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A very eﬃcient, incremental implementation of Archard’s wear model on the global scale for pin wear and disc wear in a pin-ondisc tribometer is presented. The results from the model are in good agreement with experimental results. The identiﬁed wear model is implemented in a ﬁnite element based tool (Wear-Processor) for 3D wear simulations and the results compare favorably with that from the global wear modeling scheme. KEY WORDS: contact mechanics, stress analysis, ceramics, wear mechanisms, simulation, modeling



1. Introduction Microsystems and micro-machines in particular are a rapidly emerging technology, ﬁnding a wide variety of applications. Various investigations on micro-machines show that the tribological behavior plays a key role in the performance of micro-machines [1–4]. At present, in-situ wear measurements are the most realistic methods to predict wear in micro-components. In [5] a detailed in-situ study of the tribological performance of poly-silicon micro-engines can be found. Moreover, the manufacture of prototypes is highly expensive both in terms of time and money for such in-situ studies. Therefore experimental techniques like pin-on-disc test, scratch test, AFM etc. are used to characterize the tribological properties of various materials used in MEMS technology. Recently, new fabrication methods for microsystem technology have been developed for employing various wear resistant materials like ceramics [6]. Such technologies have increased the variety of materials for MEMS development, which has been very much restricted to semiconductor materials before. The ability to predict wear and lifespan is however still essential for the development of reliable micromachines. Huber and Aktaa discussed the design and production of a micro-pump where one of the outcomes was, that no adequate predictive method exists when the contact conditions continuously change [7]. Therefore, a simulation tool is essential to close the gap between in-situ wear measurements, standard tribological *To whom correspondence should be addressed. E-mail: [email protected]



experiments and the actual operation of a micromachine. With the advent of modern high performance computers, considerable computational eﬀorts have been made, especially using the phenomenological wear model of Archard [8]. A FE formulation for thermoelastic wear based on Signorini contact and Archard’s wear model was presented in [9] and a numerical model for simulating the frictional wear behavior within a fully nonlinear kinematical setting, including large slip and ﬁnite deformations is described in [10]. This model was implemented into a FE program, where the wear was computed using Archard’s wear model. Molinari et al. implemented a modiﬁcation of Archard’s wear model where the hardness of the softer material is allowed to be a function of temperature [11]. Other features like surface evolution due to wear, ﬁnite deformation thermoplasticity and frictional contact were also included. Due to the computational expense, only a simple contact problem of a block over a disc was simulated. Therefore a faster and more eﬃcient approach of post-processing the FE contact results with a suitable wear model to compute the progress of wear for a given time interval/sliding distance has started gaining in popularity. These wear simulations are based on ArchardÕs wear model and are implemented as a FE postprocessor [12–19]. The assumptions in the above works are, (i) simpliﬁcation to 2D, (ii) lack of a viable remeshing technique which limits the maximum wear by the surface element height and (iii) either determining the wear on only one of the interacting surfaces since the FE contact results are available only on one of the surfaces or using the computationally expensive method 1023-8883/06/1000-0051/0 Ó 2006 Springer Science+Business Media, Inc.
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of switching the role of the contact pairs (symmetric contact) to get the FE contact results for all the contacting surfaces [20]. Sui et al. [21] and Hoﬀmann et al. [22] implemented re-meshing for geometry update. FE post-processor based wear simulations were extended to include 3D geometry and a re-meshing scheme in [23–26]. They also implemented a method to compute the contact pressure on both the surfaces avoiding the necessity to use computationally expensive symmetric contact. The advantages of the ﬁnite element based simulation tool presented in this work include (i) it can handle three dimensional ﬁnite element model of the tribosystem, (ii) wear on both the surfaces can be computed, (iii) it employs an eﬃcient re-meshing technique to avoid severe deformation of the mesh, (iv) it uses Coulomb friction, where the friction coeﬃcient is taken from the experimental measurements, to include the unsymmetric eﬀects, (v) it can handle diﬀerent wear rates for diﬀerent interacting surfaces, (vi) it can possibly handle diﬀerent wear models for diﬀerent interacting surfaces. To reduce the computational eﬀort resulting from ﬁnite element simulations several approaches have made use of the elastic foundation method for the computation of the contact pressure and wear using Archard’s wear model [27–30]. The elastic foundation method for contact pressure computation does not consider the effects of shear deformation in the contact, which may be considerable for higher values of the friction coeﬃcient as discussed in [24] and for compliant materials to be discussed in the present article. Liu et al. developed a numerical technique based on the variational approach for minimizing the contact energy to compute the contact stress distribution in three dimensional contact models of computer generated real surfaces which eliminated the additional iteration for determining the contact area and also studied the role of friction and stress distribution in wear process [31]. Our approach involves a computationally eﬃcient, incremental implementation of Archard’s wear model on the global scale (Global Incremental Wear Model – GIWM) for pin wear and disc wear in a pin-on-disc tribometer. It will be shown that GIWM can be easily used to identify the Archard’s wear coeﬃcient from such an experiment by ﬁtting the experimental results. GIWM can also predict pin-on-disc experiments to a limited extent. Two dimensionless parameters are introduced to study the signiﬁcance of elastic deformation on the computation of wear. Elastic deformations can have a signiﬁcant eﬀect in the early stages of sliding, for interaction between compliant materials or for very low wear coeﬃcients. However, in order to apply the identiﬁed parameter to predict wear in a geometrically diﬀerent tribo-system, the wear model should be valid on the local scale. Therefore we have developed a ﬁnite element based



simulation tool (Wear-Processor) that implements a relevant wear model on the local scale. It will be shown that this method can be used to simulate wear in pin-ondisc experiments (silicon nitride on itself). The results from the Wear-Processor compare favorably with that from the GIWM. The work presented in this paper therefore provides the basis required for predicting wear in a geometrically diﬀerent tribosystem (e.g. micromachine).



1.1. Global incremental wear model (GIWM) The term ‘‘global’’ is used to indicate that this wear modeling scheme considers only the global quantities e.g., average contact pressure and not the location speciﬁc quantities, such as the local contact pressure. Further, the term ‘‘incremental’’ is used to indicate the updating of the contact pressure at various intervals of sliding. In the next two sub-sections a global wear modeling scheme adopted speciﬁcally for computing wear on pin and wear on disc will be presented, respectively.



1.2. GIWM for computing wear on pin The ﬁrst case of a comparatively softer spherical tipped pin sliding over a harder ﬂat disc has been presented in earlier works [24,25] and will be described only brieﬂy here. In such a situation it can be safely assumed that most of the wear occurs on the pin while negligible wear occurs on the disc. The GIWM for computing wear on the pin is based on the idea of successively computing the contact radius and thus the contact area due to the ﬂattening of the spherical tipped pin by considering wear and elastic deformations in the contact. The phenomenological wear model implemented in the GIWM was proposed by Archard [8] V FN ¼k s H



ð1Þ



where V stands for the volume of material removed, s is the sliding distance, FN is the applied normal load and k is the dimensionless wear coeﬃcient. In equation 1, the hardness (ratio of load over projected area) is that of the softer material. The ﬂow chart of this scheme is shown in ﬁgure 1, where p is the contact pressure, FN is the applied normal load, a is the contact radius due to elastic displacement and wear, h is the total displacement at the pin tip, Rp is the curvature of the pin, he is the elastic displacement, hw is the current wear depth, kD = k/H is the dimensional wear coeﬃcient, Ds is the interval of the sliding distance, smax is the maximum sliding distance, i is the current wear increment number and Ec is the elastic modulus of
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hwiþ1 ¼ kD pi Dsi þ hwi



Figure 1. Flow chart for the global incremental wear model (GIWM) for computing pin wear.



the equivalent surface calculated using the following equation (see page 92 of [32]): 2



1  mp 1  m2d 1 ¼ þ Ec Ep Ed



ð2Þ



where Ep and Ed are the Young’s modulus of the pin and disc respectively and the Poisson’s ratios of the pin and the disc is represented by vp and vd respectively. The global wear modeling scheme begins with the computation of the initial contact radius a0 using the Hertz solution [33] sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 3 3FN RP a0 ¼ ð3Þ 4EC
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ð5Þ



The GIWM for computing pin wear is used to ﬁt the experimental results obtained by Herz et al. [35], shown in ﬁgure 2. The dry sliding tests reported in ﬁgure 2 were conducted with a micro pin-on-disc tribometer which used a spherical tipped Si3N4 (Silicon Nitride) pin of diameter 1.588 mm and a disc of the same material with the dimensions 8 mm in diameter and 1 mm thick. Two experiments, each was conducted at room temperature with a sliding speed of 400 mm/s at three diﬀerent normal loads of 200, 400, and 800 mN. The GIWM was used to ﬁt the results of the 200 mN normal load experiment (lower curve in ﬁgure 2), where kD was identiﬁed to be 13.5  10)9 mm3/Nmm. The chosen material properties for Si3N4 were: YoungÕs Modulus, E=304  103 N/mm2 and PoissonÕs Ratio, v = 0.24. Later, the identiﬁed wear coeﬃcient was used to predict the 400 mN and 800 mN experiment (upper curves in ﬁgure 2). It can be seen from the graph in ﬁgure 2 that the ﬁt and prediction using the GIWM. It is able to describe and predict the experiments up to at least 400 mN. For the 800 mN experiment a signiﬁcant discrepancy between prediction and experiment is observed. However the prediction up to the ﬁrst 100 m of sliding is still favorable. We assume that at this load a diﬀerent wear mechanism comes in to play, such as the formation of a lubricant or protective layer.



1.3. GIWM for computing wear on disc In this sub-section, the GIWM implemented for the case of a comparatively harder spherical tipped pin sliding over a softer ﬂat disc will be discussed. For such a case it is assumed that most of the wear occurs on the disc and negligible wear on the pin. The GIWM for computing wear on disc assumes the evolution of an elliptical contact area (see [36], page 167) where the



and the elastic deformation normal to the contact using the relation found in [34]: FN ð4Þ heiþ1 ¼ 2Ec aiþ1 Then the average contact pressure pi and the integral of the linear wear are calculated for each increment of sliding distance till the maximum sliding distance is reached. At each increment, the current contact radius ai is based on the sum of the linear wear and the elastic deformation normal to the contact. The linear wear is integrated over the sliding distance using the Euler explicit method:



Figure 2. Results from the GIWM in comparison with the experimental results from the pin-on-disc tribometer at three diﬀerent normal loads (200, 400, and 800 mN).
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contact length (minor axis of the contact ellipse), 2aH progressively decreases while the wear track width (major axis of the contact ellipse), 2a progressively increases over sliding as shown by the dotted ellipse in ﬁgure 3. There is a net increase in the contact area and thus the mean contact pressure decreases over sliding. The ﬂow chart for this model is shown in ﬁgure 4, where r is the radius of the wear track and all other nomenclature remains the same as before. The global wear modeling scheme begins with the computation of the initial contact radius, a0 using the Hertz solution [33] when a circular contact area is present (equation 3). The initial elastic deformation normal to the contact is computed using equation 4. Then iteratively the following quantities are calculated for each increment of sliding distance (one revolution of the pin over the disc) till the maximum sliding distance is reached. The integral of the linear wear (based on the incremental form of Archard’s wear model) is computed from: hwiþ1 ¼ 2kD pi aHi þ hwi



ð6Þ



Here the sliding distance for each wear increment is the contact length, 2aH, since each material point on the disc wear track comes in contact with the pin only once per revolution. The average contact pressure based on the applied normal load and the elliptical contact area is pi ¼



FN paiþ1 aHi



ð7Þ



and the elastic deformation normal to the contact is computed using the Oliver and Pharr relation [34] adopted for the assumed elliptical contact area: heiþ1 ¼



FN pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 2Ec aiþ1 aHi



ð8Þ



2 ai +1 2 ai 2 a0



2aH 0 2aH i 2 aH i+1



Wear Track



Direction of Sliding



Initial Contact Area (before wear)



Figure 3. Schematic of the evolution of the real contact area for disc wear.



Figure 4. Flow chart for the global incremental wear model (GIWM) for computing disc wear.



The semi contact length in the direction of sliding is computed using the Hertz solution [33] assuming a rectangular contact area (a plain strain condition orthogonal to the wear track). However, an elliptical contact area is assumed in equations (7) and (8). Therefore the rectangular contact area used for the Hertz solution has to be corrected in order to be equal to the assumed elliptical contact area. Hence a correction factor of p is included in the denominator of the equation (9) for calculating the minor axis of the contact ellipse: sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ FN RP aH i ¼ 2 ð9Þ paiþ1 pEc The obtained GIWM for computing disc wear is used to ﬁt the experimental results from [28] where they used a WC (Tungsten Carbide) spherical tipped pin of diameter 6.35 mm sliding on a DLC (Diamond like
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Carbon) coated tool steel disc. The thickness of the coating was around 1.4 lm. They conducted the experiments at room temperature in dry air at a sliding speed of 50 mm/s and normal loads of 20 N and 40 N. The GIWM was used to ﬁt the results of the 20 N normal load experiment, where kD was identiﬁed to be 21  10)11 mm3/Nmm. Figure 5(a) shows a favorable comparison between the cross section proﬁle of the wear track obtained from the experiment and that used in the GIWM. For the ﬁt, the material properties (Young’s Modulus, E = 669103 N/mm2 and Poisson’s Ratio, v = 0.2) for tungsten carbide were chosen from other literature and the material properties for DLC were chosen from the above-mentioned article. The identiﬁed kD from the above ﬁt was used to predict the 40 N normal load experiment given in [28]. In ﬁgure 5(b) it can be seen that the results from the prediction are in good agreement with the experimental value at the end of the experiment. It should be noted that the ﬁt shown in ﬁgure 5(a) is for the experimental data point at larger sliding distances, correspondingly the prediction from this ﬁt is good for the experimental data point at larger sliding distances as shown in ﬁgure 5(b).



a
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1.4. Eﬀect of elastic deformation on computation of wear The GIWM for the computation of pin wear discussed in the earlier section assumes an axi-symmetric pressure ﬁeld. Therefore the results from the GIWM are satisfactory when wear on stiﬀer material is considered. But, if wear on comparatively compliant material is to be considered, the results from the GIWM can be misleading, since one would expect that due to the elastic deformation of the sliding pin there would result an asymmetric wear on the pin surface (higher wear on the front side of the pin compared to the back side). This eﬀect would be more pronounced in the early stages of sliding when there occurs maximum elastic deformation, since the contact is more Hertzian. Also this eﬀect occurs for very low wear coeﬃcients for the very same reasons as will be elaborated in the current subsection. The study of the eﬀect of elastic deformation on the computation of wear can be accomplished by comparing some dimensionless quantities for various experiments found in the literature. One can derive two such dimensionless parameters by dividing equation (4) by the integral of equation (5) and writing it in dimensionless form. In this way we get: sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ he 1 pﬃﬃﬃ FN 1 pﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ¼ p pPs ð10Þ ¼ Pe ¼ 2R k s w 2 2 E h RP C P D The dimensionless parameter on the left hand side is a measure of the extent of the elastic deformation and is termed as dimensionless elastic deformation, Pe, and the dimensionless parameter on the right hand side includes all the tribological, material, and geometrical parameters used in the wear model and is termed as the dimensionless system parameter Ps. The data points shown in ﬁgure 6, which is a plot of the two dimensionless parameters are obtained from the GIWM for computing pin wear after ﬁtting to the



b



Figure 5. Comparison of the cross section proﬁle of the wear track for (a) 20 N, (b) 40 N.



Figure 6. Graph of dimensionless elastic displacement vs. dimensionless system parameter for studying the eﬀect of elastic deformation on computation of wear.
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experimental results found in the literature. The data points in ﬁgure 6 for steel on steel correspond to the ﬁt to the experimental values found in [13] and the data points for Si3N4 on Si3N4 correspond to the ﬁt for the experimental values found in [35]. The data points for PTFE (Poly Tetra Fluoro Ethylene) on steel and DLC on WC are taken from [37] and [28] respectively. The last two sets of data points in the above graph were obtained by identifying the wear coeﬃcient using the GIWM for computing disc wear and then using the identiﬁed parameter in the GIWM for computing pin wear assuming the pin and disc material have been interchanged. This inversion of the pin and the disc material is necessary as the derivation of the above dimensionless parameters is for the case of pin wear only. It can be seen from ﬁgure 6 that all the data points are p inﬃﬃﬃgood agreement with a straight line having a slope of p=2. The remaining deviation between the data points and equation (10) results from the fact that the GIWM accounts for the whole history in the integrated wear, i.e. the eﬀect of elastic deformation in the linear wear is increasing with increasing sliding distance s from upper right to lower left. The data points for the Si3N4 pin sliding on a disc of the same material fall on the lower part of the straight line indicating that the eﬀect of elastic deformation can be signiﬁcant only in the initial stages of sliding. The data points for the PTFE pin sliding on a steel disc fall however on the upper part of the straight line, indicating that the eﬀect of elastic deformation is pronounced even for large sliding distances and, therefore, should be taken into account in any wear modeling/simulation scheme. The GIWM considers only the elastic deformation in the normal direction to the contact but not the elastic deformation tangential to the contact. A realistic way to consider the elastic deformation both normal and tangential to the contact (thus, accounting for the asymmetric wear on the pin) is to apply the wear model on the local scale using a ﬁnite element based wear simulation tool, which will be described in the next section. The GIWM considers the elastic deformation of the pin normal to the contact, which is ignored in the global wear model of Kauzlarich and Williams [38]. The graph in ﬁgure 7 shows the comparison between the above two models at two diﬀerent values of kD, which are diﬀerent by several orders of magnitude. It can be seen that, for a very low value of kD, the two models give diﬀerent results. For low kD values the increase in the contact area due to elastic deformation is signiﬁcant compared to the increase in the contact area due to wear. However at large values of kD, both models give the same results since the increase in the contact area due to wear becomes dominant.



Figure 7. Comparison between the GIWM and the wear model of Kauzlarich and Williams.



1.5. Remarks on the GIWM The GIWM can be very handy in tribometry, where the specimen geometry is simple (e.g., spherical tipped pin and ﬂat disc). Additionally, the results presented in the earlier sub-sections also conﬁrm that the GIWM can be used successfully to predict pin-ondisc experiment within a limited range. It was shown in the above sub-sections that GIWM gave satisfactory results when the applied load was doubled for a given geometry. However, further validation would be necessary to determine the extent of the limits of this prediction. Thus, the GIWM can be used to quickly interpret the tribological performance of a given material pair in a pin-on-disc experiment when some experimental parameters are changed. It was also shown in the previous sub-section that the GIWM can be used to predict wear in a pin-on-disc tribometer when the materials of the pin and the disc are interchanged. The assumptions used in the GIWM are: (i) an average pressure is considered, which is only a global quantity, (ii) frictional eﬀects are not considered, and particularly in the case for pin wear (iii) wear on the pin is assumed to be axisymmetric, (iv) the worn out surface is always ﬂat and the wear occurs only on the pin, and in the case for disc wear (v) worn out surface always has the curvature of the pin and (vi) wear occurs only on the disc. These assumptions made in the GIWM limit its usage to any general geometry. The GIWM can be used to make a ﬁrst guess for the local wear model, which can be implemented in the FE based wear simulation tool to be discussed in the next section. If this tool can give satisfactory results for the pin-on-disc case using a local wear model, then the included local wear model is supposed to predict wear correctly in a geometrically diﬀerent tribosystem (e.g., micro-machines).
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2. Wear-Processor In this section, a wear simulation strategy will be presented that makes use of a wear simulation tool (Wear-Processor) to test the suitability of a local wear model identiﬁed using the GIWM by ﬁtting the experimental results for Si3N4 on Si3N4 [35] and to simulate wear for PTFE on steel discussed in the previous section. A detailed description of the application of the WearProcessor to a 2D ring-on-ring and a 3D pin-on-disc problem can be found in [23–25]. The entire wearing process is discretized into a ﬁnite number of wear steps. During any particular wear step the contact conditions are assumed to be constant. The processing of wear begins with the solution of a 3D static contact problem with inﬁnitesimal sliding to include the asymmetric eﬀects coming from the friction between the sliding surfaces. The solution of this boundary value problem is accomplished with the commercial FE code ABAQUS. One half of the pin and the disc are modeled where symmetry about the sliding direction is assumed. The stress ﬁeld, the displacement ﬁeld and the element topology are then extracted from the FE results ﬁle. The unit inward surface normal vector at each of the surface nodes is computed based on the element topology by taking the cross product of the four edge vectors that are connected to each of the surface nodes. The contact pressure for each of the surface nodes on each of the interacting surface is calculated using the extracted stress ﬁeld and the calculated normal vector. In a pin-on-disc tribometer, each surface node on the disc surface within the wear track comes in contact with the pin surface only once in one complete revolution of the pin over the disc while, the contact nodes on the pin are rubbing the disc all the time. Therefore, the computation of wear on the pin and on the disc surface has to be considered separately. An explicit Euler method is used to integrate ArchardÕs wear law for each surface node over the sliding distance. For the pin, equation (5) can be used directly, where, the sliding distance for each revolution of the pin over the disc is 2pr. The contact pressure on any disc surface node as it passes through the contact interface approaches to a maximum and then gradually approaches to zero. It is during this instance that wear takes place and can be determined using: Z 2p hwiþ1 ¼ kD pi rdu þ hwi ð11Þ



The Wear-Processor implements Archard’s wear model on the local scale where the dimensional wear coeﬃcient is obtained by ﬁtting the experiment using the GIWM. The calculated wear from Archard’s wear model is used to update the geometry by repositioning the surface nodes with an eﬃcient re-meshing technique that makes use of the boundary displacement method, see [23] for more details. Thus the obtained new reference geometry is used to get the updated stress distribution, which in turn is used to compute the updated contact pressure distribution. At the end of each wear step, the total displacement (sum of the elastic displacement and wear) for each of the surface nodes of the tribo-elements is written to an ABAQUS compatible ﬁle for viewing with PATRAN (a commercial pre- and postprocessor). The choice of a suitable value for the sliding distance increment for each wear step, Dsi (the decision on when to start the re-meshing step) is of great signiﬁcance from the point of view of the computational expense and inﬂuences the stability of the analysis. Such diﬃculties have also been reported in [12–14,16,23,26]. If the chosen value for Dsi is high, then artiﬁcial roughening occurs in the initial stages resulting in very erratic results and if a lower value for Dsi is used, then the computational costs become exorbitant. For a contact pressure proﬁle as shown in ﬁgure 8, the calculated wear proﬁle would look like the dashed line in the same ﬁgure for a large value of Dsi. Such a wear proﬁle causes artiﬁcial denting of the pin because of the assumption of constant contact conditions in any particular wear step, leading to a severe distortion of the mesh. Thus, a quick update of the contact pressure distribution would help alleviate the problem. To determine the optimal value of the maximum allowable wear, or in other words the optimal value for Dsi for ﬂattening the pin, a technique is implemented in the Wear-Processor as shown in ﬁgure 8. The method involves the detection of the surface nodes located on the contact edge and then the diﬀerence between the coordinates (normal to the contact) of this node and the center node is determined. Some percentage of this diﬀerence is taken as the optimal value for the maximum allowable wear. A value of 15%



Pin Contact Pressure profile



u¼0



In this equation r is the radial co-ordinate with the origin at the center of the disc. For each revolution of the pin over the disc the sliding distance for each disc surface nodes is approximately given by the contact diameter. The diﬀerence in the sliding distance between the outer contact edge and the inner contact edge is neglected for simplifying the computation.



hmaxi y



Surface nodes in contact Figure 8. Method to determine the optimal value for the maximum allowable wear in and wear step for ﬂattening the pin. x



58



V. Hegadekatte et al./Modeling and simulation of wear in a pin on disc tribometer



was used in the current wear simulations. The problem of denting is pronounced especially in the early stages of sliding when the drop in the contact pressure due the increase in the contact area is very drastic. Once the contact pressure proﬁle becomes ﬂattened, denting is no more as pronounced. However, it should be noted that this strategy is contrary to the strategy used by O¨quist [14], where a coarse wear increment is used in the initial stages of sliding and a ﬁne wear increment is used in the later stages of sliding in order to smoothen the artiﬁcial roughness from the initial stages. Therefore, depending on the tribosystem, a suitable strategy has to be adopted. The wear simulation results using the Wear-Processor for the 200 mN normal load, Si3N4 on Si3N4 [35] pinon-disc experiment is presented in ﬁgures 9 and 10. The friction coeﬃcient, l = 0.45 was supplied to the FE simulation based on the value determined from the experiment described in [35]. A normal load of FN = 200 mN was applied on the pin for the wear simulation. The value for the dimensional wear coeﬃcient, kD ¼ 13:5  109 mm3 /Nmm was used in the Wear-Processor. In ﬁgure 9(a) a graph of the contact pressure proﬁles is plotted on the surface nodes of the



a



b



Figure 9. Contact stresses after various intervals of sliding: (a) contact pressure proﬁle; (b) tangential stress rzz in direction of sliding.



Figure 10. Graph of progress of wear over sliding distance for pin and the disc in comparison with the GIWM for Si3N4 on Si3N4.



pin on the symmetry edge after various intervals of sliding. For the sake of comparison, the Hertz solution [33] is also plotted in the same graph for verifying the accuracy of the FE solution. The contact pressure distribution progressively approaches a ﬂattened distribution as the contact area widens due to wear. Similarly in ﬁgure 9(b), the rzz stress (tangential) is plotted. The rzz stress distribution for the unworn conﬁguration computed from the ‘‘Design Tool’’ [39] is also plotted in the same graph to aid the comparison. In ﬁgure 10, linear wear over sliding distance graph is plotted for both the pin and the disc along with the results from the GIWM. It can be seen that the results from the Wear-processor are in good agreement with the GIWM and any diﬀerence between the two results are within the measurement accuracy of the experiments (see ﬁgure 2). In the initial stages of sliding, the slope of the curve from the Wear-Processor for the pin is higher compared to that from the GIWM. This diﬀerence is due to the fact that in the GIWM, an average contact pressure is considered while in the initial stages of sliding the contact is more Hertzian which is inherently considered by the Wear-Processor. As it is shown in ﬁgure 9(a), the initial Hertzian pressure distribution is ﬂattened after a few wear increments so that the error in the GIWM from assuming an average contact pressure becomes negligible. Therefore, after a short period of sliding, the slope of both the curves becomes the same and the accumulated deviation of about 20 nm wear remains constant with further increasing sliding distance. It should also be noted that the wear on the disc in the wear simulation is negligible compared to the pin, which has also been observed in the experiments of Herz et al. [35]. Therefore, ArchardÕs wear model serves as a suﬃciently accurate model both in its global as well as in the local implementation for this particular material combination.
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2.1. Asymmetric wear on pin due to elastic deformation In order to investigate the asymmetric wear on a soft pin, the Wear processor was used to simulate wear in a PTFE pin on steel disc, which corresponds to point A in ﬁgure 6. The position of point A results from the chosen sliding distance of 0.55 mm in the wear simulation. The wear coeﬃcient of kD ¼ 92  108 mm3/Nmm was used in the wear simulation. A normal load of FN ¼ 200 mN was applied on the pin and the dimension of the pin and the disc are the same as in the previous section. Figure 11 compares the results for the wear on the pin along the center line of the pin in the direction of sliding for two diﬀerent values of the dimensionless system parameter Ps (points A and B in ﬁgure 6). The result for Point B was obtained from the wear simulation discussed in the previous section for a sliding distance of 8.6 mm. It can be seen from ﬁgure 11 that for the results corresponding to the point A there is a more pronounced wear on the front side of the pin compared to the back side. As expected from the value of dimensionless elastic deformation Pe in ﬁgure 6, this asymmetric eﬀect is not observed for point B, which corresponds to approximately 2 orders of magnitude lower value compared to point A.



3. Summary and Conclusions In this article a computationally inexpensive, incremental implementation of Archard’s wear model on the global scale, Global Incremental Wear Model – GIWM for computing wear on pin and on disc in a pin-on-disc experiment has been presented. It was shown that it can be used to identify the wear coeﬃcient from such a tribometer experiment and also can be used in a limited way to predict experiments at a higher normal load. Two useful dimensionless parameters, namely, the dimensionless elastic displacement and a dimensionless system parameter were introduced. These parameters can help determine the relative importance of the eﬀect



Figure 11. Graph of linear wear on the pin along the center line of the pin in the direction of sliding for two diﬀerent values of the dimensionless system parameter (Points A And B in ﬁgure 6).
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of elastic deformation on the computation of wear and thus can assist in the decision on when a computationally expensive FE based wear simulation method has to be used in order to realistically describe the topology after wear. It was shown that the results from the GIWM are in good agreement with the experimental results and further the results from the Wear-Processor compare favorably with that from the GIWM. Therefore it could be concluded that Archard’s wear model is valid both at the global and local scale in the particular case when the materials are stiﬀ, i.e., dimensionless system parameter is low and the eﬀect of elastic deformation is negligible. The identiﬁed wear coeﬃcient in the wear model can now be used to predict wear in the micro planetary gear train (of the same material) in whose parameter space the experiments were conducted. Therefore, in the future, the Wear Processor will be extended towards the wear simulation in transient 2D contact problems which are typical for a micro planetary gear train made of ceramics.
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