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Abstract

:

In the current paper, a novel experimental methodology to characterize the contact behavior on thin plates under bending is presented. The method is based on the experimental measurement of the indentation observed during contact experiments. Tests were conducted using aluminum thin plates and a steel sphere to evaluate the effect of thickness and bending during contact. For this purpose, a non-contact optical technique, 3D Digital Image Correlation (3D-DIC), has been employed to measure the out-of-plane displacements experienced at the rear face of the specimens (opposite where the contact is occurring). An indirect measurement of the experimental contact law is obtained for different plate thicknesses (2 mm, 3 mm, 4 mm, 5 mm and 6 mm) as the contact load increases. An energy balance performed during contact experiments made it possible to evaluate and quantify the applied energy to generate bending and contact deformation. When the specimen thickness increases from 2 mm to 6 mm, contact deformation reaches higher values from the total applied energy. In addition, it is also possible to evaluate the portion of the elastically recovered energy for contact and bending deformation during the unloading. It has been observed that thicker specimens show a lower elastic energy recovery due to bending and a higher elastic energy recovery due to contact. Results clearly show how the ratio between absorbed and applied energy changes as the specimen thickness increases, highlighting the relevance of the proposed method for the characterization of contact behavior in thin plates.
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1. Introduction


The analysis of structural damage caused by an impact or quasi-static event on a structure is a widely studied problem. The contact phenomenon between two bodies has been widely analysed and investigated in the past [1]. Hertz adopted some assumptions for the calculation of local deformations, assuming that each body could be regarded as an elastic half-space. Besides this main assumption, many efforts have been done to consider the effect of permanent deformation. Early studies were mainly focused on the elastic/elastoplastic behavior of isotropic materials [2,3]. The same concept was also extrapolated to the analysis of anisotropic and orthotropic materials [4,5]. However, when half-space conditions are not achieved, the experimental determination of a static contact law is crucial to the evaluation of the material contact behavior since measured indentation values are strongly affected by the specimen deflection during the test [4,6].



Many authors have conducted contact experiments using metallic or composite plates and a spherical indenter to validate the proposed analytical and numerical models, such as Wagih et al. [4] and Breumier et al. [4,7] reported. However, in most of the cases the bending effect was overlooked by assuming that the half-space conditions were achieved or the plate was properly supported. Nevertheless, in a real experiment, when the load is applied, the contact behavior is influenced by the plate thickness and its deflection [8]. Recently, Chen et al. [9] proposed an analytical model which included the influence of the specimen thickness to consider the effect of bending during contact. The reported experimental set up to measure indentation by Boyce et al. [10] and Saadatfard et al. [11] was crucial in the performed contact analysis providing high accuracy results. However, most of the reported methodologies so far are not able to differentiate accurately between the induced deformation due to bending and contact respectively. An example is the set-up proposed by Wagih et al. [4], who were able to quantify indentation but not the bending occurring during experiments, which could lead to inaccurate indentation results. Similar problems were found by other authors such as Sutherland et al. [12], and Daniel et al. [13], who minimized the bending effect using fully supported plate geometry and measuring from both faces of the specimens, and hence introducing more variability and less precision in the results. An alternative solution was then adopted by McMillan et al. [14], who subtracted from experimental results the estimated deflection calculated from Finite Element Analysis to obtain the true relative approach as a function of applied load. Moreover, in the case of impact tests, indentation was measured after the impact and using manual methodologies [15,16] showing discrepancies with the static contact law depending on the loading rate.



Within this framework, large efforts have been performed towards the development of light-weight structures for high performance in dynamics applications using thin plates. Within this context, it is worth noting relevant works published in this field [17,18].



The purpose of this paper is to present a novel experimental methodology to characterize the contact behavior of thin plates with different thicknesses using a full-field technique. Thicknesses between 2 mm and 6 mm have been used so as to be considered as thin plates with ratios a/h between 10 and 100 [19], where h is a typical dimension of a plate in a plane and h is the plate thickness. To illustrate the potential of the proposed methodology for the analysis of contact problems with the presence of bending deformation, a quasi-static contact experiment has been performed using a rigid bearing sphere on an aluminum plate to quantify the indentation occurring when increasing the contact load. The influence of bending in the contact law depends on the specimen thickness. To avoid some of the main difficulties reported by other authors to obtain accurate measurements, a full-field optical technique known as 3D-DIC (Three Dimensional Digital Image Correlation) has been used. Some authors, such as preliminary studies using DIC to analyze the contact phenomenon were reported for other applications Brake et al. [20] and Baca et al. [21] have performed preliminary studies using the DIC technique to analyze the contact phenomena for other applications. In a contact test using conventional techniques, the indenter usually hides the area of interest and it represents a limitation in the measuring process during the experiment, as it was reported by Jamari and Schipper [22] in the experiment designed. In the presented setup, the indenter was fixed while the specimen was rigidly clamped to a movable loading frame. Thus, cameras were placed to record the face of the specimen opposite to that where contact was taking take place. In this way, it was possible to quantify bending and indentation measurements during the loading and unloading path. With the proposed methodology, it is possible to quantify the portion of applied energy employed to generate contact damage and bending deformation. In addition, it is also possible to evaluate the portion of the elastically recovered energy for contact and bending deformation during the unloading. Therefore, the absorbed energy due to the permanent indentation and bending can be inferred. Another important aspect investigated has been the influence of the specimen stiffness. The proposed methodology has been validated using conventional indentation-measuring techniques reported in literature, highlighting the potential of the proposed approach for the analysis of contact problems and its extrapolation to dynamic events such as impact.



The first attempt to develop a theory based on the quantification of indentation produced by two loaded bodies in contact was suggested by Hertz [1]. Hertz theory was developed to study a static loading event on isotropic linear elastic half-space. The particular case of a sphere and a planar surface gave the relation between indentation, defined as the relative displacement of the indenter and the bottom face of the specimen, and the contact load. It is well known that this theory considers elastic conditions on homogeneous isotropic materials without the presence of damage and deflection of the specimen. However, once the yield strength of the material is exceeded, permanent indentation is generated, even for low loads. Hence, literature shows that some efforts have been made in order to consider the effect of permanent deformation by contact during the loading and unloading in plates [23].



More complex theories using elastoplastic contact laws combining Hertz theory and the effect of plastic deformation produced by the contact load in composites materials are also available in the literature [24,25]. In these theories, three phases are specified, elastic and elastoplastic during the loading and the unloading phases. In this case, the bending effect of the fully supported plate is not considered.



However, not many experimental approaches for the determination of the contact law can be found in the literature. In addition, previous authors such as Ghaednia et al. [26] reported some difficulties in accurately measuring indentation. In some cases, bending was avoided even when it was known that it had a relevant influence in the contact law determination [27]. In addition, some investigators such as Lee and Liu [15] and Spronk et al. [28] have also incorporated static contact laws for the analysis of impact problems even when it was reported that for dynamic condition the contact law differed from the static contact law [15,28].



DIC is a full-field and non-contact optical technique for strains and displacements measurements in structural components under loading. During the deformation, a sequence of images showing a random gray intensity (speckle) over the surface are captured during the test. Each image is divided into square virtual subsets or facet in pixels, centered at a point P (X0,Y0,Z0). Every facet presents a different gray scale of intensity. During the deformation, some algorithms of correlation [29] track the speckle contained into a facet. Each facet at the reference image is searched in the deformed image P’(X’0,Y’0,Z’0). The result is a displacement vector located in the center of each virtual facet.



When a stereoscopic system is adopted (3D-DIC), a minimum of two cameras or a mirror-based system is required. Thus, out-of-plane displacement and strains over the surface of the specimen can be computed. In this case, the system must be previously calibrated [30,31]. Although many factors are involved, errors in measurements are kept lower than 0.1 mm for most DIC-3D applications [32,33].



DIC technique has been widely employed in many fields in experimental mechanics; however, due to the nature of the technique (non-contacting and full-field), its application is highly interesting for the analysis of contact problems. However, no information has been found in the literature related to the application of 3D-DIC to the analysis of contact problems. In this study, the relative out-of-plane displacements in the thickness direction of the specimen have been measured using 3D-DIC. The indentation during a quasi-static test between a plane specimen and a rigid sphere has been experimentally measured and evaluated in thin aluminum plates. As a result, the experimental contact law behavior and the effect of bending have been quantified.




2. Materials and Methods


The experimental stage was performed using specimens from commercial AL-1050 H-14 (see Table 1 for main properties from the manufacturer [34]) and cut by a waterjet technique from 2 m × 1 m sheets with different thicknesses, namely 2 mm, 3 mm, 4 mm, 5 mm and 6 mm. In all cases, the adopted geometry was a square of 150 mm × 150 mm.



Each specimen was clamped using a frame which covered the specimen 15 mm from each edge, leaving a free area of 120 mm × 120 mm. To evaluate indentation when the monotonic load increased, 3D-DIC was adopted. For this purpose, the surface was treated by painting it first with white paint and subsequently black paint was sprayed to generate a speckle pattern over the surface. The presence of bending during experiments induced a break of the paint at the area where the indenter was contacting the specimen generating a lack of information. To overcome this problem, a wet white coating was applied instead.



For 3D-DIC, two monochromatic CCD (Charge-Coupled Device) 5-megapixel cameras (brand Allied Vision Technologies, model Stingray F-504 B/C) were employed. Additionally, two 23 mm focal length lenses (brand Schneider) were employed. The cameras were synchronized and monitored from a laptop connected to a DAQ (Data Acquisition System) and a halogen light (brand Hedler, model DX15, 150W) to illuminate the specimen. The stereoscopic system was mounted on a tripod and subsequently calibrated. Finally, the displacements fields occurring at the specimen surface during loading and unloading stages were measured using the commercial software package VIC-3D, from Correlated Solutions Inc. [31,35].



To measure indentation during monotonic loading, 3D-DIC technique was adopted. Tests were conducted using a MTS 370.02 servohydraulic machine with a maximum load capacity of 25 kN, where grips were removed and replaced by a loading frame. The top part of the loading frame was clamped to the hydraulic cylinder, while the bottom part was attached to the machine body frame. Thus, the top part of the structure could move in a vertical direction through four guides to ensure a perpendicular application of the monotonic loading during experiments (Figure 1a). Each specimen was clamped using a frame which covered 15 mm of the specimen from each edge (the free area for analysis was a square of 120 mm side). Different specimen thicknesses were analyzed to evaluate the effect of bending during indentation.



A Ø20 mm spherical indenter (steel ball bearing) was screwed using an adaptor to a load cell to acquire the load magnitude during experiments. During indentation experiments, the plate was loaded against the sphere. As recommended by Mata [36], the plate was previously lubricated with industrial oil to consider an almost-frictionless contact. Even if the contact is not lubricated, the effect of friction could be neglected, especially for non-sharped indenters, where differences of 4% in loading curves were reported by Harsono et al. [37]. Figure 1b shows the setup of the experiment.



2.1. Experimental Methodology


During the experiments, the specimen loading and unloading stages were programmed and controlled using the registered displacement by the hydraulic cylinder. This issue was extremely important since the aluminum employed for experiments had an almost perfect elastic plastic behavior. Thus, when the material yielded, a force control was not possible since the results were inaccurate. The hydraulic machine was governing the adopted optical system to ensure that images were captured in a synchronized way. Thus, +5 V TTL pulse was generated to trigger the cameras. For each displacement step, the load, the cylinder displacement, and the time for each camera-acquired image were registered. As previously indicated, different specimen thicknesses were tested to evaluate bending during contact. The indentation was measured at the back of the contact surface of the plate, evaluating the thickness reduction of the plate, where the indenter is in contact with the specimen. Thus, the location with minimum out-of-plane displacement variation was identified for each image using a routine written in Matlab®. The script takes the output data from VIC-3D (displacements in matrix structures) and a loop cycle links the minimum displacement with the corresponding load, as both systems were synchronized. The measured out-of-plane displacement values were referred to a reference image, corresponding to zero indentation to obtain the indentation value for each loading state.



As illustrated in Figure 2, the location with minimum out-of-plane displacement provided the indentation value, α, for each displacement step, assuming that the indenter did not deform during the experiment. This assumption was realistic since the adopted aluminum material was very soft compared with the indenter material. In addition, the deformation due to membrane and transverse shear deformation was neglected, simplification considering that small displacements were induced to the plates [38]. Figure 2a shows that maximum out-of-plane displacement, d, occurred at the edge of the plate or the clamped perimeter in this case. Therefore, the energy applied for bending deformation was obtained after evaluating the maximum deflection experienced by the plate during the experiment [39]. The maximum deflection was calculated as the displacement differences between the edge of the plate, d, and the peak point where the indenter was contacting. During the test, the frame displacement was also measured using DIC. It was observed that there were some differences between the displacement provided by the hydraulic cylinder and the measured displacement at the loading frame. These differences were attributed to elastic energy absorption occurring at the loading frame during the test. Thus, the maximum bending displacement experienced by the plate is the difference between d and α. In Figure 2a, the area with the minimum out-of-plane displacement is highlighted. For a better understanding of the mechanical behavior of the plate at this area, a simple test was performed and illustrated in Figure 2b. It was obtained from an indented plate in which a section was made just in the profile in contact with the indenter. A profile projector using a 10X magnifier (brand Nikon, model V-20, Japan) was used to accurately measure the thickness. As is observed in Figure 2b, the plate experiences the greatest thickness reduction at the contact point with the bearing ball. On the back face of the plate, it was measured 0.19 mm out-of-plane displacement. Therefore, comparing the thickness measurement at this point (1.81 mm) shows the indentation value considering the assumption commented above.



As a result of the test, a force versus the indentation plot was obtained. The analysis was performed for loading and unloading and indentations and deflection were inferred measuring at the edges of the specimen clamped to the load frame.



Prior to start the tests, a preload of 25 N was applied to ensure a contact between the plate and the sphere. Subsequently, when the test was started, a TTL pulse was automatically generated and sent to both cameras to acquire images from the 3D-DIC system. Figure 3 shows a flow chart summarizing the implemented experimental methodology. During step 1, the cylinder was moved with a displacement rate of 0.1 mm/s during both loading and unloading, controlled by the LVDT (Linear Variable Displacement Transducer). The maximum cylinder displacement was limited to 2 mm. During this displacement interval, images were captured. In step 2, images were post-processed to obtain the out-of-plane displacements field to infer the indentation and the deflection experienced by the specimen during each deformation step. Finally, during step 3, the load for every captured image was plotted (load from image) versus the measured displacements using 3D-DIC. The test was finished when the load cell reading was below 25 N, which meant that no contact existed between the sphere and the specimen.



After the results were obtained, a post-processing analysis was conducted. For each test, it was plotted indentation results versus load, as Figure 4 shows as an example. For contact behavior, as it is shown in Figure 4, the area under the loading branch was the energy employed to indent the specimen, while the area under the unloading branch was the recovered elastic energy [39,40]. The difference between both areas was the absorbed energy to produce local contact damage at the contact area [41]. In this case, it was plotted the maximum bending deflection vs. load. Again, part of the energy was stored during the loading and unloading paths. The stored energy (differences of areas between both paths) was the energy absorbed due to plastic deformation as a result of bending.



Therefore, for this case, the general energy balance is [39]:


   E T  =  E c  +  E b  +  E  s y s    



(1)




where the term ET is the energy applied to the specimen, Ec is the involved energy due to contact, Eb is the involved energy due to bending and Esys is the elastic energy absorbed by the loading frame during the test. Both energies terms Ec and Eb, have an elastic component that is recovered during the unloading path, (Ec,elastic and Eb,elastic) and a plastic component that is absorbed by the specimen, which is responsible for the remaining permanent damage after the load is removed (Ec,plast and Eb,plast). Thus, the energy balance is presented as:


   E T  = (  E  c , p l a s t   +  E  c , e l a s t i c   ) + (  E  b , p l a s t   +  E  b , e l a s t i c   ) +  E  s y s    



(2)







According to the experimental methodology previously proposed, it is possible to evaluate the energy transferred due to contact and bending for each loading state [39]. Esys was evaluated by comparing the displacements of the machine actuator provided by the LVDT and those measured using DIC for the clamp frame holding the specimen.




2.2. Experimental Validation of the Proposed Methodology


Before performing the experimental analysis, a preliminary experiment was conducted to evaluate the measurement uncertainty of the proposed 3D-DIC setup. The test was carried out without specimen. Consequently, the movement of the hydraulic cylinder was entirely transferred to the loading frame. Then, only the motion as a rigid body was measured without any load application. The cylinder was moved up to 3 mm in six sequent displacement steps of 0.5 mm. Hence, the displacement data provided by the LVDT sensor in the hydraulic machine were compared with those measured by the 3D DIC system. Thus, the measurement uncertainty of the technique was evaluated. A statistical analysis was subsequently performed. The mean, µ, and variance, s2, of the measurement differences between 3D-DIC (values in the considered region of analysis) and the LVDT was calculated for each vertical displacement step according to the following expressions [42].


   h i  =     3 D D I C   – C y l i n d e r       3 D D I C    



(3)






  µ =  1  I − 2     ∑   i = 1  I   h i   



(4)






   s 2  =  I  I − 2     ∑   i = 1  I       h i  − μ    2   



(5)




where I is the number of experimental points evaluated and hi is the relative error in the measurement. Values for the mean error, µ, and standard deviation of the error, s, at each displacement step were evaluated. Table 2 shows the average mean and the standard deviation for the different displacements steps.



In general terms, the experimental results from 3D-DIC matched with the LVDT measurements with a very low scatter. Statistical calculations such us the mean and the standard deviation clearly show the high level of concordance where values are lower than 0.20% and 0.15%, respectively. Moreover, the average mean for the different displacements step was lower than 2·10−3 mm and the average standard deviation lower than 1·10−3 mm.



As a second part of the validation, two experiments were performed. Subsequently, the accuracy and repeatability of the setup were quantified using 2 mm thick specimens. A battery of 20 tests was performed to measure the indentation at different loading levels. Firstly, indentation measurements were performed 10 times using a dial indicator and also 10 times using 3D-DIC. During the experiments, the indenter was moved 2 mm down (once the indenter touched the specimen, as reference) in steps of 0.1 mm at 0.1 mm/s, as programmed in the hydraulic cylinder. Between steps, a dwell and a TTL pulse were set to trigger both cameras. Then, the load, the dial indicator measurement and both cameras’ shots were logged at each step. As previously indicated, a 25 N preload was set for each test. The gauge head of the used dial indicator, which has an accuracy of 1·10−3 mm, was placed and vertically aligned with the center of the sphere, in the non-contact side of the specimen. Figure 5 shows the results obtained for four of these indentation experiments using the dial indicator and DIC technique simultaneously. Error bars show a deviation percentage of ±6% respect to the average value. It can be observed that in all the cases, experimental results are within the error bars which indicate that repeatability of the results. During the unloading path, values were also inside of the 6%; however, more scatter in the results was found. Figure 5b shows the same test conditions as in Figure 5a, but in this case 3D-DIC was employed. Figure 5c overlays the results of both techniques. In all the cases, differences are smaller than 6%, using this value as a reference from the previously calculated dispersion bands of 3D-DIC. These differences in the indentation results could be associated to small deviations in the position of the dial gauge or to a slight loss of perpendicularity of the gauge when large deflections are experienced due to bending.



As has been presented in Figure 5a,b, the repeatability of indentation measurements has been achieved using two different experimental techniques. 3D-DIC technique provides the indentation measurement and the information related to the contact area between the indenter and the specimen. The maximum indentation point was clearly identified using DIC-3D, while the dial indicator was very sensitive to the gauge head position. Moreover, less scatter has been observed in the results from 3D-DIC when they are compared with those obtained by the dial indicator. During unloading, results were noisier; however, 3D-DIC results again showed less scatter than those obtained with the dial indicator. Only results from four experiments have been presented in Figure 5a,b to have a clear comparison of the results obtained with both techniques. As it is shown, differences were smaller than 6% in all cases. Then, it can be summed up that the adopted setup provides an accurate, repeatable and robust procedure to obtain the material quasi-static contact law. Furthermore, 3D-DIC makes it possible the extrapolation of this methodology to dynamic experiments.





3. Results and Discussion


In this section, the experimental results from the analysis of the contact and bending deformation of the specimen using 3D-DIC during the tests will be analyzed and discussed.



To establish the contact model, images from both cameras were captured during the test at each displacement step and post-processed using the 3D-DIC technique. The facet size was set to 25 × 25 pixels with an overlap of 2 pixels. As an example, Figure 6 shows the measured out-of-plane displacements in a 2 mm thick specimen for different cylinder displacements. They show the cylinder displacement of 0 mm, 0.72 mm, 1.57 mm and 2 mm, which corresponds to 0 mm, −0.05 mm, −0.096 mm and −0.111 mm indentation and loads of 0 N, 320 N, 611 N, and 731 N, respectively.



For each displacement step of the cylinder (from 0 mm to 2 mm), indentation values were evaluated and the applied load was measured to obtain the experimental contact model. Figure 7 shows the experimental contact force for a 2 mm thick specimen. As it can be observed, the maximum indentation value was −0.111 mm, which corresponded to 731 N compression load. After this value was reached, an elastic recovery of the material was observed during the unloading path show in the graph. The measured permanent indentation was −0.059 mm. In the figure, it is observed a small scattering that could be associated with the material behavior during plasticity produced due to contact.



The same procedure was followed to the rest of specimen thicknesses. Figure 8 shows the experimental contact force for 3 mm, 4 mm, 5 mm and 6 mm thick specimens. The indentations were −0.189 mm, −0.279 mm, −0.359 mm and −0.447 mm, which corresponded to a maximum compression load of 1758 N, 3745 N, 4791 N and 6274 N respectively. It is observed that, as the specimen stiffness (i.e., thickness) increases, more contact damage occurs. For 6 mm thick specimen, the highest contact damage is reached. The permanent indentation after the load was removed was −0.114 mm, −0.190 mm, −0.235 mm and −0.313 mm for the different specimen thicknesses of 3 mm, 4 mm, 5 mm and 6 mm, respectively. It is also noticed that the signal noise is being reduced as the thickness and load increases in both loading and unloading stages.



To compare results for different specimen thicknesses, Figure 9a shows the normalized contact load as a function of the indentation/thickness ratio for different specimen thicknesses. It is observed an increase in the indentation/thickness ratio as the specimen thickness increases. An explanation for this effect is that the contact damage is more significant as the specimen stiffness increases. Although it is not presented in Figure 9, similar behavior was observed for 3 mm and 5 mm thicknesses. Thus, increasing the specimen thickness implies higher contact damage, showing indentations of 2% of the initial thickness in 3 mm thick specimens to 5% of the initial thickness in 6 mm thick specimens. Increasing the specimen thickness enhances the bending stiffness and the transferred ball pressure increases as the ball displacement is imposed. Nevertheless, the bending deformation is more relevant when the specimen thickness is smaller. Figure 9b shows the specimen maximum relative deflection experienced for different specimen thicknesses. As previously mentioned, the maximum specimen deflection was obtained as the out-of-plane displacement difference between the clamped edge and the position of minimum indentation, it represents the maximum bending deformation experienced by the specimen. Results show how the specimen with less stiffness experiences a higher bending deformation. From this information, it is possible to extract the involved energy to generate the contact damage and bending deformation at the specimen. The same conclusions could be obtained from the energy point of view. As shown in Figure 8, the area under the curve is higher for thicker specimens, which means that more energy has been used to create the contact damage.



Once the information related to the contact model and bending experienced by the specimen was obtained, an energy analysis was performed, as Figure 4 shows. Table 3 summarizes the values of applied, absorbed and recovered energy for contact experiments with different specimen thicknesses. These values were obtained by quantifying the areas under the experimental plot measurements, as explained in Figure 4. As shown in Table 3, the total applied energy increases as the thickness increases, due to higher stiffness being involved. Similarly, both elastic energy and absorbed energy to generate permanent damage in contact increases as the thickness increases, while the bending energy (elastic and plastic) is consequently reduced as the thickness increases. It supports the assertion of higher thicknesses leading to higher contact damage. As the supporting structure was designed for high loads, the absorbed energy in the system remains below 2% for all cases, although a slight increase is shown when the specimen stiffness increases.



To perform a comparison between experiments with different specimen thicknesses, Figure 10a shows the evolution of the applied energy due to contact normalized by the total applied energy versus the normalized load for three different thicknesses. As expected, the absorbed energy by contact increases for any thickness as the load increases. For the analysed and equally spaced thicknesses, the gap between curves tends to be also equally spaced. Nevertheless, this trend will disappear for very high thicknesses, in which most energy will be dissipated in the contact as permanent damage. It can be observed in Figure 10, where the plastic energy increases faster than the elastic energy as thickness increases. It could be explained taking into account that thicker specimens enhance the indentation-induced damage, while thin plates absorbed most of energy as bending. Consequently, the total applied bending energy tends to be lower as thickness increases, as is shown in Figure 10b. The rate of applied energy in contact increases as the thickness increases, whereas the rate of bending energy is going lower. To sum up, stiffness increases the contact forces at the ball contact point, which lead to deeper indentations, higher applied energy at contact, and lower applied energy for bending energy. All of these effects are enhanced as thickness increases.



Figure 11 shows the percentage of applied energy due to contact and bending as a function of the specimen thickness. It is observed, that values of applied energy due to contact increases when specimen thickness increases linearly. In addition, for thicker specimens the percentage of applied energy due to bending decreases, also linearly.



Splitting up the applied energies into elastic and plastic, Figure 12 shows the percentage of recovered elastic energy due to contact and bending as a function of the specimen thickness. Again, the results illustrate that thicker specimens show a lower elastic energy recovery due to bending, while thinner specimens experience a higher elastic energy recovery. For the case of contact damage, the percentage of recovered energy increases with the specimen thickness.



Figure 13 shows the percentage of absorbed energy due to contact and bending. The results are represented as a function of the specimen thickness. They support the results shown in Figure 10, where both the three curves and thicknesses (2 mm, 4 mm and 6 mm) are linearly spaced. It means a linear influence of thickness on the total applied energy.



The energy evolution involved in different contact experiments conducted on aluminum specimens is shown in Figure 11, Figure 12 and Figure 13. It can be observed that the influence of bending drastically influences the energy absorption due to contact. An extreme case would be a half space where not bending occurred and all the percentage of the energy would be absorbed by contact damage. It is remarkable that, for 2 mm thick specimens, from the total applied energy, 4.8% is transformed to create contact damage; however, for thicker specimens this value is bigger, up to 16.5% for 6 mm thick specimens. These results are relevant for an accurate energy balance during experiments. The applied energy for bending deformation is decreasing for thicker specimens, being 81.6% of the applied energy for 6 mm thick specimens. During the unloading path, the recovered energy is evaluated, and therefore the absorbed energy is quantified. Thus, it is possible to distinguish between absorbed energy due to permanent contact damage and bending deformation. For a 6 mm thick specimen, around 18% of the total applied energy was absorbed to generate permanent contact damage. However, for the case of 2 mm thick specimens, only 6.27% of the energy was absorbed. The loading frame behavior was assumed as elastic, although a small portion of energy was absorbed, it could be neglected. It could be associated to the applied preload which is introduced by screws when clamping the specimen. The results shown in Figure 7 and Figure 8, and specifically the quasi-linearity in loading curve, reproduces the findings of other authors in metal specimens indented with spherical indenter.



Data in Figure 11, Figure 12 and Figure 13 could be fitted by third-order function. The flexural stiffness and compliance of an edge-clamped plate is related with the cubic power of the thickness [43]. On the other hand, the superficial indentation stiffness and harness (i.e. at contact point) do not depend on the plate flexural thickness as it is an intrinsic material property. Then, when the plate thickness is increased, the bending effect is going lower due to the higher thickness, which follows a thickness to the third power function. Consequently, the local contact damage absorbs a higher amount of energy. As an example, for very high thicknesses, the bending energy tends to be zero (both plastic and elastic), whilst the energy at the contact point tends to be equal to the applied energy. As a result, the highest contact damage as indentation is found in thick plates, while the highest bending deflections are shown for the smallest thicknesses. According to these figures, when the thickness tends to zero, the contact-associated energy decreases quickly. Despite the high accuracy of the method, it could lead to insufficient exactitude in these cases, although further experimentation should be addressed.



The proposed methodology could be used to characterize the contact behavior in dynamic events (e.g. impact) as high-speed cameras and DAQ are used, as well as indentation cycles experiments. Additionally, long-term effects (e.g. creep) could also be analysed at the different stages. It is specifically useful for thin or thick plates, when thicker geometry or raw material is not available, or the real application is based on thin plates. In these cases, bending effect cannot be neglected and the alternative methods find difficulties to analyze the contact and bending effect independently. Additionally, since the post-processing is able to evaluate the maximum indentation point and bending effect, the accuracy in the positioning is not affecting the final results. Alternative methods can be influenced by these factors. It could also be used for any material (such as metals or composites) and even for non-flat surfaces, specifically for high-stiffness materials.



Further analyses could be performed in order to correlate this method with harness methods, to be highlighted as potential and alternative applications. The presented method does not require accurate measurement of the real length or diameter of the indentation, so surface roughness, quality or the operator skills are not affecting the measurement. As an example, when the values of permanent indentation after removing the load (for 4 mm, 5 mm and 6 mm) are used, the assessed Brinell Harness ranges between 32 HB and 33 HB are obtained. Although the real value has not been measured, the data from the manufacturer specify 35 HB, and then the mean error for thickness between 4 and 6 mm is lower than 8%. For 2 mm and 3 mm thick specimens, the error is higher and some conclusions are drawn. The variations can be associated to the high curvature of plate at the indentation point because of bending effect. In these cases, the material is reducing the indentation depth as the contact surface is higher. Then, it can be concluded that small ball diameters should be used as the specimen is thinner, in order to highlight the contact and attenuate the bending effects. The application of this methodology could be extended for using other indenters such as pyramidal or conical. Its application could be limited for very thin specimens of very hard materials even using small indenters and further experimentation is required.




4. Conclusions


A novel full-field experimental methodology based on 3D-DIC measurements has been presented to determine the real contact law of thin plates. The adopted setup uses a perimeter-clamped squared plate and takes into account the influence of bending in the measured indentation during contact experiments on thin aluminum plates. To illustrate the proposed methodology, specific contact experiments with different specimen thicknesses have been conducted. During the experiments, images were captured using two CCD cameras to determine the full-field displacements pattern at the rear surface of the specimen.



The main conclusions from the study are:




	
Results from the performed experiments made it possible to infer the experimental contact law for 2 mm, 3 mm, 4 mm, 5 mm and 6 mm thick specimens made of AL 1050 H14 and an energy balance was performed to quantify the amount of energy to generate contact damage and bending deformation.



	
The recovered elastic energy during the unloading has been also quantified. Higher contact damage was observed as the thickness increases while bending effect is minimized when thickness increases.



	
The adopted experimental methodology makes potentially possible the contact behavior evaluation at different loading rates as well as obtaining the real contact law and a complete energy balance during the test. Then, the proposed method could be used to characterize the contact behavior during impact events or creep effects.



	
Additional experimentation could highlight some uses as a method to measure the contact laws and harness in complex geometries or scenarios.
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Figure 1. (a) Schematic of the setup to perform the experiments; (b) laboratory-adopted setup for the proposed experimental methodology. 
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Figure 2. (a) Schematic illustration showing the indentation measurement principle during a contact experiment which includes bending. (b) Real test illustrating the thickness reduction at the contact area and the indentation measurement. 
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Figure 3. Flow chart illustrating the implemented experimental methodology to extract test results. 
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Figure 4. Evaluation of the absorbed energy due to contact during an experiment. 
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Figure 5. (a) Tests results for the dial indicator setup; (b) tests results for 3D-DIC setup; (c) results comparison using 3D-DIC and the dial indicator. 
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Figure 6. Out-of-plane displacements at the region of analysis when a 2 mm thick specimen is analysed at different loads: (a) 0 mm and 0 N; (b) −0.05 mm and 320 N; (c) −0.096 mm and 611 N; (d) −0.111 mm and 731 N. 
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Figure 7. Experimental contact force for a 2 mm thick specimen. 
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Figure 8. Experimental contact force for: (a) 3 mm; (b) 4 mm; (c) 5 mm and (d) 6 mm thick specimens. 
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Figure 9. (a) Normalized contact load as a function of the indentation/thickness ratio for different specimen thicknesses, (b) normalized contact load as a function of the maximum deflection/thickness ratio for different specimen thicknesses. 
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Figure 10. (a) Normalized evolution of the applied energy due to contact versus normalized load for different specimen thicknesses. (b) Normalized evolution of the applied energy due to bending versus normalized load for different specimen thicknesses. 
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Figure 11. Applied energy percentage due to contact and bending as a function of the specimen thickness. 
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Figure 12. Percentage of elastic recovered energy due to contact and bending as a function of the specimen thickness. 
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Figure 13. Percentage of absorbed energy due to contact and bending as a function of the specimen thickness. 
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Table 1. Aluminum 1050 H14 properties [34].
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	AL 1050-H-14
	E (GPa)
	ν
	Density

(kg/m3)
	Yield Stress

(MPa)
	Hardness

(HB)





	
	69
	0.33
	2700
	105
	35
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Table 2. Results of the mean and the variance of the measurement differences between 3D DIC and LVDT for each displacement step.
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	Step (mm) 0.
	0.5
	1
	1.5
	2
	2.5
	3





	Mean error (mm)

and (%)
	0.97 × 10−3

(0.19%)
	1.85 × 10−3

(0.19%)
	1.37 × 10−3

(0.09%)
	0.73 × 10−3

(0.04%)
	0.75 × 10−3

(0.03%)
	1.36 × 10−3

(0.05%)



	Standard deviation, s, (mm) and (%)
	0.69 × 10−3

(0.14%)
	0.61 × 10−3

(0.06%)
	0.51 × 10−3

(0.03%)
	0.32 × 10−3

(0.02%)
	0.32 × 10−3

(0.01%)
	0.29 × 10−3

(0.01%)










[image: Table] 





Table 3. Energy balance for contact experiments with different specimen thicknesses.
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	Thickness (mm)
	2
	3
	4
	5
	6





	Total applied energy (J)
	0.80
	2.06
	4.21
	5.53
	7.31



	Total applied energy: contact (%)
	4.80
	8.32
	12.09
	14.49
	16.50



	Total applied energy: bending (%)
	95.20
	91.26
	86.40
	83.84
	81.60



	Total applied energy: system (%)
	0.00
	0.42
	1.51
	1.67
	1.90



	Recovered energy (elastic) (J)
	0.38
	0.80
	1.50
	1.90
	2.42



	Elastic energy: contact (%)
	3.12
	5.26
	7.99
	10.94
	13.48



	Elastic energy: bending (%)
	96.88
	94.74
	89.33
	86.84
	83.50



	Energy to generate permanent damage (plastic) (J)
	0.42
	1.26
	2.71
	3.63
	4.89



	Energy to generate permanent damage: contact (%)
	6.27
	10.26
	14.35
	16.38
	18.01



	Energy to generate permanent damage: bending (%)
	93.83
	89.06
	84.78
	82.28
	80.61



	Energy to generate permanent damage: structure (%)
	0.00
	0.68
	0.87
	1.34
	1.38
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