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Abstract

:

Lip seals are components subjected to high mechanical stress and they are responsible for many out-of-service in pneumatic cylinders. The aim of this work is the development of an experimental methodology to evaluate lifetime duration and analyse failures and damages of rod lip seals for pneumatic cylinders. A dedicated test bench was designed and manufactured which reproduces actual working conditions of the seals i.e., compressed air action (seal pressurisation) and relative linear reciprocating motion. Three types of seals made of two elastomers (NBR and polyurethane) were tested; dry condition was considered to speed up the tests. The influence of geometric parameters like seal seat dimension and seal axis misalignment with respect to the rod axis, was analysed by multiple experimental tests. Results in terms of seal life duration and failure modes are presented which allow comparison of seals performance and provide a helpful tool to end-users in a proper selection of seals geometry, material and key working parameters.






Keywords:


lip seal; wear; failure; pneumatic cylinder












1. Introduction


Seals are commonly used in many industrial applications [1], e.g., in bearings and in pneumatics, as both rotating [2,3] and linear sliding elements. Among these, lip seals are widely employed in linear pneumatic actuators because of their excellent seal capability due to the radial deformation of the lip; indeed, under the pressure of compressed air, the lip is pushed in contact against its counterpart (cylinder barrel or rod), thus developing the sealing action. To allow the mentioned working principle, lip seals are, therefore, mounted in proper seat housing, machined on the piston or in the front head to ensure sealing either between the front and rear cylinder chambers or between the front chamber, crossed by the piston rod, and the ambient. Out-of-service linear pneumatic actuators are closely connected to wear phenomena and failure of the seals. In particular, rod seals suffer the highest failure rate, and it is the main reason for actuator failure together with piston seals. Despite actuators having guiding systems, such as guide bushings and guide rings, to centre the rod and bear working loads, part of the applied radial load is always transferred to seals. Wear of the guide systems, especially the guide rod bushing, is unavoidable and determines increased gaps with subsequent misalignment of the rod under the action of the external load. This leads to incorrect operation of the seals and rapid wearing out [4].



Knowledge of friction and the wear phenomena of seals is, therefore, fundamental in the design phase of actuators for the evaluation of their performance, i.e., in terms of maximum tolerated force and estimated duration and for proper predictive maintenance. In addition, it is also very important to understand how sealing takes place to limit or eliminate leakages of fluid through the seals and ensure efficient operation of the actuator throughout its whole lifespan. The relevance of the wear and tear phenomena of sliding seals on the performance and durability of pneumatic actuators has always aroused the interest of standardisation bodies and researchers. Regulations and international standards [5,6,7,8,9] define standard methods for testing pneumatic cylinders under continuous cyclic movement of the rod with a radial load acting on it. The out-of-service condition of the cylinder is determined by the presence of leakages above a given threshold of acceptability. Belforte et al. [10] and Hobson et al. [11] proposed new experimental methodologies based on the indications provided by the standards that allow for accelerated laboratory life tests to be performed on pneumatic cylinders without modifying failure modes. After the actuator breakdown, a visual inspection of each component, including seals, was carried out and led to the identification of the different causes of failure and different types of seal damage (front seal extrusion, spinalisation, adhesive wear, abrasion and others). Similar approaches were followed by [12,13], who applied the Weibull statistical approach to their results according to [9]. Specific test benches on complete components equipped with seals were developed to reproduce in-service conditions as closely as possible and to provide a better understanding of seal behaviour as a function of fluid pressure, velocity and direction of motion. A suitably designed test machine to perform many simultaneous accelerated life tests with a piston seal of pneumatic cylinders was also presented in [14]. The results of accelerated tests have highlighted the influence of the seal shape, material and greasing condition on the overall endurance of pneumatic cylinders. Post-mortem analysis demonstrated the importance of ensuring correct greasing and the presence of a relationship between damages and leakages. Wear and failure modes of lip seals [15], including adhesion–abrasion mechanisms [16], are, in turn, related to contact pressure distribution and friction. Investigations into the contact mechanics and frictional behaviour of reciprocating lip seals were presented in [17,18,19,20,21] through experimental and numerical approaches. The importance of investigating contact forces and friction forces on actual seals was also shown by Juoksukangas et al. [22] instead of resorting to laboratory testing on samples [23]. Calvert et al. [24], Belforte et al. [25] and Barillas et al. [26] proposed the redesign and optimisation of seal cross-section geometry based on finite element analysis and friction experiments. Interestingly, the results suggested that failure modes change according to geometry, but seal life and durability may not be directly affected. Also, innovative operating modes of lip seals were proposed to reduce friction and wear of linear reciprocating lip seals [27].



In this work, the problem of wear and failure in rod lip seals was addressed in a more specific way. A dedicated test bench was designed that allows for the testing of individual seals independently from any specific application, which differs from the multi-component approach suggested by the standards. The bench can replicate the typical operating conditions of seals mounted inside the front head of a pneumatic cylinder, including reciprocating motion and air chamber pressurisation. Dry tests were performed to replicate the industrial operative conditions of pneumatic cylinders, in which inner grease shortage or complete loss is commonly achieved. Three types of seals with rod scrapers made from different materials and one type of seal without a rod scraper were considered in this research. Also, the effect of increasing radial eccentricity was investigated since misalignment has been proven to be a key aspect in lip seals [28,29,30]. Multiple tests were carried out with the aim of identifying the impact of the seal geometry, seal cross-section shape, seal material and eccentric misalignment on the lifetime of the seals and on the dominant failure modes. Compared with previous research, such an approach allows for wear and failure problems in single seals to be addressed in a more comprehensive way. The results in terms of seal life duration and failure modes are presented, which allow for a comparison of performance. An atlas of typical component failure is proposed in the end, similar to what has already been proposed for other mechanical components [31,32,33]. Each type of failure and damage will be associated with its cause, and the operating conditions that led to it will be analysed and discussed.




2. Materials and Methods


2.1. Seal Types


Commercial lip seals commonly used in pneumatic cylinder rods were tested. Elastomers are the commonest material in fluid sealing thanks to certain valuable physical properties, just to mention a few: abrasion, chemical and temperature resistance. In this research, the material choice fell into the widespread materials for pneumatic cylinders: acrylonitrile (NBR) and polyether polyurethane (EU). NBR features good abrasion resistance, good temperature range (commonly −30÷120 °C) and mineral grease compatibility; EU is characterised by high abrasion resistance but lower temperature range than NBR.



Figure 1 shows the geometry of the four lip seals considered in this work. Seals with code A1, A2, A3 feature a rod scraper, whereas type B1 is without any rod scraper. Table 1 lists the material, the hardness in terms of IRHD points and the main geometric dimensions for each type, where   d   represents the nominal diameter of the rod,     d   i       the innermost diameter of the rubber lip in its unloaded configuration and L is the nominal width of the seal seat into the housing. All seals are manufactured by thermal moulding process. Seals A2 and A3 have similar cross-sections and size; however, their geometries are slightly more complex than A1 and B1. Larger axial and radial dimensions of seals A2 and A3 give greater stiffness to the section. Seal A3 is made of two elements: the seal is nitrile rubber (NBR), and the rod scraper is acetal resin.     L   i     indicates the axial length of the rod scraper.




2.2. Common Rod Seal Mountings


Figure 2 shows two mounting solutions of seals in the front head of a pneumatic cylinder: with fixing rubber ridge (left-side) and grooved seat (right side). For seals A2 and A3, the assembly is ensured by an annular ridge that matches a dedicated groove machined in the seat; the ridge constrains the seal axially, preventing it from coming out of the seat during operation. Seals A1 and B1 rely on a grooved seat mounting. As known, the sealing mechanism relies on the elasticity and incompressibility of the elastomer and the existence of a mounting interference; indeed, this is allowed by the inner diameter di of the lip (Figure 1), which is smaller than the rod diameter d (Figure 1 and Figure 2). Diameters d1 and d2 refer to the left-side and right-side axial shoulders of the seat. The sealed pressure is located on the right side of the front head in the front chamber of the pneumatic cylinder (not shown in Figure 2). As shown, the rod is animated by reciprocating motion, which involves seal and guide-bearing abrasion. This wear mechanism is responsible for an increasing gap between rod-guide mating surfaces, which appears as rod misalignment with subsequent degradation and failure of the seal.




2.3. Dedicated Test Bench


A dedicated test bench for endurance tests of lip seals was designed and built. The test set-up was performed, taking into consideration test rigs for rotary lip seals [28,34]; however, it focused on the specific and peculiar features for testing reciprocating lip seals. The bench allows the user to test seals in a variety of operating conditions to assess the lifetime with respect to the residual sealing capability of the seals. In particular, the set-up allows for seal pressurisation and reciprocating motion to be reproduced as in a real mounting in a pneumatic cylinder. To replicate rod misalignment, as described above, and the subsequent variation in the seat shoulder diameters, the set-up allows the main geometric size of the seat to be varied. The investigated parameters were diameter d1 and rod seal axis misalignment (eccentricity), which can be varied independently. Sealed pressure and reciprocating velocity were kept constant during the tests.



Based on these requirements, the test bench shown in Figure 3 was designed and manufactured. Seals under test (1) were installed into proper seats machined into the end caps (2) of the chamber (3). Several end plates (2) of the chamber were machined for interchangeability aims based on the different geometries and dimensions of the seal seats under test. The rod (4) moves according to a reciprocating linear motion   v   produced by a driving pneumatic cylinder (not shown in the figure); this axial movement of the rod is assured by a couple of linear recirculating ball bearings (5) constrained to the base plate (6). The ridge (7) matches the groove (8) machined in the base plate (6) and creates a prismatic guide with an axis orthogonal to that of the rod, which prevents the test chamber from moving axially. The driving pneumatic cylinder and the base plate are rigidly fixed to an external frame. By means of the adjustment screws (11), it is possible to set the offset between the axis of the chamber (3) and, therefore, of the seals with respect to the rod axis (4). The offset value, or radial eccentricity   e  , is read off by the centesimal dial gauge (12). The pressure inside the test chamber is regulated by means of the pressure reducer (9) and measured by the pressure gauge (10).



For a better understanding, Figure 4a shows the test chamber in two positions: on the right side of the schematic, the chamber is in the centred position, the axis with the rod on the left in the eccentric position of quantity e with respect to the axis of the rod. Due to eccentricity, the elastomer seal deforms and compresses at the top; if eccentricity   e   is sufficiently large, the lip may detach from the rod by a gap   δ   clearly visible in the detail of Figure 4b. This lack of contact encourages cogging and sticking of the lip under the action of pressurised air, which promotes bulk tearing phenomena.




2.4. Endurance Test Methodology


Regarding the test conditions, it is worthwhile to consider that pneumatic cylinders are usually greased for life; therefore, rod seals operate with a film of grease between the lip and the rod contact surfaces. However, during actual working conditions in an industrial environment, a decrease in the initial amount of grease is always observed, which lets the seals operate in more severe conditions than expected. Liquid droplets, not removed by inline filtration and carried by pressurised air flow into the cylinder chamber, may produce a washing-out effect of grease. When grease starvation occurs, an additional abrasive action from debris not removed by the rod scraper affects the integrity of seals. Other grease removal actions are observed, as well. For these reasons, tests were carried out in dry conditions, which, moreover, allowed for a reduction in the scattering of experimental data due to the effectiveness of grease lubrication during the tests. Nonetheless, tests carried out in dry conditions showcase the typical failure modes within a reasonable time duration of the tests.



The reciprocating linear movement of the rod of the test bench is obtained by connecting the rod to a pneumatic cylinder with a stroke of 500 mm, controlled by a 5/2 two-stable positions electro valve. The distance travelled by the rod is recorded, and tests are carried out until the seals mounted in the test chamber are no longer able to guarantee their sealing function; this distance expresses the lifetime of the seals under the considered test conditions. To this aim, the movement of the rod was periodically interrupted, and leakages (through the seals) were assessed by measuring the pressure drop in the inner test chamber between the seals. The chamber is filled to the initial pressure of 10 bar (relative value), and after 1 h, the pressure decrease   ∆ p   is read. Leakage test is carried out even before starting the tests to check for leakages due to mounting eccentricity. Seals are considered out of service when the pressure drop   ∆ p   is equal to 10 bar, which corresponds to the complete emptying of the chamber down to the ambient pressure. Figure 5 shows an example of a leakage test. The pressure drop to failure is usually recorded as a peak after an extended period of run where pressure drop increases slowly; during this period, a variable behaviour is detected even with possible recovery of sealing capability. Then, close to failure, the sealing capability is usually lost abruptly.



Several tests were carried out by varying diameter     d   1     of the front shoulder of the seat and eccentricity   e    . The diameter     d   2     of the rear shoulder of the seat was suitably enlarged to allow the offset between the test chamber and the rod. Seals A2 and A3 do not have the front shoulder of the seat; therefore, only the effect of eccentricity was taken into account. The case with null eccentricity was investigated only when the seat shoulder diameter was varied; otherwise, an overly long endurance of the seal would be expected in such low-stress test conditions. Table 2 also shows the range of variation in the geometric entities considered for each seal; each variation is related to the nominal value of the magnitude itself.



Operating conditions during endurance tests were pressure of 4 bar (relative pressure) and sliding speed of 0.2–0.3 m/s. The rod was made of hardened steel with surface roughness of Ra = 0.4 µm to replicate a common rod for pneumatic cylinders.



In the following, the radial eccentricity   e   is expressed in terms of dimensionless eccentricity   ε  , as per Equation (1), where   d   = 20 mm in this test rig, and the shoulder diameter variation is expressed by Equation (2) in terms of a percentage variation with respect to the nominal shoulder diameter     d   1 , n o m    .


  ε =   2 e   d   · 100 · [ % ]  



(1)






    ∆ d   1   =     d   1   −   d   1 , n o m       d   1 , n o m     · 100 · [ % ]  



(2)







Tests were repeated at least three times for each seal geometry and condition; average values of the measured lifetime together with standard deviation were applied.





3. Results


The results of the endurance tests are presented in terms of average lifetime and visual analysis of the damaged tested seals. The aim was to identify how much the increased gaps due to wear in the rod bearing of a real pneumatic cylinder can affect seal behaviour and failure modes. The test variables, i.e., geometric seat variations and rod misalignment (eccentricity), defined in the test set-up, are fully useful to the aim. Main failure modes and dominant wear mechanisms were identified according to the classification commonly accepted by researchers [35,36] and related to the measured lifetime value. It is worth noting that although the tests were run under limiting working conditions for lip seals, the comparison of the test results made it possible to obtain an overview of the behaviour of lip seals.



The fundamental failure modes that were observed during the tests are summarised and schematised in Figure 6: tearing of the lip (mode I—Figure 6a); complete or partial breakage of the seal due to extrusion or spiralisation (mode II—Figure 6b); wearing out of the contact region between the lip and the rod with the generation of debris due to adhesion and abrasion (mode III—Figure 6c).



Tearing of the lip is more often observed in the areas where the lip loses contact with the rod. This may happen if the clearance between the sealing element and the rod increases compared with the nominal condition as a result of excessive eccentricity. Bulk failure of the seal due to spiralisation or extrusion usually occurs as the diameter     d   1       of the seat shoulder increases. Adhesion–abrasion of the elastomeric material of the lip produces a reduction in the thickness of the sealing lip and is identified by small cracks and signs of delamination at the edge of the lip.



In the following, the seal average lifetime is presented, highlighting key differences in endurance and wear resistance in relation to the seal cross-section shape and geometric tested variables; moreover, the failure modes that occurred most frequently for each individual seal type are presented.



3.1. Seal Type A1


Figure 7 shows how the life of lip A1 seals is affected by the eccentricity   e    and the diameter     d   1     of the shoulder. The performance decreases significantly as the magnitude of both parameters increases. In general, this type of seal is not able to operate properly if its seat is machined differently with respect to the nominal dimension suggested by the seal manufacturer, and it poorly withstands lopsided radial forces. Failure mode I is the dominant mode when eccentricity is high and diameter     d   1     is close to its nominal value, whereas mode II dominates as the shoulder diameter is increased, whatever the eccentricity value.



The results of Figure 7 predicted that the lifetime duration with null eccentricity and a nominal value of diameter d1 could be very long (test time of several weeks). Being this an overly long time for a large set of experimental tests, as here considered in this study, the condition d1 = 23 mm and e = 0 mm were not investigated.




3.2. Seal Type A2


Figure 8 shows the estimated life of A2 seals as a function of the mounting eccentricity. These seals showed very long endurance, even under critical working conditions. No extrusion problems (mode II failure) were detected. High strength is due to both the squat shape of the section and the presence of the locking ridge that prevents any axial movement of the seal and provides high rotational stiffness to the section. The most frequently observed failure modes are modes I and III.




3.3. Seal Type A3


Figure 9 shows the estimated life of A3 seals. Compared with type A2, the life of these sealing elements is shorter when loaded through the same eccentricity value. Since A2 and A3 seals have the same geometry, the problem is related to materials. Polyurethane demonstrated its higher wear resistance with respect to NBR. Failure is typically from wear damages (failure mode III), where no case of seal extrusion was detected.




3.4. Seal Type B1


The estimated life of B1 seals is shown in Figure 10. Because B1 seals are the only ones without a rod scraper, a direct comparison with previous seal models is not possible. However, the service life of B1 seals is comparable to that of A1 seals, the latter having similar overall dimensions and the same material. As in the case of A1 seals, B1 showed an abrupt decrease in life with increased eccentricity.



By way of comparison, Figure 11 shows the average experimental lifetime measured for seal types A1, A2 A3 and B1 when the shoulder diameter is the nominal value suggested by the seal manufacturer and the operational eccentricity during the tests is 5%.



A2 seals are the toughest, as they showed the highest wear resistance thanks to the high-performance material (EU) coupled with the increased mechanical strength against tearing and spiralisation provided by the stiffer cross-section. The key role of the material is highlighted in comparison with the A3 seals, whose average estimated life is three times lower than seal A2 while keeping the same cross-sectional geometry and overall dimensions.



The comparison between seals A3 and A1 indicates that the cross-sectional geometry plays a non-negligible role as well for the same material (NBR). The denser and squatter section of seal A3 positively affects the seal life, which is five times higher compared with A1 seals under a 5% eccentricity.



Among NBR seals, B1 seals also performed better than A1, and their life was, on average, 2.5 times higher under a 5% eccentricity and a nominal diameter of the shoulder. This effect is even larger if one compares the results obtained when the seal is retained by a nominal shoulder diameter     d   1 , n o m     and operated under null eccentricity, where the average life of seal B1 was approximately 5.5 times higher than seal A1 (see Figure 7 and Figure 10). In other test conditions, e.g., null eccentricity and seat diameter larger than the nominal, the lifetimes are similar.





4. Discussion


Fault analysis was carried out by observing the state of the seals under tests corresponding to the time when a fault was detected by a leakage test. This made it possible to outline a failure atlas of the most significant failure scenarios, reported in Table 3, which involves one or more fundamental failure modes (the latter being defined and schematised in Figure 6). The aim of the atlas is to make available a broad visual case history of damages and failures that seals may incur under operating conditions. A description is associated with each damage, taking care to relate the damages and failures to the test conditions and, in particular, the geometric test variables (eccentricity, shoulder diameter). The importance of the test variables in determining the failure modes will help the end user in a proper selection of the admissible limit of geometric variations, seal cross-section shape and materials.



The important role of the test variables in the occurrence of the above failure modes was clearly shown. In particular, the cross-sections A2 and A3, with higher stiffness and ridge/groove coupling, showed the highest lifetime and best resistance to spiralisation and extrusion from the mounting seat; the prevalent failure and damage was the thinning of the lip and cracks caused by wear abrasion. Material impacts seal performance a great deal; indeed, for the same cross-section shape, EU seals (A2) can last three times longer than NBR seals (A3). On the other hand, a dense and squat cross-section, both with a rod scraper (A3) and without it (B1), fosters a longer lifetime for the same seal material (NBR); for the same reason, A1 seals showed a lifetime 2.5 to 5 times lower than B1 and A3, respectively, for the same material (NBR) and eccentricity value.




5. Conclusions


The durability and failure modes of seals for linear pneumatic actuators were investigated in this work. To this end, a test bench was designed to perform endurance tests by replicating both operating conditions (pressurisation, linear reciprocating motion) and a variety of test variables, in particular, seal seat dimensions, misalignment of the rod with respect to the seal axis (eccentricity), seal cross-section shape and seal material were analysed. Severe operating conditions produced by eccentricity-induced wear, which reflected as an asymmetric load on the seal, were explored in the tests presented in this paper. Tests were carried out in dry conditions, thus allowing for an acceleration of the occurrence of seal failure and shorter endurance tests without loss of generality.



The key findings in terms of failure modes are tearing of the lip, complete or partial breakage of the sealing ring due to overextension and spiralisation of the ring and thinning of the lip due to abrasion and loss of chunks of material. The importance of the test variables (geometric, material and cross-section shape) in the occurrence of the failure mode and in the lifetime duration was demonstrated and explained. Although the measured lifetime durations do not give realistic indications of the actual life of seals for the relevant application, they show their importance for comparisons of seal behaviours. Fundamental failures were classified in a “Failure Atlas” in order to provide a useful collection of visual damages that the rod seals can incur; each type of damage was associated with the causes and operating conditions that led to it. Definitely, the atlas might be a helpful tool for the end user in proper seal selection, geometries, materials and mounting conditions that allow for acceptable behaviour without malfunctions as well.



Future development might be testing the seals in lubrication conditions to assess the influence of grease on seal performance and lifetime. The effect of grease on the failure modes should be minimal since the failure should occur after wear has produced the removal of grease and, thus, when dry conditions are established.
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Figure 1. Cross-section schematics of the lip seals used for the experimental tests. 
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Figure 2. Examples of the mounting of lip seals into its seat in a pneumatic cylinder, with open seat and fixing rubber ridge (left side) and grooved seat (right side). 
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Figure 3. Schematic of the test bench designed for the endurance tests. 
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Figure 4. Section view of the test chamber: (a) comparison of the relative position between the rod and the test chamber after an eccentricity offset is applied; (b) enlarged detail with eccentricity mounting. 
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Figure 5. A typical leakage test repeated across the duration of an endurance test. 
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Figure 6. Fundamental failure modes of rod lip seal identified at the end of the endurance tests: (a) mode I: tearing of the lip; (b) mode II: seal extrusion or spiralisation, (c) mode III: adhesive–abrasive wear damages. 
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Figure 7. Lifetime for seal type A1 due to increased eccentricity and increased diameter d1 of the seat shoulder. 
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Figure 8. Lifetime for seal type A2 due to increased eccentricity. 
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Figure 9. Lifetime for seal type A3 due to increased eccentricity. 
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Figure 10. Lifetime for seal type B1 due to increased eccentricity and increased diameter d1 of the seat shoulder. 
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Figure 11. Lifetime comparison with nominal value     d   1   n o m     of the shoulder and eccentricity of 5%. 
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Table 1. Main characteristics of the seals under test.
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Type

	
Material

	
Hardness (IRHD)

	
Dimensions (mm)




	

	

	

	
d

	
D

	
L

	
Li






	
A1

	
Nitrile rubber

	
75

	
20

	
30

	
5.5

	
-




	
A2

	
Polyurethane

	
90

	
20

	
30

	
10.5

	
-




	
A3

	
Nitrile rubber +

Acetal resin

	
80

	
20

	
30

	
11

	
5.5




	
B1

	
Nitrile rubber

	
78

	
20

	
30

	
7.5

	
-











 





Table 2. Range of variation in the geometric test variables.






Table 2. Range of variation in the geometric test variables.





	Type
	d (mm)
	d1,nom (mm)
	Δd1 (%)
	e (mm)
	ε (%)





	A1
	20
	23
	0, 8, and 13
	0 to 1
	0 to 10



	A2
	20
	-
	-
	0.5 to 1.1
	5 to 11



	A3
	20
	-
	-
	0.4 to 1
	4 to 10



	B1
	20
	22,5
	0 and 7
	0 to 0.5
	0 to 5










 





Table 3. Atlas of most significant failure scenarios. In the description of the failure scenarios, lips are indicated as either the sealing lip or the rod scraper lip.
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	Picture
	Description
	Dominant Failure Mode





	[image: Lubricants 12 00119 i001]
	Serious distributed loss of chunks of material from the sealing edge of lips (sometimes followed by tearing of the whole lip) due to operation under high mounting eccentricity.
	Mode I



	[image: Lubricants 12 00119 i002a][image: Lubricants 12 00119 i002b]
	Bulk continuous tearing of the sealing edge of the lip due to partial extrusion from the seat associated with a reduced retaining action of the shoulder (due to an increase in the diameter d1 of the seat shoulder). Sometimes, the lip detachment occurs without complete loss of material from the contact site.

Failure often indicates the region where extrusion took place during the tests, and cross-section distortion of the seal during wear cycles may also be experienced in these regions.
	Mode II

and

Mode I



	[image: Lubricants 12 00119 i003]
	Cracking of the sealing ring produced by a radial cut due to the complete ejection of the seal from its seat.
	Mode II



	[image: Lubricants 12 00119 i004]
	Catastrophic failure with tearing of the lips followed by eventual cracking of the sealing body in two or more parts. It is associated with extreme cases where the ejection of the seal from its seat occurs under very high eccentricity coupled with a large diameter d1 of the retaining shoulder.
	Mode II

and

Mode I



	[image: Lubricants 12 00119 i005a][image: Lubricants 12 00119 i005b]
	Wearing out of the lip edge sliding against the steel rod is associated with the thinning of the lip and formation of jagged edges in the mostly loaded region of the seals (where the compression action of the rod, due to the eccentricity mounting, is greatest). Circumferential cracks may appear in the seal region where the compression against the rod is lower, and the lip tends to detach from the rod.
	Mode III

(Abrasion)



	[image: Lubricants 12 00119 i006]
	Weakening of the lip section as a result of thinning may be so extended, and some portions of the sealing ring may be torn off by sticking and ejected.
	Mode III

(Adhesion–abrasion)



	[image: Lubricants 12 00119 i007a][image: Lubricants 12 00119 i007b]
	During wearing out of the lip, some portions of the sealing edge may be ejected due to adhesive effects in the region where the eccentricity is maximum.
	Mode III

(Adhesion)



	[image: Lubricants 12 00119 i008]
	Eccentricity misalignment of the rod reflected as thinning of the lip, which may produce a brittle failure of the sealing edge, and axial cracks may be observed in the region where the rod abraded the most.
	Mode III

(Abrasion)

and cracking



	[image: Lubricants 12 00119 i009]
	Wearing out may develop as plastic deformation of the lip followed by thinning. Residual compression set is observed when the seal is taken out of its seat.
	Mode III

(Abrasion)

and plastic deformation
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