
Abstract

Material removal caused by the impact and sliding of a stream of particles is a typical 
wear mode in the oil and gas industry. Protective coatings can be employed to increase 
the service life of equipment that is exposed to harsh erosive and abrasive environments. 
Among all the types of protective coatings and liners, polyurethane elastomers have 

cost that would allow for large-scale applications. The excellent wear resistance of poly-
urethane elastomers is a result of their high resilience and propensity to elastic defor-
mation that enables the absorption of impact energy of erodant particles with minimal 
damage. The relation between the wear resistance of polyurethane and its mechanical 
properties has been the subject of previous studies. This chapter reviews the research 
that has been conducted to study the wear resistance of polyurethane elastomers. Testing 
apparatuses employed, material characterization techniques, evaluations of mate-

approaches for in-depth study of the wear phenomenon of polyurethane elastomers is 
also presented in this chapter.
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1. Introduction

1.1. Wear and corrosion in oil and gas industry

The advances in technology and higher demand for energy require enhanced rate of 
extraction and transportation of oil and natural gas fossil fuels. The use of pipelines for
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transporting of oil and gas products is a safer method compared to other possible ways of 
transportation as statistical analysis have shown in Ref. [1]. However, leaks and ruptures 

2]. Beside the life-threatening aspects, 
failures caused by degradation of pipelines can lead to serious economic losses [3] and 
environmental disasters such as pollution and contamination of wildlife and sea creatures 
[4]. Corrosion and wear in components and pipelines can be considered as one of the main
causes of failure and leakage in oil and gas industry [5, 6]. All the three major fossil fuels, 
crude oil, and oil-sand and natural gas are very corrosive. Crude oil contains the corrosive 
ingredients such as carbon dioxide (CO2 2S), organic acids, dissolved 
gases, and salt water [7], while the oil sand comprises of CO2 and corrosive ions such as Cl , 
HCO3 , and SO4  [8]. Natural gas is also corrosive due to the presence of CO2, H2S, and some 
calcium and chlorine compounds [9]. On the other hand, in some sequences of extraction of 

equipment in oil and gas industry may lead to solid particle erosion in addition to corrosion. 
The combination of wear and corrosion can extensively reduce the lifetime of the equipment 
due to the higher rate of material loss [10].

Although the corrosion and wear of components exposed to harsh erosive-corrosive envi-
ronments cannot be thoroughly eliminated, protective coatings can be employed to improve 
the life time of equipment and prevent early and unpredicted failures. The selection of the 

-
tion processes. In large-scale applications, such as transportation pipelines, polymer-based 
protective liners are preferred owing to their relatively low cost and ease in fabrication. 
Among the polymeric protective liners, polyurethane (PU) elastomers have received great 

abrasive wear, and comparatively low cost that allows for large-scale applications [11, 12]. 
PUs are organic polymers with the urethane group in their chemical structure that can be 
synthesized by the reaction of a diisocyanate and a polyol [13]. Although the PU fabrica-
tion process is similar to the methods typically used for polymers, its mechanical proper-
ties such as high elongation at break and minimal plastic deformation are comparable to 
that of vulcanized rubber that has a more complicated production process [14]. PU has 

15], rubbers [16], stainless steels [15], and even 
some hard-faced tungsten carbide-cobalt (WC-Co) coatings [17]. Excellent resistance to 
wear and corrosion together with ease in fabrication process and low cost has made PU an
excellent option for use as protective liners in large-scale applications such as oil and gas 
pipelines [18].

1.2. Abrasive and erosive wear

Abrasive and erosive wear are the two major wear mechanisms in conditions where the 
relative motion between the surface and hard erodant particles is responsible for damage 



and wear of the target material. In abrasive wear, the erodant particles are forced against 
the surface while moving along [13]. The erodant particles may slide or experience a 
combined sliding-rotating motion [19]. On the other hand, in erosive wear, the progres-
sive loss of material occurs by the impact of hard particles that are moving in a gas or a 
liquid stream [13, 19]. The wear mechanisms of abrasive and erosive wear are discussed 
in the following.

In abrasive wear, the erodant particles are forced toward the target while sliding along 
the surface. As a result of this relative motion, small fragments can be detached from 
the surface by the cutting action of the sliding hard particles [20]. This wear mode that 
is one of the major types of abrasion is entitled as microcutting. The microcutting is 
usually the dominant mechanism of material removal in circumstances where the ero-
dant particles are angular and harder than the target surface. Alongside with microcut-
ting of the surface, the erodant particles may plough the surface by a combined action 
of cutting and plastic deformation to form groove shaped defects on the surface. The 
two wear modes of microcutting and ploughing are categorized as cutting mechanisms. 
On the other hand, in conditions where the grit media are blunt, the accumulation of 
residual strains together with fatigue mechanism caused by the repeated deformation 
of the surface is the major mechanism of material removal from the surface. The cracks 
formed from material defects will propagate by the repeated loading-unloading, leading 
to reduced strength of surface and loss of material. Figure 1 shows a schematic of the 
material removal from a ductile surface caused by cutting and plastic deformation in 
abrasive wear. In hard brittle surfaces such as ceramics, the fracture of the surface, crack 
formation, and detachment of small pieces as a result of crack intersections is considered 
as the major abrasive wear mechanism.

The mechanism of material removal in erosive wear is not only a function of the properties of 
the target surface but also a function of the testing condition such as velocity and impact angle 

Figure 1. 
mechanism.



of the erodant particles [21]. In conditions where the erodant particles impact the surface at 

will be dominant. At low angles, the particle’s normal impact force is high enough to enforce 
the particle for partial penetration, while the tangential force slides the particle along the 
surface to microcut small pieces from the target surface. As the impact angle increases, the 
tangential force produced upon impact will not be high enough to cut pieces from the sur-
face. Alternatively, at higher impact angles of 60–90°, ductile targets will mostly experience 
plastic deformation, and the material removal occurs due to the microforging and extensive 
deformation of the target surface. The chips formed will detach from the surface at subse-

of the formed ridges [20]. Since the chipping mechanism of material removal requires higher 

highest erosion rate at normal impact angles, since the particle’s normal force is maximum 

In many engineering applications, such as slurry motion of particles in a pipe, the material 
removal mechanism can be considered as a combination of erosive and abrasive wear. The 

and the pushing force can lead to abrasive wear of pipe material. On the other hand, the par-

abrasive-erosive wear may occur. Some particles are sliding while being pushed toward the 
surface, whereas some other particles are freely impacting the surface due to their kinetic 
energy and inertial forces. Consequently, when studying the wear of protective coatings and 
liners, the resistance of material versus both abrasive and erosive wear should be evaluated.

2. Wear of polyurethane liners

2.1. Material and mechanical characterization methods

The resistance of PU elastomers to abrasive and erosive wear is a function of both the test-
ing condition and the properties of the PU. Ductility or softness, yield stress, elasticity, elas-

within the PU upon impact of erodant particles and, therefore, its wear resistance. To that 

interest. In this section, common 
experimental techniques to study the mechanical properties of PU elastomers are discussed.

given to testing procedures for determination of parameters that correlate with the abrasive 
and erosive wear of PU.



2.1.1. Hardness testing

-
mers and plastics [11]. The hardness of elastomers can be measured by a durometer according 
to the ASTM Standard D2240 testing practice [22]. In this method, the hardness of an elasto-
mer is measured based on the penetration depth of an indenter into the substrate surface. The 
indentation depth is a function of elastic modulus and viscoelastic behavior of the elastomer 
[22]. The simplicity of this technique is one of its greatest advantages that allows for quick lab-

modulus is not feasible by this testing technique, the values measured are excellent for com-
parative evaluation of the elastomer softness. Moreover, monitoring of the indentation depth 
of the indenter with time can provide data about the viscoelastic response of material and its 
creep behavior. The hardness testing by durometer according to ASTM Standard D2240 does 
not provide any information about the elastoplastic behavior.

In a few previous studies [23, 24], it has been shown that the Vickers micro hardness testing that 
is usually employed for evaluation of the hardness of metals and ceramics [23, 25] can be used 
as a tool to provide information about the viscoelastic and elastoplastic behavior of polymers.

of metals and a perfect symmetric indentation will not form on the surface. A variation in dwell 
time of the indenter during the test and also monitoring of the changes in size of the formed 
indents by time can provide information about the viscoelastic response of elastomers.

2.1.2. Tensile and compressive testing

Data obtained by durometer or Vickers hardness testing do not provide detailed information 
about the elastomer properties such as the Young’s modulus and yield strength. Thorough 
characterization of PU elastomers can be achieved by testing equipment capable of tensile 
and/or compression testing at controlled load and displacement. Tensile tests conducted up 

resistance of a polymeric material to abrasive and erosive wear [21]. The sample size and the 
applied load and displacement can either be selected from standard testing practices such 
as ASTM Standard D638 [26] or may be selected similar to the type of loading that occurs 
in actual erosion or abrasion processes. Tensile testing can also be employed to study the 

rates. This is extremely important when studying the erosive wear of polymeric elastomers 
since the impact occurs within microseconds at very high strain rates [27]. Beside the tensile 

of polymeric materials, relaxation and creep testing can be conducted by this type of testing 
apparatus either in the form of tensile or compressive stresses. In relaxation tests, the stress 
relaxation of a material is studied after a sudden displacement at the beginning, while in 
creep testing, the deformation of the material is monitored upon exposure to a certain stress 
value [28]. Furthermore, tensile tests can be conducted at controlled temperature to evaluate 



The elastoplastic behavior of PU can be determined by cyclic loading in the form of tensile or 
compression testing. Cyclic loading-unloading can also provide information about the stress 
softening (Mullins damage) of elastomers, which is a permanent nonreversible damage to the 
structure of the material caused by loading [28]. Information about the elastoplastic response of 
elastomer is essential when studying the wear behavior since in abrasive and erosive wear, the 
repeated impact of erodant particles produces repeated loading-unloading on the elastomer 
surface [21].

2.1.3. Rebound resilience

erosion resistance than most metals owing to their softness and 
high capability for elastic deformation. In fact, the PU elastic deformation enables absorbing 
the kinetic energy and gradual decelerating of the impacting particles with minimal dam-
age. The kinetic energy absorbed in the form of elastic strain energy will be released later to 
rebound the erodant particle from the surface. The rebound resilience of PU can be employed 
as a parameter representing the ability of the elastomer to absorb kinetic energy of the erodant 
particle upon impact. This property can be measured according to the ASTM Standard D2632 
[29]. In this testing practice, a plunger is dropped on the top of the sample surface from certain 
height. By recoding the rebound height of the plunger, the energy lost during the impact can 
be calculated. In a fully elastic deformation of the surface upon impact, the plunger would 
rebound to its initial height. Substrates with higher plastic deformation will restore smaller 
amounts of plunger energy and the plunger will rebound to a reduced height.

2.1.4. Dynamic mechanical analysis

The viscoelastic and time-dependent behavior of polymers can be characterized by either ten-
sile/compression testing at controlled strain rates or by dynamic mechanical analysis (DMA). 

by DMA are usually less than 100 μm, the DMA electronic shaker can vibrate the samples at 
very high frequencies [30]. Thus, the mechanical response of the studied PU can be categorized 

DMA, the measured properties are usually within the elastic region of the elastomer response. 
The data obtained from DMA are reported in the format of storage and loss modulus [30].

2.1.5. Thermal properties

-
sive wear. Heat can be generated during abrasion and erosion of PU elastomers by two mech-
anisms of (a) hysteresis and repeated deformation of PU and (b) the friction forces between 
the erodant particles and the target surface. The thermal properties of PU elastomers such 

impacted surface and, therefore, the wear resistance of the elastomer. Thermal conductivity 
of polymers can be measured by thermal constant analyzers [31]. Furthermore, the heat- and 



information about the chemical structure of the elastomer such as glass transition tempera-
ture and melting points of the elastomer [28]. This information enables the selection of pro-
tective liners to ensure that the elastomer will remain within its rubbery phase in operation.

2.1.6. Testing procedures for evaluating abrasive and erosive wear resistance

The resistance to abrasive and erosive wear can be determined by conducting standard wear 

of time will be employed as the parameter representing the wear resistance of the material. 
The volume loss can be measured either by optical techniques or simply by measuring the 
mass loss and further calculating the volume loss according to the density of the tested mate-
rial. Clearly, larger volume loss for a given time is representative of lower resistance to wear. 
From among the
G75, B611, and G65 are the most commonly employed testing procedures to study the abrasive 
wear of materials [32–34]. The ASTM G75 is the standard testing practice for determination 
of resistance to abrasion caused by slurry [32]. In this testing condition, the samples move in 
reciprocating motion while being forced toward a surface covered with slurry. While in this 
testing condition, wear occurs at both forward and backward motion, in ASTM G65 and ASTM 
B611, a rotating wheel is used to abrade the test coupons in a single direction. ASTM G65 is the 
standard test method for measuring abrasion resistance using a dry sand/rubber wheel appa-
ratus [34]. Figure 2 shows a schematic of the ASTM G65 abrasion testing procedure. Although 
this test has been widely used in previous works for evaluating the abrasion resistance of met-
als and ceramics, the heat produced in this test caused by friction forces can lead to unreliable 
results when evaluating the wear resistance of heat-sensitive substrates such as PU. ASTM 
B611 is very similar to ASTM G65, though the test is conducted in slurry, and the rotating 
wheel is made of steel rather than rubber [33]. This testing method may be preferable over 
ASTM G65 since the wet slurry can cool the sample during the test. It should be noted that in 
abrasion tests a wet area is in contact with the PU, and care should be taken to ensure that the 

a possible chemical reaction between 
the PU surface and the wet slurry, and also a change in properties of PU by water absorption.

ASTM Standard G76 can be mentioned as the most commonly used standard test for evaluat-
35]. In this testing scheme, the erodant 

particles are accelerated in a gas jet prior to impacting the surface at a desired angle. Figure 3 
shows a schematic of this testing procedure. This testing technique is advantageous for ero-
sion testing of heat-sensitive substrates such as PU since the high velocity of the impacting jet 

2.2. Relation between mechanical properties and wear resistance of polyurethane

The superior wear resistance of PU is due to its softness and high capacity for elastic deforma-
tion. In fact, the PU softness and high elastic deformability allow for gradual deceleration of 
the erodant particles while absorbing their kinetic energy. The kinetic energy absorbed will 
be released later to rebound the erodant particle from the surface. Accordingly, a study of the 



-
ous studies. The PU hardness as measured by durometer or Vickers hardness testing can be a 
representative of material softness and overall ductility as was discussed in Section 2.1.1 of this 
chapter. Li et al. [11] studied the erosion resistance of a series of castable PU elastomers with

Figure 3. Schematic of erosion testing procedure according to the ASTM Standard G76 [35].

Figure 2. Schematic of standard testing method to measure abrasion resistance by dry sand/rubber wheel apparatus [34].



hardness values ranging from 20 to 90 IRHD. A trend of an increase in erosion rate with increas-
ing hardness was observed. It was further shown in this study that the erosion rate does not 

on the erosion resistance of rubber elastomers has also been the subject of previous studies. In
a study by Zuev et al. [36 -
tomers was studied. It was found that the erosion rate decreased when the temperature was 
increased from 20 to 70°C. Since rubber would become softer at elevated temperatures, it can 
be concluded that the increase in softness at higher temperatures could have been the reason 
for the reduction in the erosion rate. Similarly, in another study by Marei et al. [37] where the 
erosion resistance of rubber was evaluated at elevated air temperatures, it was reported that 
the softer elastomer had lower erosion rate. At elevated temperatures, the rubber became softer 

temperature [37 -
tance of elastomers, including PU. The softness and high deformability of elastomers enable the 
deceleration of the impacting particles at a longer time compared to hard surfaces such as met-
als or ceramics. As the impact time becomes longer, the impact forces and the stresses decrease 
accordingly due to the impulse formula. The impulse formula states that the force is the time 
derivative of momentum as:

  m v →  =   ∫     F 
→
    impact  dt  (1)

where m v is variation in particle velocity vector, Fimpact is the impact 
force, and t represents time. Thus, the impact stresses are smaller in softer materials due to 
the longer impact duration.

 of hardness on the resistance of PU to abrasive wear has also been the 
subject of previous studies. Hill et al. [38] evaluated the wear performance of PU by employ-
ing an abrasion testing procedure according to the ASTM Standard G65 [34]. The results from 
this study supported the validity of the graph of wear rate versus hardness proposed by 
Pitman [39] as shown in Figure 4. As seen in Figure 4, the abrasion resistance of PU does not 

Figure 4 also shows that reduc-
ing the hardness of PU to very low values, Region A, increases the wear rate. This behavior 
is in contrast with erosion of PU elastomers in which the softer PU elastomer has higher 
resistance to erosive wear. The graph in Figure 4 suggests that except for very hard PU elas-

The reduced penetration means smaller stress level and, therefore, reduced damage to the 
substrate caused by repeated deformation of PU.

Although the PU hardness seems to correlate well with the resistance to abrasive and erosive 

erosive wear [21, 40]. Ping et al. [17] evaluated the erosion resistance of two PU samples with 
relatively similar hardness values. In this study, the elongation at break obtained through ten-

It was shown that PU with higher elongation at break (320%) had higher resistance to erosive 
wear compared to PU with lower elongation at break (250%). Zhang et al. [16] also showed that 



PU elastomers with higher elongation at break (520%) had higher resistance to erosive wear 

21] showed that a reduction of the elongation at break of 
PU at 100°C led to a sudden increase in erosion rate of PU at that temperature. According to the 
impulse formula, the softer material enables longer impact time and, therefore, reduced stresses 
and damage. However, the elongation at break of the material should be high enough to enable 
the deformation of the soft elastomer without failure. In fact, if the deformation strain caused by 
the impact of the erodant particle exceeds the strain at break, failure of the material will occur 
leading to detachment of fragments from the surface.

Tensile cyclic loading of PU samples allows for comparing wear resistance, hysteresis and elas-
toplastic behavior. Hysteresis of a polymer represents the fractional energy lost in a deforma-
tion cycle [21]. Beck et al. [41

-

with higher hysteresis exhibited
strength of an elastomer in two ways: (a) higher heat production and temperature rise below 
the worn surface and (b) greater permanent irreversible damage to the polymer structure upon 
loading [28
temperature rise but also experiences a higher damage level upon impact of erodant particles. 
This can accelerate the progressive damage caused by the repeated impact of particles leading 

The relation between the elastoplastic behavior of elastomers and their wear resistance has been 
21, 42], the elas-

toplastic response of PU elastomers obtained by cyclic tensile loading was compared with the 
data obtained from erosion testing at controlled temperatures. The results obtained showed that 
PU elastomers with higher residual strain (permanent set) upon unloading exhibited a higher 

Figure 4. Abrasive wear rate of PU as a function of hardness [38, 39].



 erosion rate. This behavior was due to the fact that in PU elastomers with lower residual strain, a 
-

ments from the surface. On the other hand, in some studies, the elastoplastic behavior of elasto-
mers has been assessed by evaluating the rebound resilience of the elastomer. For example, in 
a study by Hutchings et al. [40], rebound resilience was found to be the most dominant factor 

resilience had the highest erosion resistance. It should be noted that measuring the rebound 
resilience is an approximation of the elastoplastic response behavior since this test only provides 
information about the elastoplastic response for a single loading condition related to the mass 
and velocity of a falling plunger [29].

-
-

tective liners. The mechanical properties of PU are sensitive to temperature and may vary 
21]. Thus, the temperature 

14, 16, 38, 41, 43–46]. 
This suggests that accurate monitoring of the temperature during wear testing of elastomers 

surface either as a cooling agent in abrasion testing or as a jet for accelerating the erodant 

example, it was shown by Zuev et al. [36] that the erosion resistance of rubber is a func-
tion of the resistance of the elastomer to chemical reaction with the aggressive media. It was 
shown that as the concertation of acetic acid increased in the abrasive medium, the wear rate 

[47
the PU became softer by absorbing the solvent. It was found that higher swelling of the PU 
led to higher abrasive wear due to the softening of the PU. Thus, testing in dry conditions and 
controlled temperatures may be ideal when wear testing of PU elastomers to minimize the 
possibility of swelling and chemical reactions.

2.3. Mechanism of material removal

The mechanism of material removal in abrasion and erosion of PU elastomers by solid par-
ticles is a function of the wear testing procedure, properties of abrasive media, and mechani-
cal properties of the target material. The wear mechanisms that have been suggested for PU
elastomers can be divided into three categories of (a) cracking below the worn surface, (b) 
formation and detachment of ridges and (c) random scratches and gouges.

2.3.1. Cracking below the worn surface

In erosive and abrasive wear, compressive and shear stresses are produced by the impact or 
sliding of the erodant particle [48]. Due to the deformation of the elastomer in front of the 



Figure 5. Schematic of stress distribution during abrasion of polymeric elastomers [48].

surface, the produced stresses in that area are compressive. On the other hand, the stresses 
formed by friction forces and dragging of the elastomer are mostly shear as demonstrated 
schematically in Figure 5. The shear stresses generated by the friction forces have a maxi-
mum value at a certain depth below the surface (see Figure 5) [48]. The elastomer will be 
retrained from cracking near the surface since the compressive stress has the maximum value. 
However, as the distance from the surface increases, the compressive stress decays faster than 
strain does and, thus, depending on the wear process parameters and the fatigue properties 
of the elastomer, at some depth below the worn surface layer, the shear stresses produced by 
the repeated impact of particles will lead to crack formation and further propagation onto the 
PU [48]. The typical cracks formed at a certain depth below the surface have been observed in
images taken by scanning electron microscopy (SEM) from the cross sections of a worn PU as 
shown in Figure 6. The existence of a maximum value for the shear stress at a certain depth 

modelling [14]. Detachment of fragments and, therefore, wear of the target material occur 
as a result of the intersection and extension of cracks formed below the worn surface [14, 16, 
43, 48



2.3.2. Formation and detachment of ridges

For conditions in which the stresses produced by the impact or the sliding of hard particles are 

of material will occur by a single impact. Alternatively, the gradual plastic deformation and 
formation of ridges on the worn surface are responsible for material loss from the surface. In 
this mechanism, as a result of repeated impact or sliding of solid particles, the plastic strains will 
accumulate to generate localized ridges on the PU surface. The ridges formed are perpendicular 
to the direction of impact or sliding of erodant particles [11]. In other words, the single impact 
of an erodant particle does not lead to material loss from the surface, and many successive 
impacts are required prior to damage and material loss from the surface in this mechanism [12]. 
Figure 7 shows a typical image of such ridges formed after erosion testing of a PU elastomer, 
while Figure 8
shows the impact direction. The further accumulation of plastic strains will eventually lead to 
cracking
the surface. A typical crack produced on the base of one of these ridges is indicated in Figure 8 
by a circle. Consequently, this wear mechanism highly depends on the elastoplastic behavior 
of PU; PU elastomers with a higher tendency to revert to its initial condition upon loading and
minimal plastic deformation have higher resistance to erosive wear since a higher number of 
impacts will be required to form and detach these ridges from the surface.

asperities is the mechanism of material removal in both erosive and abrasive wear of PU elas-
tomers [11, 12, 14, 21, 38, 41, 46, 48]. The morphology and distances of the asperities  produced 

Figure 6. Cracks formed below the surface during abrasion of PU elastomer [48].



Figure 8. Side SEM image taken from one of the ridges formed on the surface of an eroded PU [21].

on elastomer surfaces are functions of the mechanical properties of the target surface. For 
example, it has been shown by Hutchings et al. [40] that ridges are more regular in shape and 

21] showed that the ridges

Figure 7. SEM image taken from the top surface of an eroded PU [21].



formed during abrasion of PU elastomers are also a function of the mechanical properties of 
the elastomer as was shown by Hill et al. [38], that is, asperities were closer in harder PU elas-
tomers. Although a few studies have focused on evaluating
properties on the shape of the ridges produced, further research for an in-depth understand-
ing about the relation between the mechanical properties of the tested elastomers, testing 
condition, and the shape of the asperities formed is required.

2.3.3. Random scratches and gouges

In abrasive and erosive wear of PU elastomers, the material detachment may occur even by 
the impact of a single erodant particle based on the testing parameters and the properties of 
the elastomer. This mechanism of material removal is more similar to erosive and abrasive 
wear of metals in which the primary mechanism of material removal is random scratches and 

type of wear usually occurs when the erodant particles have sharp edges to tear the elastomer 
surface. In other words, in conditions where sharpness or high velocity of erodant particles 

on the surfaces of elastomers worn by this mechanism. The worn surface by this mechanism 
is covered with cracks and detached fragments similar to the fatigue crack growth mechanism 
that was explained in Section 2.3.1.

the heat sensitivity of PU and the possibility of heat production and, therefore, temperature 
rise during the abrasion and erosion processes. Unlike metals, the mechanical properties 

fact that the temperature rise of as much as 50°C can occur during the wear process of PU 

wear resistance of PU [38, 43
PU and rubber elastomers will be discussed and previous studies related to this topic will be 
reviewed.

The heat generated during the wear testing of elastomers can be employed as a heat source 
38] 

evaluated the wear performance of PU by employing an abrasion testing procedure based on 
the ASTM Standard G65 [34]. Two testing procedures were conducted: (a) continuous abrasion 
testing and (b) abrasion testing with 10 min rest periods every 1.5 min to allow for cooling
of the samples. It was found that the samples that were tested with the continuous process 
(procedure (a)) did not have a constant wear rate due to the uniform temperature within the 

-
ing the hardness of the PU. Zhang et al. [43] employed a grit blasting chamber to evaluate the 



by hysteresis and friction forces increased the temperature of the PU in the layer beneath the 
-

ing to lower erosion resistance. Even though
wear of PU elastomers was addressed, in these studies no external heat source for accurate 
and uniform control of the temperature during wear testing was employed. Accordingly, in 
some previous studies, testing assemblies capable of erosion testing at controlled tempera-
tures by employing an external heat source has been developed. Zuev et al. [36] conducted 
erosion testing at elevated temperatures by controlling the slurry temperature. The increase 
of slurry temperature from 20 to 70°C improved the erosion resistance of the rubber owing 
to the improvement in elasticity and softness of rubber at the elevated temperature of 70°C. 
Marei et al. [37] also reported improvement in erosion resistance of rubber at elevated tempera-
tures. In this study, an air blasting test scheme with the controlled temperature on the input 

the glass transition temperature, the erosion rate of rubber was lower. In a more recent study 
21, 42], a test assembly for erosion testing at controlled temperatures 

was designed and developed. A cold spray system with controlled gas temperature and tem-
perature controller and cartridge heaters were employed to heat the samples from the exposed 
and unexposed surfaces, respectively -

-
plastic behavior of PU elastomers was also studied and compared with their wear resistance. 
This comprehensive study showed that the increase in temperature may improve the erosive 
resistance of PU elastomers in two ways. First, the increase in softness of PU at elevated tem-
peratures would allow for deceleration of the erodant particles at a longer time and, therefore, 
the stresses generated will be smaller, which means less damage to the substrate. Second, the

its initial condition with less plastic deformation after the loading caused by the impact force. 
Thus, a higher number of impacts will be required to deform the PU to the detachment thresh-
old, which means improved resistance to erosive wear. It was further shown that the increase 

of PU becomes smaller than the stresses produced by the impact of erodant particles [21].

3. Modelling of wear process of polyurethane liners

3.1. Objectives in modelling of the wear process

Wear caused by impact and sliding of solid particles is a complicated process due to the high 
Wear resistance is a func-

tion of (a) the properties of the erodant particles: shape, density, size, and hardness, (b) the prop-



caused by impact and sliding of erodant particles occurs within microseconds, and hence, the 
experimental study of the physics underlying the problem is not a trivial task [27]. The simula-
tion of the wear process by analytical and numerical approaches not only enables the under-
standing of the fundamental principles of the wear mechanisms; the models developed can be 
employed after  
wear rate.

geometries, material models, and contact algorithms [27, 49, 50]. In the following section, the 
research works conducted for FE modelling of wear of PU elastomers will be reviewed and
discussed.

3.2. Finite element modelling of the wear process

Several studies have focused so far on developing FE models for simulating the erosion caused 
by solid particle impact of ductile metals such as AISI 4140 steel and nickel (Ni), Al6061-T6, 

50–53]. The 
models developed enabled an in-depth study of the stresses and strains produced during 
the erosion process and also  of testing factors such as particle size, shape, 
velocity, and impact angle on the erosion rate. On the other hand, fewer studies have focused 
on FE modelling of the solid particle erosion of soft elastomeric materials such as PU. In a 
recent study, Zhang et al. [43] simulated the impact of a single particle on PU liners by a FE 
modelling approach. In this model, an isotropic hardening elastic-plastic constitutive law 
was selected for the material formulation, and material removal was modelled by deleting 

enabled to calculate the wear rate as a result of impact of a single erodant particle. The model 

PU. The results obtained by the FE model were in good agreement with experiments only up 

correctly predict the same trend as experiments for the erosion rate versus liner thickness due 
to the fact that the model did incorporate the temperature rise caused by the repeated impact 
of particles.

-
tion of elements in FE modelling of the wear process. To that end, FE-mesh–free techniques 

erosive wear of soft substrates such as elastomers [54]. In mesh-free techniques, there is no con-

Gong et al. [54] developed a 3D combined FE-mesh–free model with smoothed hydrodynam-
ics (SPH) particles. The viscoplastic material model of Johnson-Cook formulation was selected 
as for the material model. Even though the elements experienced extensive deformation in the 
FE model, the results obtained by the combined FE-SPH model predicted similar equivalent 
stresses at the impact point to  [54]. Since the 
computation time by the FE model was approximately four times shorter than the combined 
the FE-SPH model, the FE formulation can be considered as the superior technique.



49], a more comprehensive material formulation capable of 
accounting for hyperelastic, elastoplastic, and stress softening of the elastomer was developed 
using the FE technique. The material model formulation successfully predicted the elastoplas-
tic and stress softening response of the PU as validated by conducting cyclic deformations of 
a single element and comparing the stress-strain behavior of the element with that of experi-

by the impact of a single erodant particle (see Figure 9). Moreover, the impact of ten solid par-
ticles was modelled to study the mechanism of material removal by accumulation of residual 
strains up to the detachment of material. The model provided support for this mechanism and 
successfully predicted the shape of the formed asperities (see Figure 10) similar to those of the 
eroded surface of PU as was observed from experiments (see Figure 8).

Figure 10. The ridges formed on the surface of an eroded PU as predicted by FE model [49].

Figure 9. 49].



4. Future trends

Most of polymers including PU elastomers have low thermal conductivity of usually below 
0.5 W/mK [31, 55]. Although the low thermal conductivity has made the PU an excellent 
option for insulation purposes, it can limit the applications of PU as protective wear resistant 
liners. As was discussed in Section 2.4 of chapter, heat may be produced during wear of PU 
elastomers by friction forces and hysteresis. The low thermal conductivity of the PU can allow 
for a localized temperature rise below the worn surface and, therefore, decrease in strength 

with improved mechanical and thermal properties [31, 56].

It has been shown in previous studies that the thermal conductivity of polymers improved by 
means of addition of highly conductive powder materials such as metallic, ceramic, and car-

57]. The improvement in thermal conduc-

within the polymer matrix [31, 58]. In a recent study by Akram et al. [31], nano-graphene 

the thermal conductivity of the PU by 164%. Although the possible improvement in thermal 

of fewer studies, and future work is required. An investigation on size, shape, concentration, 

PU elastomers is suggested for future work.

4.2. Relation between wear resistance and viscoelastic response of polyurethane 
elastomers

In most of the previous studies, the wear resistance of PU elastomers has been compared 
with the mechanical properties that have been obtained in quasi-static or low strain rate 
testing conditions. However, the impact and rebounding of the particle occur within a few 
microseconds with PU deformation at very high strain rates. The mechanical response of 

strain rates [59]. PU may become harder at higher strain rate loading [59]. Thus, knowledge 
about the mechanical response of PU at high strain rates, and, in general, the viscoelastic 
response of PU elastomers can provide a deeper understanding of how the time-depen-

hardness, DMA, creep, relaxation, and tensile/compression testing. A study of the rela-
tion between the viscoelastic properties and wear resistance of PU is suggested for future 
research.



4.3. Finite element modelling of the abrasive wear

-
standing of the stresses produced during the erosion process and material removal mecha-
nism of PU elastomers, the number of studies that focused on FE modelling of the abrasive 
wear of elastomers is limited. Although in some studies such as the research by Martinez et al. 
[14], the FE technique was employed to analyze the abrasion phenomenon as a result of slid-
ing and contact of PU over rough, rigid surfaces, the modelling of wear caused by abrasive, 

-

to simulate the abrasion caused by sliding of solid particles is suggested for future work.

Author details

Department of Mechanical Engineering, University of Alberta, Edmonton, Canada

References

[1] James B, Hudgins A. Failure analysis of oil and gas transmission pipelines. In: Makhlouf 

Studies from the Oil and Gas Industry. Waltham, MA, USA: Elsevier Ltd.; 2016

[2] Bariha N, Mishra IM, Srivastava VC. Hazard analysis of failure of natural gas and petro-
leum gas pipelines. Journal of Loss Prevention in the Process Industries. 2016;40:217-226

[3] Wang Z, Liu B, Yang Y, Han N, Zeng G, Ren A, Zhang T. Experimental and numerical 

Analysis. 2016;62:21-38

[4] Bai Y, Bai Q. Subsea Pipeline Integrity and Risk Management. Waltham, MA, USA: 
Elsevier Ltd.; 2014

[5] Al-Hamed A, Al-Fadhli HY, Al-Mutairi S, Yilbas BS, Hashmi MSJ, Stokes J. Investigation 
of HVOF thermal sprayed nanostructured WC-12Co mixed with Inconel-625 coatings 
for oil/gas applications. WIT Transactions on Engineering Sciences. 2013;78:215-225

[6] -
ral gas pipe under split tee by computer simulations and metallurgical assessment. 
Engineering Failure Analysis. 2013;32:188-201



[7] Bayram TC, Orbey N, Adhikari RY, Tuominen M. FP-based formulations as protective 
coatings in oil/gas pipelines. Progress in Organic Coatings. 2015;88:54-63

[8] Hu X, Barker R, Neville A, Gnanavelu A. Case study on erosion-corrosion degradation 
271:1295-1301

[9] Martínez D, Gonzalez R, Montemayor K, Juarez-Hernandez A, Fajardo G, Hernandez-

Wear. 2009;267:255-258

[10] Zavareh MA, Sarhan AADM, Zavareh PA, Basirun WJ. Electrochemical corrosion behav-
ior of carbon steel pipes coated with a protective ceramic layer using plasma and HVOF 
thermal spray techniques for oil and gas. Ceramics International. 2016;42:3397-3406

[11] Li J, Hutchings IM. Resistance of castable polyurethane elastomers to solid particle erosion.
Wear. 1990;135(2):293-303

[12] 
particle impact. Wear. 1990;138:33-46

[13] Clemitson IR. Castable Polyurethane Elastomers. Broken Sound Parkway, NW, USA: 
CRC Press, Taylor and Francis Group; 2008

[14] Martinez FJ, Canales M, Bielsa JM, Jimenez MA. Relationship between wear rate and 
mechanical fatigue in sliding TPU-metal contacts. Wear. 2010; 268:388-398

[15] Budinski KG. Guide to Friction, Wear and Erosion Testing. West Conshohocken, PA, 
USA: ASTM International; 2007

[16] Zhang SW, Deguo W, Weihua Y. Investigation of abrasive erosion of polymers. Journal 
of Materials Science. 1995; 30:4561-4566

[17] Ping Z, Youwei L, Chengqing Y, Jian L. Erosion behaviors of polymer coatings. In: 
Proceedings of CST2008 & ITS-IFToMM; Beijing, China; 2008. pp. 738-741

[18] Mertiny P, Popella R, Juss K. Manufacturing of large-scale polyurethane-lined FRP pip-
ing. In: Proceedings of the ASME 2011 Pressure Vessels & Piping Division. Conference; 
Baltimore, Maryland, USA; 2011. Paper # PVP2011-57870

[19] Zafar S, Sharma AK. Abrasive and erosive wear behavior of nanometric WC-12Co micro-
wave clads. Wear. 2016;346-347:29-45

[20] Stachowiak GW, Batchelor AW. Engineering Tribology. 3rd ed. Burlington, MA, USA: 
Elsevier Inc.; 2005

[21] 
on mechanical properties and wear resistance of polyurethane elastomers. Wear. 
2016;368-369:26-38



[22] ASTM Standard D2240, Standard Test Method for Rubber Property-Durometer 
Hardness. West Conshohocken, PA, USA: ASTM International; 2010

[23] 
Research Bulletin. 1998;33(12):1753-1758

[24] 
dependence of Vickers hardness in polymer. Polymer Testing. 1998;17:495-506

[25] ASTM Standard E384, Standard Test Method for Knoop and Vickers Hardness of 
Materials. West Conshohocken, USA: ASTM International; 2011

[26] ASTM Standard D638, Standard Test Method for Tensile Properties of Plastics. West 
Conshohocken, PA, USA: ASTM International; 2014

[27] ElTobgy MS, Ng E, Elbestawi MA. Finite element modeling of erosive wear. International 
Journal of Machine Tools & Manufacture. 2005;45:1337-1346

[28] Prisacariu C. Polyurethane Elastomers-From Morphology to Mechanical Aspects. 
Springer Science & Business Media; 2011

[29] ASTM Standard D2632, Standard Test Method for Rubber Property-Resilience by 
Vertical Rebound. West Conshohocken, PA, USA: ASTM International; 2017

[30] Menard KP. Dynamic Mechanical Analysis, A Practical Introduction. CRC Press; 1999

[31] -
urethane. In: Canadian International Conference on Composite Materials (CANCOM); 
Edmonton, AB, Canada; 2015

[32] ASTM Standard G75, Standard Test Method for Determination of Slurry Abrasivity 
(Miller Number) and Slurry Abrasion Response of Materials (SAR Number). West 
Conshohocken, USA: ASTM International; 2013

[33] ASTM Standard B611, Standard Test Method for Determining the High Stress Abrasion 
Resistance of Hard Materials. West Conshohocken, USA: ASTM International; 2005

[34] ASTM Standard G65, Standard Test Method for Measuring Abrasion Using the Dry 
Sand/Rubber Wheel Apparatus. West Conshohocken, USA: ASTM International; 2015

[35] ASTM Standard G76, Standard Test Method for Conducting Erosion Tests by Solid 
Particle Impingement Using Gas Jets. West Conshohocken, USA: ASTM International; 
2013

[36] 
4(1):70-74

[37] Marei AI, Izvozchikov PV. Determination of the wear of rubbers in a stream of abrasive 
particles. In: James DI, editor. Abrasion of Rubber. London, England: Maclaren; 1967. 
pp. 274-280



[38] 
testing of polyurethane elastomers. Wear. 1997; 208:155-160

[39] Pitman JS. Proceedings of the 3rd International Conference on Internal and External 

[40] 
Journal of Materials Science. 1987;22:4071-4076

[41] 
urea elastomers. Wear. 1998;218(2):145-152

[42] 
the erosion resistance of polyurethane elastomers at controlled temperatures. In: First 

2016

[43] -
tance of thermoplastic polyurethane coating on steel substrate. Wear. 2013;303(1-2):49-55

[44] 
solid particle erosion of polymers and their composites. Journal of Materials Science. 
2002;37(18):3807-3820. [T84]

[45] Martinez FJ, Canales M, Izquierdo S, Jimenez MA, Martinez MA. Finite element imple-
mentation and validation of wear modeling in sliding polymer-metal contacts. Wear.
2012;284-285:52-64

[46] Zhang SW, He R, Wang D, Fan Q. Abrasive erosion of polyurethane. Journal of Materials 
Science. 2001;36(20):5037-5043

[47] Siegmann K, Mosch A, Carlesso A, Winkler M. Abrasive wear of selected plastics in sol-
vent/corundum suspensions. Wear. 2015;324-325:118-121

[48] Jia X, Ling R. Two-body free-abrasive wear of polyethylene, nylon1010, expoxy and 
polyurethane coatings. Tribology International. 2007;40:1276-1283

[49] 
coated polyurethane liners [thesis]. Edmonton, AB, Canada: University of Alberta; 2016

[50] Balu P, Kong F, Hamid S, Kovacevic R. Finite element modeling of solid particle erosion 
in AISI 4140 steel and nickel-tungsten carbide composite material produced by the laser-
based powder deposition process. Tribology International. 2013; 62:18-28

[51] 
on the erosion of ductile materials. Wear. 2014;313:135-142

[52] Zhang H, Dong X. Finite element analysis of multiple solid particles erosion in cermet 
coating. Surface and Coatings Technology. 2015;262:184-190



[53] -
als. Wear. 2008;265:871-878

[54] Gong Y, Yang ZG, Wang YF. Impact simulation on ductile metal pipe with polymer coat-

Prevention. 2012;12:267-272

[55] 
Data. Heidelberger, Berlin, Germany: Springer; 2005

[56] Wang X, Xing W, Song L, Yang H, Yeoh G. Fabrication and characterization of graphene-
reinforced waterborne polyurethane nanocomposite coatings by the sol–gel method. 
Surface and Coatings Technology. 2012;206(23):4778-4784

[57] 
for epoxy resin adhesives. Applied Thermal Engineering. 2014;66:493-498

[58] Yu S, Yang S and Cho M. Analysis of thermal conductivity of polymeric nanocomposites 
under mechanical loading. Journal of Applied Physics. 2013;114:213503 1-9

[59] Sarva SS, Deschanel S, Boyce MC, Chen W. Stress-strain behavior of a polyurea and a
polyurethane from low to high strain rates. Polymer. 2007;48:2208-2213




