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Abstract

:

Specific wear rates of tribosystems always rely on the data obtained from wear experiments. Nonetheless, the events taking place during an experiment may often lead to wide variations and low repeatability of the results. In this work, the authors attempt to take a closer look into the dynamic contact conditions of a dry linearly reciprocating block-on-flat wear experiment. The finite element method and Archard’s wear model are used through COMSOL Multiphysics® 5.2a and LiveLink™ for MATLAB® software to model the wear and study the influence of different conditions of the block surface and alignment of the sample. Changes of the geometry of the block and the contact pressure are quantified for several back and forth motions, using an extrapolation scheme in the wear modelling methodology. The tracking of such changes allow a dynamic overview of how the block contact area and the contact pressure distribution change throughout time. The results show how the assumption of a constant contact area and use of a nominal contact pressure in calculating the wear rate in such experiments can be inappropriate, especially in the presence of roughness and misalignments of the block.
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1. Introduction


Successful engineering applications often rely on the tribological performance of materials within their systems [1,2,3]. From hip prostheses [4] and DLC coatings [5] to NASA’s Mars rover wheels [6], wear is often the focus of attention because of its drastic consequences if not predicted accurately. In terms of capital, a loss of as high as 6% of the annual U.S. gross domestic product was attributed to mechanical wear a few decades ago [7]. The common approach to characterize wear for predictions in applications is by means of standard tribological laboratory tests [8] and in terms of the specific wear rate k, calculated as


  k =   Δ V   L d    



(1)




where   Δ V   is the worn volume, L is the normal load, and d the sliding distance. Therefore, k is a dimensional wear coefficient with units m3/Nm, which is assessed either in terms of mass loss or geometry change of the sample material being tested.



By characterising the wear of a material in a system using Equation (1), a series of complex physical and instrumental phenomena are being grouped together and implicitly represented by the parameter k. As a consequence, repeatability becomes challenging, which raises questions regarding the reliability of the results themselves. Recently, Watson and colleagues [9] have called attention to this matter by writing that, for ball-on-flat wear tests, about “21 tests would be required to estimate the mean worn volume, for a lab, with 5% standard error”. Evidently, the non-equilibrium stochastic nature of a wear event [10] is partly to be blamed, but the experimental uncertainty of the instrumentation, such as misalignment of transducers, errors from voltage measurements, and aspects of the sample itself [11,12,13,14] are also playing a role, one which could be minimised by a more rigorous analysis and design of experiments.



In addition to a rigorous experimental set-up, modelling and simulation of the wear process can support the analysis of results. Computational tools can be used to shine light on variables that are not visible nor measured during the experiment, such as instantaneous contact pressure, slip velocity, and topography change. Such information can contribute to the understanding of the events taking place and possibly reduce the uncertainty in a measurement. This, of course, implies modelling the contact first, for which different approaches are available. The finite element method (FEM) is an attractive option—while it is true that FEM may be computationally much more expensive than other methods, such as the boundary element method [15], the FEM provides great versatility to include multiple physical phenomena [16]. In any case, the contact solution can subsequently serve as input to wear models [17]; the most used one, and practically a standard in the tribology community, is often referred to as Archard’s wear equation (or Archard’s law), which can be expressed by rewriting Equation (1) in a dynamic format as


    d h ( t )   d t   = k p  ( t )   v s   ( t )  .  



(2)




where t is time, p(t) is the contact pressure,    v s   ( t )    is slip velocity, and h(t) is wear depth at the wearing surface (thus, the derivative is a height loss per unit time).



Although models have their own limitations, one of their advantages is not to have unknown physical factors affecting the results, since the equations representing the model are set by the programmer or user. Computational methods and models such as the FEM and Archard’s wear model (or a modified version) have been broadly investigated in the literature [18,19,20,21,22,23], including for specific applications (e.g., gears [24]). Recently, Mukras [25] presented a thorough review of the literature on simulation and prediction of wear. Surprisingly few investigations have focused on the wear experiments themselves. Molinari et al. [26] studied a square cross-sectioned pin on disc involving heat transfer and thermo-plasticity; despite a complex physical scenario, the focus lied on the wear rate itself, and the physical time simulated was of 1 ms. Hegadekatte et al. [27] studied pin and disc wear in a pin-on-disc tribometer using Hertzian contact mechanics and small loads. A ball-on-disk experiment was analysed by Andersson et al [28], where the applicability of the Archard wear equation was questioned. A combination of FEM and the boundary element method was used by Ilincic et al. [29] to study a standardised reciprocating ball-on-disk experiment, where wear was modelled in both bodies; the authors show qualitatively good agreement but remark that a constant wear coefficient in a system might not be correct. A cylindrical flat punch was studied by Bortoleto et al. [30] from a macroscale point-of view; they compared experiments and simulations and found that the use of a wear coefficient obtained from experiments was not sufficient for the model to reproduce the experiment in terms of mass loss, possibly due to an overestimated wear coefficient, which included both steady-state and running-in regions.



It is well known that there are different stages of wear, and that a single coefficient will rarely describe them all. Furthermore, Equation (1) is too simple of an expression to account for other tribological aspects, such as lubrication or roughness, which may play a role in the wear rate [31]. Nonetheless, it is interesting to investigate the evolution of the contact conditions in an experiment to see if even under the assumption of a valid wear coefficient k, any other aspect is being overlooked. Such an investigation may be particularly critical if the wear coefficient is calculated based on a height change of the sample, which would imply that the contact area and therefore pressure are assumed to be constant.



In the current work, the authors take a closer look at the linearly reciprocating block-on-flat wear experiment (also named flat-ended pin-on-disc [32]) in an attempt to improve the understanding of wear and its measurement in such experiments. More specifically, the authors attempt to study how the presence of roughness on the block and misalignment of its holder affect the contact pressure and contact area, which would consequently have implications in the outcome of such experiments. The reciprocating wear test is interesting because of its dynamic conditions: the position, velocity, and acceleration of the block are functions of time, which leads to a dynamic contact pressure distribution, and consequently wear. To the best of the authors’ knowledge, the block-on-flat wear experiment has not been explored in detail in the literature regarding the matters proposed in this work. Discrepancies between simulations and other experiments reviewed in the literature show there is room for investigation and that, even though regular wear experiments are just means to an end—namely the wear rate calculation—it might be useful to model the process to further put the assumptions of the calculation to the test.




2. Materials and Methods


The numerical model built in this work is based on a wear experiment in a linear reciprocating Cameron–Plint tribometer (Plint-TE77, Phoenix Tribology Ltd., Newbury, England). A scheme of the experiment is shown in Figure 1.



In such an experiment, a displacement sensor measures the vertical displacement of the sample block (i.e., the wear depth). The conditions are similar to those studied in [34]: the sample is a 4 mm cubic block that linearly reciprocates over a steel counter-surface with a stroke length of 5 mm and 0.5 Hz frequency under a constant normal load of 450 N. The nominal pressure is the load over the nominal area of 16 mm2 (i.e., 28.125 MPa).



The experiment is modelled in a 2D space as shown in Figure 2. It consists of two domains: the sample block and the counter-surface. Although a faithful representation of the cubic block would require a 3D space, a 2D model is sufficient to explore the matters proposed in this work, and significantly reduces computational time. Plane strain conditions are used, and the thickness is set as 4 mm. Linear elasticity is used for the block, with Young’s modulus, Poisson’s ratio, and density of 3280 MPa, 0.39, and 1.4 g/cm3, respectively. These values are in the range of thermoplastic material commonly used as bearing material in hydropower applications [35]. Such materials are commonly self-lubricating, which leads to a dynamic tribosystem involving material transfer in the actual experiment, with a dynamic friction coefficient and wear rate; this aspect, however, lies outside the proposed scope of this work. The counter-surface material is a much harder steel, and therefore modelled as rigid. The lower edges of the block are filleted to resemble the sample of the experiment, which has important implications in the results, as discussed in Section 4. Referring to Figure 2, on ➀, a boundary load (450 N) is applied on the block along with a spring foundation, which acts as a temporary weak spring to prevent rigid body motion of the block while contact is being established, since the domains are initially separated. The load is applied progressively in a stationary step using a parameter that also sets the spring to zero once the total load is reached, helping the solution to converge. On ➁, rigid connectors are applied on the upper parts of the block to represent the much stiffer holder and simulate the reciprocating motion using a sine wave for the displacement in the x-direction:


  u  ( t )  = B sin  ω t + ϕ   



(3)




where B is the amplitude of the displacement—half the stroke— ω  is the angular frequency of the motion, and  ϕ  is the phase, which serves the purpose of defining the starting position of the block in the simulations, reducing computational time. A full back-and-forth motion lasts 2 s and is named a cycle. The load is applied in an initial stationary step, and the motion occurs in a time-dependent follow-up step.



Archard’s wear Equation (2) is defined on the block’s contacting boundary ➂ as a boundary ordinary differential equation to be solved in the simulations, using the contact pressure and slip velocity from the solution of the contact problem. The contact pair is a source/destination pair, meaning the destination (or slave) boundary (i.e., the block boundary) is constrained not to penetrate the source (or master) boundary (i.e., the counter-surface). Penalty formulation is used in the contact, which essentially means that a stiff spring active only in compression is inserted between the contacting boundaries. The penalty factor is set as default by the software, namely the stiffness of the material over the minimum mesh size of the destination boundary.



The counter-surface is fixed on its bottom ➃ and treated as a rigid body. Since the counter-surface is assumed rigid and the block’s lower boundary is constantly in contact, wear is modelled only on the block. A constant dimensional wear coefficient (  4.78 ×  10  − 15     Pa  − 1    ) and friction (Coulomb model with constant coefficient of 0.06) are inputs to the model, taken from a previous work [36]. The wear depth is calculated and used to update the geometry. In including friction, the tangential force vector is added as a force variable, which was computed using the penalty formulation with the same settings for the contact. The sticking condition is thus replaced by a stiff spring. No regularization [37] is performed with regards to slip in the friction algorithm; the slip is approximated using a backward Euler step based on the mapped coordinates in the last converged time step. It was verified that there were no instabilities from the friction model, which can be attributed to the sufficiently refined finite element mesh and robustness of the algorithm implemented in the software. Inertial effects were verified to be negligible, so they were not considered in the simulations.



A typical finite element mesh is shown in Figure 2. The mesh on the block boundary is greatly refined in order to accurately represent the geometry and capture changes in this geometry due to wear. The FEM is used by means of the commercial software COMSOL Multiphysics® 5.2a, and the geometry update is controlled using the LiveLink™ for MATLAB®.



2.1. Geometry Update


Once contact variables and wear are quantified, the next step in the methodology is the change of the geometry due to wear. The geometry update of the block is performed by assuming the block wears perpendicularly to the counter-surface, similarly to other works [21], which is assumed to be reasonable given the configuration of the system. Thus, the geometry update is in fact an update of the vertical coordinates of points composing the block’s contacting boundary. The amount of these points depends on the size of the finite element mesh, which is rebuilt after every geometry update, but with a generally similar size throughout the simulations. In this sense, the methodology is somewhat different to that performed in [36], since the points can vary with the size of the mesh. The block is rebuilt with the updated coordinates by linearly interpolating the points into a continuous boundary.



The geometry update can be mathematically expressed with a temporal discretization of Equation (2) as the following:


   h  j , i + 1   =  h  j , i   + Δ  h  j , i   ,  where  Δ  h  j , i   = Δ  t g  k  p  j , i    v  s , j , i    



(4)




where j is the current cycle, i is the current time step in this cycle, and   h  j , i    is the current vertical coordinate (corresponding to the y direction) of a point in the geometry. The term   Δ  h  j , i + 1     is the wear increment, which equals the time interval after which the geometry is updated (  Δ  t g   ), the wear coefficient k, the contact pressure   p  j , i + 1   , and the slip velocity   v  s , j , i + 1   . Given the y coordinate orientation, the wear increment corresponds to a positive update of the y coordinate value; hence, the wear increment is added to   h  j , i   . In this sense, the simulation of the experiment is a series of simulations of time duration   Δ  t g   , after which the geometry is updated.



In order to visualise the evolution of the geometry and contact conditions in a reasonable number of simulations, a common approach is to use an extrapolation factor A that multiplies the wear increment. In practice, this means that the wear coefficient is artificially increased by a factor A, or that A number of cycles are represented per simulated cycle. In any case, the extrapolation factor presumably allows one to visualise the evolution of the geometry while reducing the number of simulations. One of the challenges in this methodology is how to maintain a reliable update of the geometry with A and   Δ  t g   . Different approaches are found in the literature. The criterion used by Mukras [38] was that there should be "smooth pressure distribution” at every update. Cha et al [39] used a procedure to smooth the worn surface and therefore avoid unrealistic worn shapes. Põdra and Anderson [40] set a “maximum allowed wear increment (...) predefined on the basis of experience and adjusted to as large as possible by making short simulation test runs.”. Due to the lack of a well-defined criterion, this work also performed tests and adjusted A and   Δ  t g    in order to obtain a subjectively smooth and stable geometry evolution. Values of A = 500 and   Δ  t g  = 0.1   provided reasonable results and are used throughout the simulations.




2.2. Situations


As shown in Figure 3, three surface profiles for the block’s contacting boundary were analysed: a flat surface, a surface with a small bump, and a rough surface.



The flat surface represents the ideal nominally flat situation where the contact area of the block would equal the nominal contact area. The bumped surface contains a parabolic protuberance of 1 mm wide and a couple of micrometers in height located in the middle of the otherwise flat profile. The rough surface is a cross section from an artificially generated random isotropic 3D topography, similar to the one used in [16]; it is inserted between x = −1.85 mm and x = 1.85 mm and has an average roughness of 1.53 μm in this interval. The three surfaces are identical at the edges (i.e., for   | x | > 1.85 mm  ).



Three holder situations are studied: aligned, tilted, and loose. The aligned situation means that the rigid connectors (Figure 2) representing the holder are perpendicular to the counter-surface at all times. The tilted condition corresponds to a misaligned situation in which a clockwise tilt of 0.5∘ is imposed by the holder, which intends to mimic a misaligned sample holder or a sample fixed not perfectly straight. The loose situation corresponds to a 0.5∘ clockwise tilt when moving to the right, and 0.5∘ counter-clockwise when moving to the left, as if the sample holder would be slightly loose such that it allows a small rotation depending on the movement direction. Alternatively, it can be thought of as the compliance of the system. These conditions are applied in the FEM model by imposing a prescribed rotation on the rigid connectors of the block.





3. Results


Simulations for the three surfaces under each holder condition were performed using an extrapolation factor of A = 500 and a geometry update time interval of   Δ  t g  = 0.1   for a total of 8 cycles. The simulation starts with the block moving to the right. If A is interpreted to represent several cycles per simulated cycle, this would correspond to a total of 4000 cycles, or 2.22 h of experiment. The nominal pressure of the experiment is used as a reference to normalize the results (i.e.,    p n  =  p r  = 28.125 MPa  ).



3.1. Flat Block


In a static and frictionless contact, the flat block resembles a flat-ended indenter as discussed by [41], in which the contact pressure sharply increases towards the edges and is in fact undefined at the very edge if the corner is perfectly sharp [42]. Filleting the edge allows a smoother increase, but the sharp peak remains because the fillets are rather small and a true continuity between flat and rounded regions is not possible due to the discretized geometry. In case of the reciprocating block, the holder forcing the motion from the upper part of the block combined with the friction forces at the bottom of the block act in such a way as to “twist” it towards the leading edge of the movement, increasing the contact pressure at that side. Thus, the pressure distribution becomes somewhat asymmetric, with the higher pressure peak in the leading edge. Figure 4 shows the flat surface profile and corresponding contact pressure at the start of the simulations.



The evolution of pressure and geometry due to wear is shown in Figure 5; the “Cycle” axis can be thought of as a time axis, with each cycle corresponding to a full back and forth motion with the extrapolated wear increment.



Figure 5 shows that the pressure peaks in the leading edges remain and may also increase throughout the cycles. Within a cycle, the peaks were observed to decrease as the block moves, but every change in the motion direction was accompanied by a sudden pressure peak at the leading edge. Overall, the pressure is relatively constant in most of the contact, which causes the block to remain generally flat. A “wavy” pattern is visible in the geometry, particularly in the loose case; this is a result of the reciprocating motion of the block, which causes it to wear more in the middle of the cycle, when the velocity is the highest. The final geometry of each case is compared in Figure 6.



Not surprisingly, the tilted condition resulted in more wear at the side tilted towards the counter-surface (positive x values) and less at the opposite side. More surprisingly, the loose condition resulted in a very similar final geometry to that of the perfectly aligned case. This can be attributed to the compensation that occurs due to the reciprocating motion: while moving in one direction, the block is tilted towards the counter-surface at one side, and consequently wears more at that side; while returning (i.e., in the second half of the cycle), the block is tilted the other way, wearing more intensely the opposite side. A rounding of the edges is also seen in all cases, which can be attributed to the pressure peaks.




3.2. Bumped Block


Even though a bump in the block initially contacts the counter-surface first, the deformation of the material under the relatively high load causes the whole surface of the block to get in contact, as shown in Figure 7. Consequently, the characteristic contact pressure peaks at the edges are present also in this case. It is reasonable to assume that a larger bump could eventually reduce or even avoid contact of the edges, which would render completely different results.



Figure 8 shows that, even though the bump is visible throughout the simulations, it decreases in size and causes the pressure peaks at the edges to intensify. After some time, the block essentially behaves as a flat block. Figure 9 shows the surface of the block after 8 cycles and how the bump has practically worn away. For the same reasons as in the flat block case, the aligned and loose bumped blocks’ geometry are virtually indistinguishable after 8 cycles, whereas the tilted block wears out preferentially at the side tilted towards the counter-surface.




3.3. Rough Block


The rough block is particularly interesting because of its variety of contact pressures, and dynamic geometry change. Figure 10 shows the initial rough surface and corresponding contact pressure.



As one would expect, the highest asperities support the highest contact pressures, while some of the valleys do not even contact the counter-surface at the start. Evidently, the total area of the block contacting the counter-surface is dependent on the material properties and the external load. Since the geometry is rough, the pressure peaks at the edges due to the twist effect are not as obvious as in the previous cases, but an analysis of the static contact in comparison to when the block starts to move showed that it was indeed present, slightly increasing the pressure at the peaks of the leading edge of the block, and decreasing at the rear. The highest pressure peak at around   x ≈ − 1.85   is due to a very sharp geometry change at this position, which corresponds to the end of the rough profile; as shown in the evolution of the geometry and contact pressure in Figure 11, this and other pressure peaks vanish as the geometry smooths out.



The highest peaks result in the highest contact pressures and are therefore the surface features that wear first. After about 2 cycles, a high pressure peak unexpectedly showed up; this was verified to be due to a very sharp geometry lasting a few steps after a geometry update. Such events are likely unrealistic and a consequence of the wear model methodology, in which the geometry update at one point may create an unreasonable sharp geometry at the neighbouring points, leading to very high pressures. A few options are possible to deal with such problems, which have been used by other authors: reducing the time step for the geometry update, reducing the extrapolation factor (or using an adaptive factor), limiting the maximum wear increment, smoothing the geometry after the update, and so on. Here, since there was no unstable development in subsequent updates, meaning the routine was robust enough to deal with these “disturbances”, no corrective measures were necessary. The contact pressure becomes smoother and more uniform until the geometry is flat enough to create the typical pressure peaks at the edges of the block.



Figure 12 shows the geometry of the rough block after 8 cycles. Once again, the aligned and loose cases showed no significant difference, while the tilted situation caused the block geometry to wear preferentially at the side tilted towards the counter-surface. Despite the rough start, the geometry smooths out to such a degree that only a glimpse of the roughness remains, but it no longer causes significant changes in the pressure distribution.





4. Discussion


4.1. Contact Area


In the experiment, on which the FEM model is based in this work, the vertical displacement of the sample block is measured throughout the test. This vertical displacement is considered to be the wear depth, and the specific wear rate is calculated as the slope of the wear depth against    p n  d   (i.e., against nominal pressure   p n   times distance d). In other words, the pressure and contact area are assumed to be constant and equal to the nominal values, that is,    p n  = 28.125 MPa   and    A n  = 16  m  m 2    , respectively.



Figure 13 shows the normalized contact area for the flat block throughout the 8 cycles. In reality, the contact length was computed, and a nominal contact length of 4 mm was used, since it is a 2D model. In any case, one can see that the contact length or area does not remain constant.



It should be noted that due to the filleting of the edges of the initial block geometry, the initial contact area is about 0.045% smaller than the nominal one and could have been taken as the reference value just as well. While the block is moving in the same direction, the wear causes the contact area to increase, whereas a change in the direction of movement causes a sudden drop. Evidently, this occurs because the block is less worn on the rear side of the movement, and the change in direction twists the block towards this side, resulting in less contact area overall. While an increase in the contact area due to wear may seem obvious when the surface is rough, the increase in the flat block should be clarified.



Figure 14 shows the edge region in detail and reveals how the contact area increases towards the edge due to wear of the initially filleted region. On the right image, one can see that the pressure distribution is initially limited to   x ≈ 1.92  , but reaches   x ≈ 1.94   at the end of the simulations. Thus, the increase in the contact area is only possible as long as there is a curved region that can be worn out to increase the contact area, and therefore the contact area is expected to stabilize once this region is worn away; if the fillet was non-existent, the contact area would presumably not change. The geometry of the edge region also shows that the initially filleted geometry transforms into a kind of saw-tooth profile before being flattened; this is a consequence of the high pressure peaks leading to large changes in the geometry update, causing neighbouring points to stably alternate in the supporting of the high pressures. As a result, a microscale saw-tooth-like profile develops, which appears round when seen from a distance, as in Figure 6.



Even though the final surface of the flat block under loose conditions was previously observed to be practically the same as the aligned case after 8 cycles (Figure 6), a difference of around 0.02% can exist in the contact area between the two cases. Such difference is due to the way the edge region changes in each case. Even though such small differences can generally be considered negligible, it is important to highlight that the results of 8 extrapolated cycles presented here would correspond to an experiment lasting approximately 2.22 h and a very small misalignment of 0.5∘, whereas wear tests can last several more hours or even days, and larger or unstable misalignment can occur. Therefore, depending on the geometry and holder conditions, differences observed in each case may intensify with time and therefore become increasingly significant.



A more critical case is that of the rough block, shown in Figure 15.



The roughness of the block results in an initial contact area of approximately half of the nominal, which increases through time until it stabilizes and resembles the flat block. Although the overall behaviour is not surprising, the simulations allows to see and quantify the increase of the contact area with time. This tracking allows one to assess the amount of time needed to reach certain thresholds, which can be associated with particular events in the experiments. The time and length for the block to reach the steady-state contact area according to some criterion in Figure 15 could be associated with the running-in period in an actual experiment, which can now be predicted with the aid of the model. Alternatively, the model can inform how long a test should be run until steady-state conditions are expected to be reached.




4.2. Contact Pressure


Since the load is constant, changes in the contact area result in changes in the contact pressure. As shown in Section 3, the pressure can be quite varied even for the aligned flat block. To better visualise how distributed the pressure is, Figure 16 shows a bi-dimensional histogram for the aligned flat block, where a pressure frequency distribution is performed for each time step. Thus, the log scale colormap represents the number of counts in each pressure bin, sized at 0.01 MPa. Additionally, an estimated distribution density using a Gaussian kernel [43] is plotted for the start of the simulations and for the end, which helps to see how the pressure distribution has changed over the analysed time; to avoid that, the curve extends to negative values, and the density is truncated at zero, meaning it is evaluated only for positive values.



The figure above shows how the pressure distribution changes, particularly during the first two cycles, where the distribution is skewed to values greater than 1. The high pressure peaks at the edges of the block presented previously are evidenced again in Figure 16 by the few bins at high pressure values. However, it is possible to see now that these high pressure values comprise only a very small portion of the pressure counts, whereas the great majority indeed concentrate around the nominal value. The density plot also shows that the distribution does not change much from start to end, except for a further concentration around the expected nominal value. Nonetheless, we see that even under ideal conditions of a perfectly aligned and flat surface, the pressure distribution comprises a range of values around the assumed nominal value.



Evidently, the results change when the block is slightly tilted or loose. Figure 17 shows the distribution for the tilted and loose flat block. The tilted block clearly shows the effects of the change in motion direction, with a visible change in the distribution occurring in the middle and end of every cycle. Interestingly, the distribution is more contained when the block moves to the left. In general, however, the pressure values are not as concentrated as in the aligned case, evidenced by the significant number of counts lying around the nominal value. The spread is also large in the loose case, but without any noticeable difference due to motion direction. Figure 18 and Figure 19 show the same analysis for the bumped and rough block, respectively.



The bumped block analysis reveals that the bump has an important effect: it causes the pressure to concentrate in two different bins. When the block is tilted or loose, this effect is intensified in such a way that the peaks are located around the nominal value and not on it. The distribution of the rough block simulations shows once again its highly dynamic process, with a very wide distribution during the initial cycles, eventually reaching an apparent steady state after a few cycles. It is seen once again that tilted or loose conditions lead to much wider distributions, whereas aligned conditions present similar final results for the studied surfaces.




4.3. Implications for Experiments


The specific wear rate in the block-on-flat wear experiment is calculated as the slope of height loss over the nominal pressure times sliding distance. We see now that this pressure is entirely dynamic, to a greater or lesser extent depending on the holder situation, surface roughness, and time period. Clearly, the discretization of the geometry, time, sensitivity in the geometry update, and extrapolation factor add a lot of simplifications to the numerical model. Nonetheless, the results based on this numerical model provide insights on aspects that could be looked at in further detail. In this sense, the investigations showed that an alignment and stiff holder is critical for reducing the spread of the pressure distribution; when the block is aligned, all three surfaces eventually reached a very similar and concentrated pressure distribution, meaning they all eventually behave as a flat block. This, however, takes some time, and this aspect should be taken into consideration when analysing the results and calculating wear rate.



If the block is slightly tilted or loose, this showed relevant effects on the pressure distribution, even if the contact area varies very little. An entirely stiff holder or machine is unrealistic, since there will always be some compliance of the parts. Thus, misalignment resulting in tilting or additional movements of the sample are likely to occur. The standard deviation of the normalized pressure distribution at the end of the simulations for the flat block in tilted and loose conditions were quantified to be 0.36 and 0.45, respectively, which shows that a wide range of pressures is present.



The results have also shown that when irregularities are present in the sample block, which will always be the case, additional effects may occur. Although the intensity of this effect likely depends on the length scale of such irregularities, the roughness in the micrometer range studied in this work is realistic. The bumped block results seen in Figure 18 are clearly different from the aligned cases, showing two peaks of pressure counts and non-Gaussian distributions. The rough block also ended up in a rather particular distribution, starting out from a wide distribution. As discussed previously, roughness also has the additional aspect of highly dynamic contact conditions prior to reaching steady-state conditions.



In this sense, instead of referring to the constant nominal pressure of a wear experiment, perhaps it would be more accurate to talk about a pressure distribution of a wear experiment. By using statistical parameters, the distribution could be characterised, and differences seen in similar experiments could be better explained. If the experiment is to represent a specific application, and roughness is not explicitly included in the calculation of a wear rate, then using samples with the same surface topography as that in the actual application for which the experiment was set could minimise the uncertainty. Nonetheless, this would also require that the actual loading conditions are used, which implies knowing and considering the effects of the compliance of the system.



In addition to the wear analysis, friction is often measured simultaneously in such wear tests. The implications regarding the non-uniform pressure distribution, running-in period, and compliance of the system evidently apply to the friction measurement as well, especially when considering that friction is rarely measured directly at the interface.





5. Conclusions


In this work, modelling of a linearly reciprocating block-on-flat wear experiment was used to quantify the changes in the contact conditions during such a test. The simulations of different conditions of the block’s wearing geometry in terms of surface profile and alignment resulted in an analysis of the contact area and contact pressure distribution through time, allowing the following conclusions to be made:




	
The FEM and wear model representing the block-on-flat wear experiment in this work reveal that, despite its assumptions and relative simplicity, rather complex contact conditions can occur in such an experiment.



	
Roughness has important effects on the contact area and pressure distribution, both of which change dynamically for a significant period of time before reaching steady-state conditions. In apparent steady conditions, and therefore a less rough profile, the remaining unevenness of the roughness might still result in a wide pressure distribution if tilting or compliance are present.



	
Alignment and stiffness of the sample holder is paramount for achieving a concentrated pressure distribution around the nominal value, which is assumed in the calculation of the specific wear rate by means of wear depth measurement. Regardless of the surface profile, slight misalignment or compliance of the system will widen and change the distribution significantly, which may persist throughout the entire experiment.



	
The specific wear rate for tribological systems could be more accurately estimated and better understood by using numerical models alongside experiments, which allows one to visualise the contact conditions throughout the duration of the test.
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Figure 1. Cameron –Plint tribometer [33] on the (a), and scheme of experiment on the (b). 
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Figure 2. FEM model and indicated boundary conditions, and FEM mesh detailed below. 
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Figure 3. Block bottom boundaries (which contact counter-surface) studied in this work: (a) flat, (b) bumped, (c) rough. Solid region is shown in blue. 






Figure 3. Block bottom boundaries (which contact counter-surface) studied in this work: (a) flat, (b) bumped, (c) rough. Solid region is shown in blue.



[image: Lubricants 10 00131 g003]







[image: Lubricants 10 00131 g004 550] 





Figure 4. Normalized contact pressure for aligned flat block at initial geometry (i.e., start of simulations; block moving to the right). 
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Figure 5. Geometry of flat block throughout 8 cycles corresponding to   2.22   h of experiment: (a) aligned, (b) tilted, (c) loose. Corresponding contact pressure shown below. 
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Figure 6. Final geometry of flat block under different conditions at the end of simulations. 
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Figure 7. Normalized contact pressure for aligned bumped block at initial geometry (i.e., start of simulations; block moving to the right). 
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Figure 8. Geometry of bumped block throughout 8 cycles corresponding to   2.22   h of experiment: (a) aligned, (b) tilted, (c) loose. Corresponding contact pressure shown below. 
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Figure 9. Final geometry of bumped block under different conditions at the end of simulations. 
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Figure 10. Normalized contact pressure for aligned rough block at initial geometry (i.e., start of simulations; block moving to the right). 
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Figure 11. Geometry of block throughout 8 cycles corresponding to   2.22   h of experiment with initial rough surface: (a) aligned, (b) tilted, (c) loose. Corresponding contact pressure shown below. 
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Figure 12. Final geometry of rough block under different conditions at the end of simulations. 
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Figure 13. Contact area of flat block under different conditions after 8 cycles corresponding to   2.22   h of experiment. 
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Figure 14. Edge region of aligned flat block (left) and corresponding pressure distribution (right) throughout 8 cycles. 
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Figure 15. Contact area of rough block under different conditions after 8 cycles corresponding to   2.22   h of experiment. Results between cycles 5 and 8 are detailed in zoomed-in box. 
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Figure 16. Normalized pressure frequency distribution for aligned flat block throughout simulations and kernel density estimate of the start and end. 
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Figure 17. Normalized pressure frequency distribution for tilted (top) and loose (bottom) flat block throughout simulations and kernel density estimate of the start and end. 
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Figure 18. Normalized pressure frequency distribution for bumped block throughout simulations: aligned (top), tilted (middle), and loose (bottom). 
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Figure 19. Normalized pressure frequency distribution for rough block throughout simulations: aligned (top), tilted (middle), and loose (bottom). 






Figure 19. Normalized pressure frequency distribution for rough block throughout simulations: aligned (top), tilted (middle), and loose (bottom).
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