load was maintained for 10 s before reducing it back to zero in seven seconds. The maximum depth of penetration was measured by the hardness tester. The indentation was carried out at different loads: 100, 200, 300, and 500 gram-force (gf). Each indentation test was repeated three times with the same conditions. Typical images of the indentation impressions are shown in Table 1. The maximum penetration depths of the Ti-6Al-4V substrates and MMNC coatings are summarized in Table 2 and Table 3, respectively.



It is seen that by adding 5% weight of nano-SiC, the plastic indentation depth and corresponding hardness (~337 VHN for Ti-6Al-4V substrate and ~700 VHN for MMNC coating [16]) is improved. The following are two reasons: (1) the formation of equiaxed grain, as the columnar grain growth during solidification is restricted by nano-SiC self-assembled at the liquid-crystal interfaces, leading to the physical restriction of diffusion and the formation of equiaxed grains; (2) the dispersion of nano-SiC in the metal matrix, which leads to the dispersion hardening effect and improvement in the strength of the material.





3. Meso-Scale Modeling of the Ti/SiC MMNC Coating


As discussed in Section 1, a meso-scale finite element model of uniaxial compression was developed in LS-DYNA code [32]. The unit cell of the Ti/SiC MMNC coating was modeled as a Ti matrix with a 40 nm SiC sphere suspended in the middle [16]. This unit cell was a 157 nm cube, which was selected to maintain the SiC volume fraction of 6.88%, or a 5% weight ratio.



A bi-linear plasticity model (MAT_024—piecewise linear plasticity) was used for the Ti matrix [33], while a linear elastic material model (MAT_001—elastic) was used for the SiC. The parameters of these material models are summarized in Table 4, where ρ is density, ν is Poisson’s ratio, E is the modulus of elasticity,    σ y    is yield strength, and Etan is the tangent modulus. For Poisson’s ratio and modulus of elasticity of the SiC, the values reported in [34] were used in the simulations. The compressive failure strain of SiC was also monitored using the range reported in [35] to assess its structural integrity. Tied surface-to-surface contact was applied between the sphere and the matrix, which means that there was no surface separation under tensile load. A quasi-static uniaxial compression simulation was performed by applying a vertical displacement of 10 nm to the top face of the matrix, while completely fixing the bottom face. The lateral sides of the unit cell were not restrained, similar to [36]. The meso-scale finite element model of the MMNC coating is shown in Figure 3.



A mesh convergence analysis was performed, considering two cases with average element sizes of 10 and 5 nm, respectively. The actual number of elements in each case is summarized in Table 5. The maximum principal stress contours of the matrix and the reinforcement parts of the models, with 10 and 5 nm element sizes, are shown in Figure 4. In both cases, the maximum strain in the SiC particle was about 0.35%, which is below the failure strain of SiC [35]. The resulting overall stress–strain curves were extremely close for both the 10 and 5 nm element size cases. However, since the model with the 5 nm average element size was able to produce a more defined stress gradient distribution for both materials, this element size was selected for the rest of the meso-scale studies.



To verify the results, the single cube model was used to build meso-scale models with 8 and 27 SiC spheres. In both models, the spheres were uniformly spaced within the Ti matrix while maintaining the same SiC volume fraction. These three models are shown in Figure 5. The number of elements in these models is also summarized in Table 6. The loading and boundary conditions were maintained similarly to the single sphere model. The resulting stress-strain curves were obtained in each case, as explained in Section 1. The overall stress–strain curves of the three models are shown in Figure 6. These curves were almost identical, which showed that expanding the number of cells did not change the resulting stress–strain curve. The resulting modulus of elasticity, yield strength, and tangent moduli were 120.7 GPa, 1122 MPa, and 2.27 GPa, respectively.



To verify the elastic behavior, the resulting modulus of elasticity was compared with the result of the Halpin–Tsai (HT) model, which is a well-accepted formulation for a composite’s modulus of elasticity, Ec [37], expressed as follows:


   E c  =    E m   (  1 + 2 s q  V p   )    1 − q  V p       



(1)




where Em is the modulus of elasticity of the matrix; s is the aspect ratio of the reinforcement; Vp is its volume fraction; q is a parameter, which can be written as


  q =    (     E p     E m     )  − 1    (     E p     E m     )  + 2 s      



(2)




where Ep is the modulus of elasticity of the reinforcement. The parameters used in the Halpin–Tsai model are shown in Table 7. These results show that the Halpin–Tsai modulus of elasticity is almost identical to the result from the meso-scale study, 120.7 GPa.



It may be of interest to compare the resulting bi-linear elastic–plastic parameters with the corresponding parameters of the MMNC, with 35% SiC by volume [31]. As Table 8 shows, the difference in their densities is justified by the lower percentage of SiC in the material under consideration. Similarly, the lower percentage of SiC nanoparticles with high stiffness and rigidity results in lower E and Etan. On the other hand, the yield strength of both materials is very close.




4. Micro-Scale Modeling of the Micro-Indentation Experiments on the Ti/SiC MMNC Coating


4.1. Problem Setup


As discussed in Section 1, a micro-scale finite element model was developed to simulate the micro-indentation experiments of the coated and uncoated specimens. To assess the accuracy of the proposed approach, the finite element model was used to simulate the titanium substrate experiments. The parameters used for titanium substrate were also obtained from ref [38]. This model used a bi-linear material model with the parameters obtained from the meso-scale study for the coating. A 2D axisymmetric finite element model was developed to enable the use of an extremely fine mesh in the contact region. Simulations were performed in the LS-DYNA R 9.0 explicit code [32], using a massively parallel processing (MPP) computer with 768 processors.



Figure 7 shows the mesh used for the indenter and the coating, or substrate. As mentioned in Section 2, the maximum indentation depth was 7 µm, which was significantly smaller than the coating thickness (200 µm). Therefore, a smaller thickness (70 µm) was considered for both the coating and the substrate models, to reduce the computational load of the simulations. Additionally, since the majority of indentation occurred immediately below the indenter, a radius of 100 µm was found to be sufficient to capture the stress and strain fields completely. Following [39], the Vickers indenter was modeled as a cone with an angle of 70.3°, which ensured that the indenter model had the same contact area as the actual square-based pyramid indenter. The height of the indenter was chosen as 22 μm, which was large enough to induce the maximum penetration while not becoming completely embedded within the coating or substrate. This height corresponds to a 58.6 μm radius at the base of the indenter. Following [40], the tip of the finite element indenter model was blunted with a flatness of about 0.8 µm to avoid computational instability due to the mesh tangling below the indenter tip. Since indentation was localized around the tip of the indenter, a refined mesh, with an average element edge length of 0.25 μm, was applied to a 35 μm square that laid immediately below the indenter. This area was surrounded by two larger zones, with average element edge lengths of 0.5 and 1 μm, respectively. Similarly, the indenter was modeled using elements with edge lengths of about 0.25 μm. In total, the model had 42,516 four-node axisymmetric elements. A mesh convergence study was conducted to ensure that the results of this mesh were acceptable. To this end, elements with edge lengths of 0.2 and 0.3 µm were tested for the densest area, the one immediately below the indenter. The three models yielded close results.



The boundary conditions were applied along the centerline of the indenter and specimen and the bottom surface of the specimen by fixing the horizontal and vertical axes, respectively. It has been observed that the diamond indenter has a very low coefficient of friction [41,42]. Therefore, different static and dynamic coefficients of friction between the specimen and the diamond indenter, ranging from 0 to 0.4, were applied to the automatic surface to surface contact. Varying the coefficient of friction did not produce any significant difference in the indentation depths of the specimens, as seen in [43]. Therefore, frictionless contact was used in the simulations.



Similar to the experimental procedures, load-controlled indentation was applied in the simulations. Attempting to model the micro-indentation based on its actual time would be computationally prohibitive. Following the example of other researchers, e.g., Wang et al. [44], who performed a surface micro-indentation simulation of a ceramic coating with the finite element method, using a timescale in the order of nanoseconds, the simulations of micro-indentation testing were performed over an extremely short timescale. In this study, a smooth step load curve was applied to the indenter for a smooth transition in both the loading/unloading regimes. The load duration curves of different phases were as follows: rise of 7 µs, plateau of 10 µs, fall of 7 µs, and zero phase of 3 µs. A linear material model was used for the indenter, with the following properties: density of 3500 (kg/m3), Poisson’s ratio of 0.20, and modulus of elasticity of 1050 GPa [45]. Material models of the coating are also listed in Table 8, respectively.




4.2. Results of the Micro-Scale Simulations


The pressure between the indenter and the coating in the axisymmetric model was a similar order of magnitude to what was observed in the meso-scale study, which justified using the material model obtained from the meso-scale in the micro-scale simulations. It was observed that the stress was uniformly distributed in both the substrate and coating models (Figure 8). Similarly, no stress wave reflection at the boundaries was visible during the simulations. In addition, no oscillations were observed in the load-indentation depth curves (Figure 9). The energy balance was also monitored during the simulations, indicating that the kinetic energy was negligible, compared with the internal energy. These observations showed that the model was reliable in simulating the micro-indentation process.



To help understand the interaction between the indenter and the material, Figure 9 shows the load-indentation depth curves of the substrate and coating for the case of a 500 gf maximum load. In this figure, the maximum and plastic indentation depths are defined as hm and hp, respectively. The results show that the coating has a higher slope in both loading and unloading curves, compared with the substrate, which is an indication of its increased hardness.



The resultant displacement fields of the MMNC coating with a 500 gf maximum load are shown in Figure 10. As expected, most of the deformation due to indentation occurred immediately under the indenter, with the indented material mostly conforming to the shape of the indenter. Once the load removal was completed, some deviation was seen with respect to the indenter. In fact, the rebound was not uniform along the edge of the impression (Figure 10c).





5. Discussion


To validate the material model parameters used in the developed axisymmetric micro-scale models, the average plastic indentation depth (hp) values of multiple elements immediately below the indenter were compared with the experimental results for both the Ti-6Al-4V substrate and MMNC coating, as shown in Table 9 and Table 10, respectively. Both the substrate and coating models resulted in slight plastic depth overestimations. On average, the substrate and coating models overestimated the plastic depths by 2.94% and 4.99%, respectively. The standard deviation in experimental data, possible inconsistent cooling rate in the substrates and coating samples, assumption of uniform distribution of SiC in the matrix, and variation in size of SiC particles may contribute to the slight overestimation of simulation results.




6. Conclusions


Applying a metal matrix nanocomposite coating can enhance the surface quality of a substrate. To optimize surface characteristics, identification of the coating material model is necessary. This work proposed a methodology for identifying the material model parameters of composite coatings using a combination of micro-indentation experiments and meso/micro-scale simulations. Afterward, we identified the mechanical material model of a Ti/SiC MMNC coating on a Ti-6Al-4V substrate using the proposed methodology. The coating was fabricated using the SLM technique, with a 5% weight of SiC nanoparticles and a 95% weight of titanium. The process of indentation was modeled using finite element simulations. This approach indicated that the Ti/SiC MMNC coating behaves as a bi-linear elastic-plastic material model. The results of this single unit model were duplicated when 8 and 27 units were used. It was seen that the cubic cell models of spherically shaped, and uniformly distributed SiC particles performed realistically. These material model parameters were incorporated in an axisymmetric micro-scale study of the experiments. The experimental and simulation results confirmed that the use of SiC nanoparticles enhances surface characteristics. The micro-indentation tests affirmed that the MMNC coating was functional in reducing the indentation depth of the Ti-6Al-4V substrate. On average, the MMNC coating reduced the micro-indentation plastic depth by 28.6%, compared with the Ti-6Al-4V substrate, which indicates that the Ti/SiC MMNC coating is a promising material for many applications, especially those associated with aerospace industries.



It was seen that the proposed approach, using a combination of experimental and simulation techniques, was effective in capturing the post-indentation behavior of the Ti/SiC MMNC coating. This approach can be used for studying the response of coatings with different combinations of reinforcement geometry and volume fraction. The proposed simulations can also be used for parametric studies to customize MMNC coating with specific characteristics such as hypervelocity impact resistance [17,46].
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Figure 1. Flowchart of the proposed methodology for identifying the material model parameters of composite coatings. 
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Figure 2. (a) Preparation of the Ti/SiC MMNC coating on the Ti-6Al-4V substrate; (b) SLM system and (c) laser-processed and unprocessed areas on the Ti-6Al-4V substrate. 
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Figure 3. Meso-scale model of the MMNC coating, including the matrix cube and SiC reinforcement sphere. 
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Figure 4. Maximum principal stress contours in the middle section of the Ti cube and SiC sphere for (a) 10 nm and (b) 5 nm average element size. The units are in MPa. 
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Figure 5. The middle sections of (a) 1-sphere, (b) 8-sphere, and (c) 27-sphere models. 
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Figure 6. Stress-strain curve for different meso-scale model arrangements. 
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Figure 7. Axisymmetric models of the MMNC coating and indenter: (a) complete model; (b) zoomed view of the contact area. 
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Figure 8. Equivalent stress contours of (a) titanium substrate model and (b) MMNC-coated model at 500 gf peak load. The indenter has not been shown for clarity purposes. The units are in MPa. 
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Figure 9. Numerical load–depth curves of the Ti-6Al-4V substrate and MMNC-coated models with a 500 gf maximum load. 
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Figure 10. Resultant displacement fields of the MMNC coating with a 500 gf maximum load (a) at the peak load, (b) after detachment of the indenter and the coating, and (c) at the zoomed indentation area, after detachment of the indenter and the coating. The units are in mm. 
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Table 1. Indentation impressions on the Ti-6Al-4V substrate and Ti/SiC MMNC coating.
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	Load
	100 gf
	200 gf
	300 gf
	500 gf





	Ti-6Al-4V Substrate
	 [image: Coatings 12 00092 i001]
	 [image: Coatings 12 00092 i002]
	 [image: Coatings 12 00092 i003]
	 [image: Coatings 12 00092 i004]



	MMNC Coating
	 [image: Coatings 12 00092 i005]
	 [image: Coatings 12 00092 i006]
	 [image: Coatings 12 00092 i007]
	 [image: Coatings 12 00092 i008]
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Table 2. Experimental plastic indentation depth results on the Ti-6Al-4V substrates.
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Load (gf)

	
Depth (µm)




	
Test 1

	
Test 2

	
Test 3

	
Average

	
Standard Deviation (%)






	
100

	
3.01

	
2.98

	
2.95

	
2.98

	
1.0




	
200

	
4.51

	
4.39

	
4.54

	
4.48

	
1.8




	
300

	
5.64

	
5.55

	
5.67

	
5.62

	
1.1




	
500

	
7.16

	
6.97

	
6.94

	
7.02

	
1.7
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Table 3. Experimental plastic indentation depth results on the Ti/SiC MMNC coating.
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Load (gf)

	
Depth (µm)




	
Test 1

	
Test 2

	
Test 3

	
Average

	
Standard Deviation (%)






	
100

	
2.00

	
1.94

	
1.94

	
1.96

	
1.5




	
200

	
3.24

	
3.09

	
3.21

	
3.18

	
2.5




	
300

	
3.96

	
4.08

	
4.19

	
4.08

	
2.9




	
500

	
5.40

	
5.29

	
5.33

	
5.34

	
1.1
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Table 4. Material model parameters of Ti, SiC, and Ti-6Al-4V.
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	Material
	    ρ    (     kg      m  3     )     
	ν
	E (GPa)
	     σ y    ( MPa )    
	Etan (GPa)





	Ti
	4400
	0.30
	104.0
	483
	0.46



	SiC
	3210
	0.17
	450.0
	-
	-



	Ti-6Al-4V
	4428
	0.31
	109.8
	1098
	0.69
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Table 5. Characteristics of two different meso-scale models for the mesh convergence study.
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	Part
	Model with Average Element Size of 10 nm
	Model with Average Element Size of 5 nm





	SiC reinforcement
	432 Elements
	3416 Elements



	Ti matrix
	3112 Elements
	25,432 Elements
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Table 6. Characteristics of different meso-scale model arrangements.
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	Part
	1-Sphere Model
	8-Sphere Model
	27-Sphere Model





	SiC reinforcement
	3416 Elements
	27,328 Elements
	92,232 Elements



	Ti matrix
	25,432 Elements
	203,456 Elements
	686,664 Elements



	Total
	28,848 Elements
	230,784 Elements
	778,896 Elements
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Table 7. Parameters used in the Halpin–Tsai (HT) model and the modulus of elasticity obtained from the meso-scale study.
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	s
	Vp
	q
	(HT) Model Modulus (GPa)
	Meso-Scale Model Modulus (GPa)





	1
	0.0688
	0.5081
	121.7
	120.7
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Table 8. Material model parameters of the Ti/SiC MMNC coating with 6.88% and 35% of SiC by volume.
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	Material
	    ρ    (     k g      m  3     )     
	E (GPa)
	     σ y    ( MPa )    
	Etan (GPa)





	MMNC coating with 6.88% SiC by volume
	4356
	120.7
	1122
	2.27



	MMNC coating with 35% SiC by volume [31]
	4002
	186.0
	1127
	115
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Table 9. Comparison of experimental (Table 2) and the corresponding simulation plastic indentation depth results of the Ti-6Al-4V substrates for different load cases.






Table 9. Comparison of experimental (Table 2) and the corresponding simulation plastic indentation depth results of the Ti-6Al-4V substrates for different load cases.





	
Load (gf)

	
Depth (µm)

	
Difference (%)




	
Experiment

	
Simulation






	
100

	
2.98 ± 0.02

	
3.04

	
2.01




	
200

	
4.48 ± 0.06

	
4.61

	
2.90




	
300

	
5.62 ± 0.05

	
5.83

	
3.74




	
500

	
7.02 ± 0.10

	
7.24

	
3.13
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Table 10. Comparison of experimental (Table 3) and the corresponding simulation plastic indentation depth results of the Ti/SiC MMNC coating for different load cases.
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Load (gf)

	
Depth (µm)

	
Difference (%)




	
Experiment

	
Simulation






	
100

	
1.96 ± 0.03

	
2.05

	
4.59




	
200

	
3.18 ± 0.06

	
3.33

	
4.72




	
300

	
4.08 ± 0.09

	
4.27

	
4.66




	
500

	
5.34 ± 0.05

	
5.66

	
5.99

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
58,6 micron [6]

70 micron

100 micron





media/file4.png
® Ti(~45um)
+ SiC (~40 nm)

P ~ ¥, | Processing
[ 1\) Ball Milling | N 2 ('lwmbr
~ (200 rpm, 4h) &0& : ¥

o s Laser Beam .-:'-
(2) Paste Slurry gm (1) SLM Procedure by 8@ @ e@eyile
~~ (Adding Ethanol) g s a T IPG Fiber Laser ; 0

»1"‘5“‘ 4\ »:" y





media/file27.png





media/file18.png
—=Substrate
=Coating

h, 6

Indentation Depth (um)

500

_ _
o o o
o =) o
™ N =

(J6) peoT paljddy

400 [

hn 7

4 5

3





media/file26.png





media/file3.jpg





media/file22.png





media/file19.jpg
Resultant isplacement (mm)

[ Cosing |

[a)

0006000
0005143
0004286

0003420
0002871 Coating |
0001714
0000857 |

0000000 |

(2]

Resultant Displacement (mm)

0006000,
0005143
0004286,
0003429,
0002571
001714
0000857 __
0.000000_|





media/file7.jpg





media/file28.png





media/file23.png





media/file10.png





media/file14.png
58.6 micron

: : 2l

22
micron

100 micron

70 micron

e

b





media/file11.jpg
1200

mou‘ 1
T 800 1
=
% 600
@ a00 1

“+-1-Sphere ||

200 e

i 27.Sphere
0 02 04 06 08 1 12 14 16 18 2

Strain (%)





media/file6.png
VJ' - 'v’.'-’l.ln'-'o"‘-'- -
A1 a e T e VA W W W A W
G A !-!I.IL“.
-f-hi‘.ﬁl'ﬂ .-, -
LNTIT R S - - -

A LRI amemawama
A
RUUEE a7 A a g e R

-
LUl
AV .u..m
.
Wrowe

A i v o v e
T e
oo s

Si
Reinforcement

2 !
- ) )
: T e, . () AL
g . “ﬂmﬁ.l»mmﬂwmhw.mmﬂ F PR e A
.m: T T T Y v ﬂ.l.mmmlﬂ..ﬁmm.m i P
ﬁl - o o o T m
i :nmmw-: -.ﬂn..“-l;.!.ﬂ;l.!»!-lil.!.l-!
i, T S
Lottt A anavees

=i
Tama il
o i
- ll.lnlslt..)..ll!ﬂh‘!.! TEVAVAYa
N W.!..I.r.......mnimmu.ii

o ..,%mzw

SEEEsgEecesl) zﬁ%ﬁ
- - o v w ||} ' AL

: fit, S REa  RBBERN L e
S “..ﬁwﬁwyﬁﬁwmm; : e N mmE .,,:x.,:. il
A e nREmNA L
S N Hadad Smmuiy )
Aty Siaan

A .vv | 'I[\v\
ik a.»_.m_o., ._N A

4 R

Pt m. i v -«.— i
P AL Ty & AR
T

A
(182 8 s A VAL i
ABIARE Ressy
ATV N &.
\ i

838

LILALTS

TN
474 A ALY
o o 3 Ty { .
T )

Aty
AN WA
kY mm_@.ﬁm.ﬁ i
W v L amas i, WA
DT N - et %._EE.._. A
T : mE N ;w..s_..:ﬁ.....w
1)) 57 anata e mmE
e AEAA SRR
A wmé.n T
A e B
h T mmmmwﬂwmmiuﬁmﬁw. =
3 o kﬁl!.‘-‘n
. e E S
WAL

it
.N._
iy

-
-

- YA B ,.
- - .b‘! — .“’.&Q X " o i
ST o i 5 528 &, ﬂ.!amglulhﬂh.ol Lesinay
T i h..hmw.w. T
e S LI S e o o o D A
3 T R AL A VA v il v A 8 7 A A VA VA B -
V) 008 s s s s s s s s s l.&!i”ﬁ.!m.ﬁlﬂﬂmﬂmﬂ.&ahmﬂr
e e e 2 i
LA A A AT u““.l.l.l.lt!.ll.“l;"n!.l.|~ oA
e P o g e g
AR T AP T A A AR P AAA A

FRUt Ny
g

=






media/file15.jpg
equivalent stress (MPA) equivalent stress (MPA)

15000 15000
m.l] 1
smis s
2257 swe7

b 00 2000 ]






nav.xhtml


  coatings-12-00092


  
    		
      coatings-12-00092
    


  




  





media/file29.png





media/file16.png
equivalent stress (MPA) equivalent stress (MPA)

1500.0 [b] F 1600.0
1314.3 1314.3
1128.6 Has
942.9 942.9
757.1 _ 7571 _
571.4 __ 571.4 _
385.7 385.7
£ | | 2000 1 |

200.0 _N






media/file2.png
Micro-indentation
Experiments

on the
Composite
Coating

Validation of
Material
Parameters by
Comparing the
Experimental and
Micro-Scale Model
Results

Meso-Scale Finite
Element Model of
Uniaxial
Compression

Incorporating
Material Model
Parameters in the
Micro-Scale
Meodeling of the
Micro-Iindentation
Experiments

Extracting Material
Model from Meso-
Scale Finite
Element Model






media/file20.png
2] o]

Resultant Displacement (mm) Resultant Displacement (mm)
0.006000 0.006000
1 0.005143 ' ~— B — s 0.005143
0.004286 0.004286
0.003429 0.003429
Coating 0.002571 _ | Coating 0.002571
0.001714 _ 0.001714 _
0.000857 __ 0.000857 __
0.000000] 4 0.000000 _m=






media/file5.jpg
Sic
Reinforcement

%
o ZEEeTgEEn
A A A A =
SRS 2

Ti Matrix






media/file24.png





media/file1.jpg
Validation of
Material
Parameters by
Comparing the

Experimental and
Micro-Scale Model

Results

L

Incorporating
Material Mod

Micro-indentation
Experiments

Micro-Indentation
Experiments
onthe
Composite
Coating

Meso-Scale Finite
Element Mode! of
Uniaxial
Compression

Extracting Material
Madel from Meso-

Parametersin the —
Micro-Scale
& Scale Finite
Modeling of the Element Model






media/file12.png
Stress (MPa)

1200

1000

800

600

400

200

/ i —
ra ﬂ
/ ---1 -Sphere \
g - 8-Sphere
| | . . | | I 27-Sphere
0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8

Strain (%)

2





media/file9.jpg





media/file0.png





media/file8.png
Maximum Principal Stress (MPa) $00.0 Maximum Principal Stress (MPa) 500.0
440.0
380.0
320.0
260.0
200.0
140.0
80.0
20.0
-40.0
-100.0 _| Q‘
750.0 750.0
635.0 635.0
5§20.0 §20.0
405.0 405.0
290.0 290.0
175.0 175.0
60.0 60.0
-55.0 -55.0
-170.0 -170.0
E -285.0 Q( IE -285.0
-400.0 | -400.0 |





media/file25.png





media/file17.jpg
Applied Load (gf)

9
8

N
8

3 4 5 he
Indentation Depth (um)






