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Abstract

:

Polylactic acid (PLA)-made machine elements exhibit easy machining, biodegradability, and excellent mechanical properties. However, enhancing their wear resistance is still a crucial engineering point, which may be achieved by altering (lowering) their coefficient of friction (CoF). Therefore, the first aim of this paper is to analyze how wear is affected by the alteration of CoF. The second aim is connected to the fact that PLA is sensitive to heat, which also limits its applicability. Accordingly, the next goal is to explore the effect of temperature on wear propagation. This study answers these questions by means of multibody dynamics simulations of a PLA-made spur gear pair. Simulations were carried out under constant torque, while the CoF and the temperature were varied in a normal operation domain (CoF: 0.1–0.05, T = 20–30 °C). The results showed that the wear volume gradually began to decline at approximately 0.085 CoF, whilst convergence to steady-state wear could be observed at 0.05 CoF. In conclusion, alteration of the CoF can lower wear by 35%, in this specific domain, while even a 5 °C rise in temperature causes 40% wear progression. The feasibility of the numerical procedure was validated by comparing numerically and experimentally obtained wear–torque results.
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1. Introduction


Three-dimensional (3D) printing has become probably the most dominant additive manufacturing process, combining CAD (Computer Aided Design) techniques and material science. Among printing materials, polylactic acid (PLA) is one of the most popular polyester used in desktop 3D printing due to its low cost, appropriate tensile strength, and biodegradability [1,2]. It has been applied not only in packaging and food service but in the agricultural [3], medical [4], and automotive sectors as well [5]. Due to the wide range of applications, especially in gear pairs, several articles have begun to focus on 3D-printed machine elements.



These studies are mainly experimental, and they can be divided into papers that deal with the material design approaches and those that set their focus on the applied production technologies to enhance the properties of PLA (or similar materials).



With regard to the material design direction, it is worth mentioning the work of Pawlak [6], who investigated how graphite influences the CoF and wear of PLA composites via a pin-on-disc platform. He concluded that graphite decreased the linear wear and CoF, while two optimum values were found in his compositions at 5 and 50%. In connection with the use of different agents to augment material properties, Lendvai and Brenn [7] blended thermoplastic starch with PLA via batchwise melt mixing with and without reactive compatibilization to enhance the interfacial adhesion. They succeeded in elevating the adhesion with different agents, and in the case of a chain extender, they achieved 20% higher yield strength as well.



The branch of PLA enhancements is slightly wider if production technologies are considered. Srinivasan et al. [8] and Chemezov et al. [9] paid much attention to specific production settings, such as printing speed, printing temperature, bed temperature, and infill percentage, in order to enhance PLA’s material properties in the case of simple pins and spur gears. Zhang et al. [10] performed wear rate tests on a custom-built gear wear test rig to differentiate manufacturing processes in the case of nylon-made spur gears. Their results showed that in some cases, better thermal behavior can be achieved by 3D printing technology than by injection molding.



As related to wear and frictional properties, Zhang et al. [11] provided a highly significant experimental evaluation of PLA materials; they analyzed different infill densities, printing directions, and load conditions. In their conclusions, they pointed out that the infill density (id) and CoF were directly proportional, except for an infill density of 25%.



It should be emphasized that three important research gaps have been found in the relevant literature:




	
No authors have attempted to identify a functional, mathematical link between PLA wear and CoF;



	
However, if such a link existed, it could be utilized to enhance the material properties;



	
Although Zhang et al. [11] provided data on the PLA temperature and CoF change as a function of time, tests were only carried out on a simple pin-on-disc configuration, without connecting the two phenomena.








Based on the above-mentioned points, first, it will be determined herein how wear changes as a function of the CoF to provide a possible link that can alter wear phenomena via appropriately chosen production technologies.



In the context of wear, CoF, and production technologies, it is worth noting an experimental study by Calvo et al. [12]. Their results explained how roughness parameters and the CoF correlated with each other. Although Calvo et al. [12] used a steel ball and titanium plate, their presented method and the idea could be generally applied. Within this context, Dangnan et al. [13] also provided results about the progression of the CoF, together with the roughness profile, in the case of Polyjet materials (namely, 3D Acrylonitrile butadiene styrene (ABS) and Verogray). Since the roughness directly depends on the production technologies used [14,15], an indirect, unsophisticated connection can be made between the technologies and the CoF. For example, if pure PLA has an average roughness height (Ra) of 10 µm and exhibits an average CoF of 0.2 (±0.1) [16], then this is equivalent to the achievable roughness of production processes such as snagging, sawing, forging, and, less frequently, extruding [17].



For this reason, the first novel aim of this paper lies in the following idea: if a numerical wear–CoF function is determined, then an appropriate average roughness height can be estimated. Based on the estimated roughness, the applicable manufacturing technology will ensure a suitable surface and the required low wear. It must be noted that no analytical or numerical study has pointed out or investigated this connection.



On the subject of the third research gap, it is worth mentioning that CoF and temperature have a particular connection with regard to PLA (or any similar biodegradable polyester). When a PLA-based specimen slides over a substantially abrasive surface, considerable heat is generated which needs to dissipate from the contact surface, causing not only elevated local temperature but wear as well [1]. This coupled phenomenon raises the question of how much wear is developed by temperature change, and whether is it possible to derive a function between the two phenomena.



Consequently, the second novel aim of this paper is to make a functional connection between temperature and wear propagation in PLA gear pairs if these factors are varied in the normal operation domain. Since such modelling was only carried out experimentally by Zhang et al. [11], with significantly simpler geometries, this further step in this topic holds significant relevancy.



The proposed aims are achieved by a numerical–analytical tool that can address wear propagation in PLA-made gear pairs by means of multibody dynamics (MBD) simulations.




2. Materials and Methods


2.1. Introduction of the Solution Concept


The first step is to formulate the problem by combining a differential-algebraic equation (DAE) system, which models the dynamics of the gear connection, with an ordinary differential equation (ODE) that describes the wear mechanism. To gain results from an MBD system, a DAE must be solved, which is generally defined in any MBD software as follows [18]:


        M     −   D   T         D    0        ·         x  ¨        λ       =       f       γ        



(1)




where M denotes the mass matrix, D (and −DT) is the Jacobian matrix (and its transpose) of the constraint equations,     x  ¨    includes the acceleration (linear and angular) terms, λ is the Lagrange multiplier (representing the constraint and, more importantly, the contact forces), while f and γ are the external forces/moment torques and inertial terms, respectively. In this paper, the C++ base → d MSC.ADAMS software was used [19], which can simultaneously solve Equation (1) for     x  ¨    and λ if the geometry, material, constraints, and loads are properly defined. As a second step, when contact forces (λ) are determined, an appropriate wear model must be chosen. In most cases, wear models are generally given in the form of a simple ODE [20]:


  d W = f   F  t  , s  t  , k ,   …   .  



(2)







In Equation (2), F(t) represents the general load function, s(t) represents the sliding length, and k denotes the specific wear rate with regard to the applied PLA material. Naturally, more parameters can be included into the model, and it is worth emphasizing that the presented method is generally applicable for other polymers (PDMS, PLGA, etc.) as well. When the contact forces are obtained from the MBD simulations (Equation (1)), they can be incorporated into the wear model (Equation (2)) to analyze wear propagation in the function of the CoF and the temperature. It must be mentioned that the two systems (the MBD and the ODE) can be solved separately.




2.2. Multibody Dynamics Simulation of a Spur Gear Connection


In MSC.ADAMS software, a spur gear pair was created via the 3D contact method (Figure 1a,b). This method allows geometry-based contact, while it calculates true backlash based on the actual working center distance and tooth thickness. In the connecting surfaces, no imperfections were considered. Later, wear efficiency was considered by the use of the specific wear rate.



The main parameters of the two gears are shown in Table 1. The density of the PLA material can vary between 1000 and 2500 kg/m3; however, here it was chosen to be 1250 kg/m3, since a composition with this value is widely used in 3D printing [21].



The following boundary conditions were applied on the gears: Both of the gears were constrained by revolute joints in their centers of mass, which allowed rotation perpendicular to the working grid, but no translation. A general force vector was applied on the driver gear, which included a torque of 0.1 Nm, perpendicular to the working grid. This applied torque initiated the motion of the gear connection. Between the connecting gear teeth, contact constraints were defined, which considered the simple Coulomb’s law. It must be noted that there are two possible ways to model contact constraints in MSC.ADAMS: by means of the impact function model or the Poisson restitution model [22]. In this paper, the impact function was applied, wherein friction forces are determined on a velocity-based approach. For friction calculations, four parameters need to be set for the simulation, namely, µstatic, µkinetic, vs (stiction transition velocity), and vd (friction transition velocity). Default values were used for vs and vd, while the static and kinetic CoFs were changed during the simulations according to Table 2. It is relevant to note that MSC.ADAMS calculates the friction force using µstatic when two objects in contact exhibit zero relative velocity, while µkinetic is applied if the bodies exhibit nonzero relative velocity.



The calculations were carried out on a Dell XPS laptop equipped with an i3-2310 CPU, 3 GB memory, and integrated HD Graphics 3000.



The simulation parameters were set as follows: complete simulation time: 0.1 s; time step: 1500. Four simulations were carried out, where the CoF ranged between 0.3 and 0.1 according to the typical PLA values [1,11], and the temperature between the gears was altered in each simulation to analyze its effect on wear propagation. One simulation lasted approximately 2 min. Since PLA becomes soft at around 70–80 °C, the investigation focused on a temperature zone where the polymer stays stable and which can be maintained by the use of simple cooling fans. The four simulation conditions are listed in Table 2.



During the simulations, the gears performed five complete revolutions; the aim of this was to investigate the running-in process in the gear connection where severe wear appears before it turns into steady-state wear [23].




2.3. Wear Modelling in Gear Pairs


Addressing wear (W) in a gear connection can be approached by simple augmentation of the Archard law [20], where FC is the contact force and k is the specific wear rate. First, let us consider the law in its original form as a simple ODE:


    d W   d s   = k ·  F C   t  .  



(3)







This can be altered by re-arranging the law and breaking up ds as follows:


  d W = k ·  F C   t  · d s = k ·  F C   t  ·    v  s l i d i n g    t  · d t .  



(4)







By the use of the well-known formula for sliding velocity between gear teeth, we obtain


   v  s l i d i n g    t  = 2 · π · R ·    ω  d r i v e r    t  +  ω  d r i v e n    t     



(5)




where R is an approximation denoting equal distance between the pitch radius and the tip radius. This length also equals half the actual addendum (ha):


  R =    h a   2  =    R  t i p   +  R  t i p    2  −      R  t i p   −    R  t i p   +  R  t i p    2   2    = 7.6 ·   10   − 4     m .  



(6)







It must be mentioned that 2·π is used since ω is acquired in rev/sec in MSC.ADAMS.



Furthermore, we obtain the following wear equation:


  d W = 2 · π · k · R ·  F C   t  ·    ω  d r i v e r    t  +  ω  d r i v e n    t    · d t .  



(7)







In the last step, lubrication is considered in the contact, which can be described by the fractional film defect function (ψ) [24]:


  ψ   t ,  T s    = 1 −  e  −      α x     v  s l i d i n g  t  ·  t 0      ·  e  −      E a     R g  ·  T s            = 1 −  e  −      α x    R ·    ω  d r i v e r    t  +  ω  d r i v e n    t    ·  t 0    ·  e  −      E a     R g  ·  T s            .  



(8)







The function depends on several parameters, listed in Table 3, where temperature (Ts) was varied in the calculation to observe its effect on wear. It is worth noting that the function can change between 0 and 1. The subsequent approximate wear propagation is defined as follows:


  d W = 2 · π · k · R ·  F C   t  · ψ   t ,  T s    ·    ω  d r i v e r    t  +  ω  d r i v e n    t    · d t .  



(9)







As a final step, the obtained numerical data (FC(t), ωdriver(t), ωdriven(t)) were incorporated into Equation (9) and integrated in each time step as follows:


  W = 2 · π · k · R · ψ   t ,  T s    · ∫  F C   t  ·    ω  d r i v e r    t  +  ω  d r i v e n    t    · d t +  W  i n i t i a l   .  



(10)







As a matter of course, the wear function could be extended by considering more parameters, e.g., the molecular weight, which can vary in a wide range. Although it is widely known that excessive heat will cause degradation in the molecular weight of PLA [25], in this analysis, only a certain, mild temperature zone was considered (between 20 °C and 30 °C), where this effect is negligible. The parameters of Equations (8) and (10) are listed in Table 3.





3. Results and Indirect Validation


3.1. Numerical Results


After the numerical integration of Equation (10), for each condition, the following results were achieved (shown in Figure 2, Figure 3, Figure 4 and Figure 5).



The maximum wear values at 20 °C were also investigated to obtain a global view of the effect of the kinetic CoF on wear. These results are displayed in Figure 6.



As expected, the highest friction combination (Condition no. 1) caused the highest wear as well. When the kinetic CoF was reduced by 15% in Condition no. 2, wear propagation decreased by 37.6% compared to that in Condition no. 1. Unusually, in the following step, when friction was lowered again by 15%, only 7.8% wear decline was observed when the two following trends (Conditions 2 and 3) were compared. Between the last two conditions, there was only a 3.2% change in the wear volume, in spite of the CoF being decreased by another 15%. Therefore, it can be concluded that Condition no. 2 forms a threshold where the propagation slows down, and only a minor variation can be noted beyond it.



The effect of temperature was also investigated in a mild zone, where the molecular weight and the structure of the PLA texture do not change significantly. It was deduced that even low temperature had a considerable effect on wear (Figure 7).



A temperature rise of 5 °C (25% change in the numerical value of the temperature) caused approximately 40% more wear in the contact surfaces, while a temperature rise of 10 °C doubled the removed material. Therefore, it can be concluded that temperature elevation can be more crucial than the presence of a relatively high CoF.



What is highly important to note is that wear can be indirectly reduced by decreasing the roughness on the surface, which yields a lower CoF as well. Although additive technologies are mostly not fitting for the task of achieving a surface roughness between 0.1 and 0.5 µm (unlike milling, turning, grinding, or polishing) they can produce near-net-shape pieces, which can be further surface-finished in order to achieve an acceptable level of wear.



It must be added that with small nozzle diameter and layer height (0.3 and 0.2 mm, respectively), in some simple cases, 1 µm roughness could be achieved by fused deposition modeling (FDM), although this is only valid for one particular direction [26].




3.2. Indirect Validation


An indirect validation was also carried out in order to prove the reliability of the proposed numerical tool. Since, currently, no data are available on experimental wear modeling in the case of a PLA gear connection, a comparison with non-reinforced polyoxymethylene (POM) and 28% glass-fiber-reinforced polyoxymethylene (GFR POM)-made gear connections was chosen for verification [27]. POM behaves similarly to PLA in terms of several attributes; in addition, these materials are often blended to enhance their plasticity and general thermodynamic properties [28]. For the validation, identical numerical gear pairs were created (Figure 8a,b) in MSC.ADAMS according to the gear and material properties described in [27].



Subsequently, numerical simulations were carried with initial torque set at 6 Nm, which was increased by 1 Nm in each cycle up to 12 Nm, equivalent to the experiments. One cycle represented 20,000 rotations, while specific wear rates were defined as follows: kPOM = 5.84 × 10−6 mm3/Nm, and kGFR-POM = 4.98 × 10−6 mm3/Nm [27].



When the literature data were compared to the numerically obtained ones, it was noted that the numerical solution followed, with slight overestimation, the evolution of the experimental wear propagation (Figure 9).



Based on the obtained results, it can be concluded that since the proposed numerical model can adequately estimate wear propagation in the case of POM-made materials, it is suitable for determining wear propagation in the case of PLA-based machine elements, such as gear pairs, as well.





4. Conclusions and Discussion


To conclude, a new wear model (a combination of MBD and an ODE) was presented that enables us to address wear propagation between spur gears, considering PLA or any similar composite material. The presented model placed emphasis on the effects of friction and temperature by investigating several friction values and including the fractional film defect function. In consequence, the obtained results showed that the wear volume gradually began to decline approximately at 0.085 CoF, while a convergence to steady-state wear could be observed at 0.05 CoF. In summary, change in the coefficient of kinetic friction can lower wear by approximately 40% in this specific domain. On the other hand, it was also demonstrated that temperature had a more robust effect on the evolution of wear, since a 5 °C temperature rise (25% change in the numerical value of temperature) elevated wear by approximately 40%, while a 10 °C temperature rise (a further 25% change) virtually doubled the wear volume loss compared to that in the original state. Therefore, temperature proved to be a more crucial factor in the case of PLA-made spur gears than CoF; thus, proper cooling material or a ventilating system should be considered to enhance the operation time of these machine elements. It should also be mentioned that the obtained numerical results are based on certain geometrical assumptions with regard to the tooth connections—to obtain the sliding length—and the estimated values of the coefficients of friction and specific wear rates. More accurate theoretical calculations, e.g., those including the infill density, could significantly enhance the accuracy of the wear modelling, since it was demonstrated by Srinivasan et al. [8] that as the infill density increases, so begins a decrease in the specific wear rate. More importantly, Zhang at al. [11] revealed that the infill density and coefficient of friction are directly proportional; therefore, they can be expressed as a mathematical function. The inclusion of a CoF(id) function into the Archard law can be considered a next step to model the wear propagation of PLA or similar materials. On the other hand, further experimental studies to monitor wear and friction functions are also planned with a similar test rig to those described by Keresztes et al. [29] and Kalácska et al. [30].
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Figure 1. Gear connection in MSC.ADAMS ((a) driver gear on the left, (b) driven gear on the right). 
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Figure 2. Wear propagation in the case of Friction Condition no. 1. 






Figure 2. Wear propagation in the case of Friction Condition no. 1.



[image: Coatings 11 00409 g002]







[image: Coatings 11 00409 g003 550] 





Figure 3. Wear propagation in the case of Friction Condition no. 2. 
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Figure 4. Wear propagation in the case of Friction Condition no. 3. 
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Figure 5. Wear propagation in the case of Friction Condition no. 4. 
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Figure 6. Wear propagation as a function of the kinetic coefficient of friction (CoF). 
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Figure 7. Wear propagation as a function of temperature. 
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Figure 8. (a,b) Numerical models and real polyoxymethylene (POM)-made spur gears. 
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Figure 9. Comparison of experimental and numerical wear rates in the case of POM and glass-fiber-reinforced (GFR) POM gear pairs. 
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Table 1. Gear parameters.






Table 1. Gear parameters.





	Parameters
	Gear 1 (Driver)
	Gear 2 (Driven)





	Number of teeth
	80
	40



	Module (mm)
	1.35
	1.35



	Width (mm)
	13
	13



	Involute
	standard
	standard



	Addendum factor
	1
	1



	Dedendum factor
	1.25
	1.25



	Tip radius (Rtip) (mm)
	55.35
	28.35



	Foot radius (Rfoot) (mm)
	52.31
	25.3125



	Tooth thickness (mm)
	2.12
	2.12



	Density (kg/m3)
	1250
	1250
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Table 2. Friction and temperature conditions during the simulations.






Table 2. Friction and temperature conditions during the simulations.





	Conditions
	µstatic
	µkinetic
	Temperature





	Friction condition no. 1
	0.3
	0.1
	293/298/303 K (20 °C/25 °C/30 °C)



	Friction condition no. 2
	0.25
	0.0825
	293/298/303 K (20 °C/25 °C/30 °C)



	Friction condition no. 3
	0.2
	0.066
	293/298/303 K (20 °C/25 °C/30 °C)



	Friction condition no. 4
	0.15
	0.05
	293/298/303 K (20 °C/25 °C/30 °C)
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Table 3. Gear parameters.






Table 3. Gear parameters.





	Parameter
	Quantity and Unit





	k: specific wear rate [8]
	65 × 10−5 (mm3/Nm)



	µkinetic: coefficient of kinetic friction
	Listed in Table 2.



	FC(t): contact force function
	Obtained from MBD simulation



	ωdriver(t), ωdriven(t): angular velocities
	Obtained from MBD simulation



	dt: duration of motion
	0.1 (s)



	Ea: lubricant adsorption heat [24]
	49 × 103 (J/mole)



	t0: fundamental time of vibration of a molecule in adsorbed state [24]
	3 × 10−12 (s)



	Rg: gas constant [24]
	8.31 (J/mole K)



	αx: diameter of the area associated with an adsorb molecule [24]
	3 × 10−10 (m)



	Ts: surface temperature [24]
	293/298/303 (Kelvin)
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