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Polyurethane has excellent wear resistance and is an effective protective coating and liner against ero-
sion caused by the impact of solid particles. However, the wear resistance of polyurethane is a function of
working temperature due to the influence of heat on its mechanical properties. In this study, an erosion
test assembly was designed and developed to evaluate the wear resistance of polyurethane elastomers at
controlled temperatures. A cold gas dynamic spray system was used to conduct the erosion tests. The
temperature of the exposed front surface of the target material was controlled by adjusting the gas
temperature of the cold spray system, and the temperature on the unexposed surface of the samples was
kept constant at a desired set-point by the use of a temperature controller, a thermocouple, and cartridge
heaters. The transient temperature distribution within the samples was determined by the development
of a three-dimensional finite element model. The velocity of the impacting particles was determined by a
model based on the principles of supersonic fluid flow through a converging–diverging nozzle. Four
polyurethane elastomers with Shore A hardness values of 55–85 were tested. The stress–strain behavior
of the polyurethane elastomers was characterized at room and elevated temperatures by conducting
tensile tests and cyclic loadings. The obtained results showed the substantial effect of testing tempera-
ture on erosion resistance of PU elastomers. Comparison of stress–strain behavior of the studied poly-
urethanes with their erosion resistance at controlled temperatures revealed that the residual strain as a
result of plastic deformation and final elongation at break were the key parameters affecting the wear
resistance of polyurethane elastomers. Evaluation of the surface morphology of the worn samples con-
firmed the importance of the residual strain on the erosion resistance of polyurethane elastomers.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Solid particle erosion is a process in which material is removed
from the target surface by the impact of a stream of particles [1]. This
type of erosion is a typical wear mode that negatively affects the
longevity of parts that are exposed to aggressive erosive environments
in many industries including aerospace, marine, mining, wind energy,
and oil and gas [1–3]. Protective coatings can be employed to increase
the lifespan of the equipment exposed to erosive environments.
Among all the types of protective coatings, soft elastomeric liners have
been found to be effective for industrial use owing to their excellent
erosion resistance and comparatively low-cost [4,5]. The excellent
erosion resistance of elastomers is a result of their high-resilience and
propensity to elastic deformation that allow for absorption of impact
energy with minimal plastic deformation [4,6]. Among all the types of
elastomeric materials, polyurethane (PU) elastomers have received
deh).
particular attention given that they can be processed by methods
typically used for polymers while still having the superior mechanical
properties of vulcanized rubber such as high-elasticity, high-load
capacity, and resistance to tear [7]. The relatively low-cost of PU
elastomers [7] and the fact that their resistance to wear is greater than
that of most polymers [8], rubbers [9], stainless steels [8] and even
hard-faced tungsten carbide–cobalt (WC–Co) coatings [10] has made
PU an appropriate option for use as protective coatings and liners in
large-scale applications such as pipelines [11].

Although the relationship between the wear resistance of
elastomers and their mechanical properties has been the subject of
previous studies, their wear phenomena has been found to be a
complex process involving many parameters that affect the final
wear performance [4,5]. Ping et al. [10] showed that two PU
samples with similar tensile and tear strength had different ero-
sion rates, which was probably due to differences in elongation at
break of the two samples. Beck et al. [12] showed that PU samples
with similar hardness had different erosion rates. Variation of
hysteresis of the samples was presupposed to be the factor
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Nomenclature

CD Drag coefficient
Cp Specific heat (J/kg K)
h Convective heat transfer coefficient (W/m2 K)
k Thermal conductivity (W/m K)
q″s Surface heat flux (W/m2)
T Temperature (K)
Tb Back temperature (K)
Ts Surface temperature (K)
T1 Surrounding temperature (K)
t Time (s)

V Velocity (m/s)

Greek symbols

ρ Density (kg/m3)

Subscripts

p Particle condition
g Gas condition
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affecting the erosion rate of the PU. Hysteresis of a polymer
represents the fractional energy lost in a deformation cycle.
Samples with higher hysteresis had higher erosion rates. Tem-
perature rise caused by the hysteresis of PU samples was sug-
gested to have an effect on the erosion rate of the PU. This would
indicate that the variation in temperature due to the higher heat
generation could have adversely affected the wear rate of PU
elastomers. In a comprehensive study by Li et al. [4], the erosion
resistance of a series of castable PU elastomers with almost the
same rebound resilience was investigated. A trend of increase in
erosion rate with increasing hardness, tensile modulus, and tensile
strength was observed. The softest material with the lowest tensile
strength produced the maximum resistance to erosive wear. On
the other hand, Hutchings et al. [13] showed that there was no
simple relation between the wear rate of rubber elastomers and
material and mechanical properties such as shore hardness, ulti-
mate tensile elongation, and tensile strength. Rebound resilience
was found to be the most dominant factor affecting the wear
resistance of rubber elastomers in which the rubber with higher
rebound resilience had the highest erosion resistance.

The mechanical properties of PU elastomers are sensitive to
temperature and may vary significantly even by changing the
temperature by only approximately 50 °C. Thus, the temperature
rise during a wear experiment may affect the erosion resistance of
PU adversely, and this has been reported in previous studies
[3,7,9,12,14–17]. However, the number of studies that have
focused on designing a test assembly for studying the effect of
working temperature on erosion resistance of PU and, in general,
elastomers are limited. Zuev et al. [18] studied the effect of slurry
temperature on the erosion rate of rubber elastomers. The erosion
rate decreased when the temperature was increased from 20 °C to
70 °C. The increase in elasticity at higher temperatures of the
rubber was suggested as the parameter that caused the reduction
in the erosion rate. Marei et al. [19] has reported similar phe-
nomenon when evaluating the erosion of rubber in an air blasting
test scheme at elevated air temperatures. It was found that the
higher the difference between the testing temperature and the
glass transition temperature of the rubber, the lower the erosion
rate. It should be noted that neither of the aforementioned studies
of Zuev et al. [18] and Marei et al. [19] focused on determining the
actual temperature distribution within the samples during the
erosion test. Hill et al. [14] evaluated the wear performance of PU
by employing an abrasion testing procedure. The temperature rise
during the abrasion test improved the wear resistance of the
elastomer and that outcome was attributed to the softening of PU
and its lower hardness at elevated temperatures. On the other
hand, in other studies, a decrease in the erosion resistance of PU
was reported at elevated temperatures [3,9]. Zhang et al. [9] found
that the temperature rise caused by the hysteresis decreased the
erosion resistance of the PU during the erosion test. Due to the low
thermal conductivity of PU, the heat generated by hysteresis
caused a temperature rise in the layer beneath the surface. This
higher temperature decreased the cohesive energy between the
surface layer and the substrate, finally leading to lower erosion
resistance. Yang et al. [3] showed that the erosion rate increased
by increasing the PU thickness beyond a threshold level. The heat
generated that was caused by hysteresis and subsequent tem-
perature rise was found to be responsible for the increase in ero-
sion rate. Although several studies have addressed the effect of
temperature on the wear performance of PU elastomers, the
number of studies that focused on developing a test assembly for
accurate control of the temperature during erosion tests is limited.
Further research to study the effect of heat and temperature on
wear properties of PU is essential to gain knowledge and greater
understanding about the erosion mechanisms of the material at
elevated temperatures and identify the key parameters that affect
the wear resistance.

The objectives of this study were to (i) design and develop an
erosion test assembly capable of controlling the temperature
during the wear test, (ii) evaluation of wear resistance of PU
elastomers at controlled temperatures and (iii) finding the
mechanical properties that best correlate with the erosion resis-
tance of PU elastomers at controlled temperatures.
2. Experimental method

2.1. PU material

The erosive wear resistance of four types of PU elastomers
(RoPlasthan-1200-55A, RoPlasthan-1200-85A, RoCoat-3000-85A,
and RoCoat-3000M-85A (Castable), Rosen Group, Lingen, Ger-
many) with Shore A hardness within the range of 55–85 was
studied. A PU sheet thickness of 7 mm was selected to ensure that
the thickness did not influence the erosion results and did not
decrease significantly during the test [5]. The PU samples were cut
into sections of 48�36 mm by using a water jet cutter (OMAX
2652 JetMachining Center, OMAX Corporation, Kent, WA, USA).
In order to attach the PU samples to the erosion testing equip-
ment, the samples were bonded to aluminum sheets of size
48�48�3 mm with a thin layer of adhesive (3M DP460, 3M
Scotch-Weld, St. Paul, MN, USA). The glass transition temperature
of the tested PU elastomers was determined by differential scan-
ning calorimetry (DSC) analysis for the temperature range of �60–
180 °C (DSC Q100 V9.8, TA Instruments, New Castle, DE, USA).

2.2. Erosion testing assembly

In order to evaluate the erosion resistance of PU elastomers at
controlled temperatures, an erosion test assembly based on ASTM
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Standard G76 [20] was developed. The testing equipment was
slightly modified from the requirements of ASTM Standard G76 to
incorporate the effect of the PU temperature during the erosion
test. A cold gas dynamic spray system (“cold spray”) (SST Series P,
CenterLine Ltd., Windsor, ON, Canada) was used to heat and move
compressed air at various temperatures, and the gas was used to
accelerate the erodant particles to impact on the surface of the PU.
The operating parameters of the cold spray system that were
employed for erosion testing are summarized in Table 1. The PU
sample holder was fabricated from copper and it was equipped
with two cartridge heaters (50 W Miniature High Temperature
Cartridge Heater (D 1/8ʺ�1 1/4ʺ), McMaster-Carr, Aurora, OH,
USA). A temperature controller (CNI8A42, Omega Engineering Inc.,
Stamford, CT, USA) was used to maintain the temperature of the
copper cube at the desired set-point. Fig. 1 shows a schematic and
the assembly of the custom-fabricated erosion testing system. As
shown in this figure, the erosion tests were conducted at an
impact angle of 30° given that this angle is close to conditions
typically found in practice [3] and also from the fact that the
maximum erosion of ductile materials, including elastomers, occur
at an impact angle of 30° [5,15].
Table 1
Cold spray system parameters.

Pressure of compressed air (kPa) 435
Temperature of compressed air (°C) 25, 75, and 125
Stand-off distance (mm) 22
Nozzle length (mm) 70
Nozzle throat diameter (mm) 2.5
Nozzle output diameter (mm) 5.4

Fig. 1. (a) Schematic and (b) image of the
The PU samples were weighed before and after the erosion test
by a balance with an accuracy of 71 mg (Adventurer Pro AV313,
OHAUS Corporation, Parsippany, NJ, USA). The wear rate was cal-
culated by normalizing the mass loss of the sample with the mass
of the erodant particles. Garnet sand (Super Garnet, V.V. Mineral,
Tamil Nadu, India) was chosen as the erodant medium. Fig. 2
shows the morphology of the garnet sand. As observed in the
image, the sand particles are rounded on the sides. The average
diameter of the garnet sand particles was measured by image
analysis (ImagePro, Media Cybernetics, Bethesda, MD, USA). The
average diameter was calculated by averaging length of lines
passing through the object centroid at 2° intervals. The average
size of the garnet sand particles was 266749 mm (n¼159). In this
study the number of measurements (n) and the standard deviation
are always presented with average values.

Each type of PU was tested at three different set-point tem-
perature values for conditions A, B, and C (see Table 2). The erosion
resistance of a minimum of two samples was evaluated for each
condition. The standard deviation was calculated and reported for
cases where more than two samples were tested. The PU samples
were heated by both the hot compressed air from the cold spray
system and by the cartridge heaters that were mounted in the
copper plate support. Details on the set-point temperatures of the
air from the cold spray system and in the copper support plate are
summarized in Table 2. The PU samples were preheated for 120 s
from the unexposed surface by the cartridge heaters and copper
plate. Then, the samples were heated at the exposed surface with
air from the cold spray system (see Fig. 1) for 120 s, simultaneously
with heating from the unexposed surface that was in contact with
the copper plate support. This ensured that the temperature was
custom-made erosion test assembly.



Fig. 2. Morphology of the garnet sand particles.

Table 2
Details parameters for each testing condition of the PU samples.

Test condition Condition A Condition B Condition C
Parameters

Target PU temperature (°C) 22 60 100
Pressure of air (kPa) 435 435 435
Set temperature at cold spray
console (°C)

25 75 125

Set temperature at temperature
controller (°C)

25 65 105

Preheating period from the
unexposed surface (s)

120 120 120

Preheating period from the
unexposed and exposed sur-
faces (s)

120 120 120

Erosion test period (s) 240 240 240
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uniform throughout the PU samples prior to initiating the
erosion tests.

2.3. Temperature measurements

A J-type thermocouple (Gage 30, Thermo Electric Ltd., Bramp-
ton, ON, Canada) was inserted into the PU substrate at a depth of
1.5 mm below the surface of the center of the area that was to be
eroded. A data acquisition system (SCXI 1600, National Instru-
ments, Austin, TX, USA) was used to collect the data of transient
temperature that was measured by the inserted thermocouple.
The data obtained from this thermocouple were used for the
verification of the subsequently presented finite element (FE) heat
transfer model and to study the possible temperature rise caused
by friction forces and hysteresis during the erosion process. The
temperature at the unexposed surface of the PU samples was
measured by a second J-type thermocouple of the same type that
was placed below the unexposed surface between the PU and
aluminum sheet. An infrared camera (VIR50, Extech Instruments
Corporation, Nashua, NH, USA) was employed to measure the
temperature of the exposed surface of the PU samples. The
exposed surface of the PU was divided into 12 square sections and
the temperature at each section was measured by pointing the
infrared camera towards the center of a given section. Three
measurements were conducted for each section and at a given
testing condition. The data obtained were averaged and was used
to formulate boundary conditions for the FE model. The emissivity
needed for the setup of the infrared thermometer pointing
towards the PU surface was determined by adjusting the emis-
sivity coefficient until approximately the same temperature was
measured by the infrared thermometer and the thermocouple that
was inserted below the sample surface. The emissivity was
determined as 0.99.

2.4. Materials and mechanical testing

The stress–strain behavior of the PU samples at room and
elevated temperatures were studied by conducting tensile tests
and cyclic loading. PU sheets with a thickness of 1 mmwere cut to
shape and dimensions based on the ASTM Standard D638-Type V
[21] by waterjet cutting (OMAX 2652 JetMachining Center, OMAX
Corporation, Kent, WA, USA). A dynamic mechanical analyzer
(ElectroForce 3200, TA Instruments, Eden Prairie, MN, USA) was
employed to conduct the tensile tests and cyclic loadings. The
tensile tests were conducted up to a nominal strain of 350% in the
PU while cyclic loading was performed for a nominal strain range
of 0–50%. The tests were conducted at 25 °C and at elevated
temperatures of 60 °C and 100 °C at a strain rate of 0.25 s�1. Three
samples were tested for every experiment. In the elevated tem-
perature experiments the samples were preheated for 4 min at the
desired temperature to ensure that the temperature within the
samples was uniform prior to testing.

2.5. Scanning electron microscopy

The surface topography of the worn PU elastomers were
examined by using a scanning electron microscope (EVO LS15 EP,
Carl Zeiss Canada Ltd., Toronto, ON, Canada) in the secondary
electron mode with a beam voltage of 5 kV. A thin film of carbon
was deposited onto the PU surface by using a carbon evaporation
system (EM SCD 005, Leica Baltec Instrument, Balzers, Liechten-
stein) to avoid surface charging during scanning electron
microscopy (SEM).
3. Mathematical model for determination of erodant particle
impact velocity

The velocity of the erodant particles at the nozzle exit was
determined by employing a mathematical model that is based on
the principles of dynamics and thermodynamics of compressible
fluid flow through a converging–diverging nozzle [22,23]. In this
model, the Mach number at each point was determined based on
the geometry of the nozzle. The Mach number at a given cross-
sectional area, along with the appropriate governing thermo-
dynamic equations and equations of motion for a compressible
isentropic fluid flowing through a converging–diverging nozzle,
was used to calculate the pressure, velocity, temperature, and
density of the gas at that point [22,23]. The particle velocity was
determined according to the second law of motion, assuming that
the drag force was the only force that was applied on the accel-
erating particles. Details regarding the equations and experimental
validation of the mathematical model can be found elsewhere
[22–25].

Euler's numerical integration method was used to solve the
equation of motion, and the final equation for particle velocity
through the nozzle axis was determined as [26]:

Vp; x ¼ V2
p; x�1þ

1:5ΔxCDρg

dpρp
Vg�Vp; x�1
� �2 !0:5

; ð1Þ

where Vp, Vg, dp ρ p , ρg, and CD are particle velocity, gas velocity,
particle diameter, particle density, air density, and drag coefficient,
respectively. Eq. (1) was solved at spatial intervals of Δx¼0.1 mm
through the length of the nozzle. The average diameter of the
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garnet sand particles (266 mm) and a density of 4 g/cm3 [27] were
used in conjunction with Eq. (1).
Table 3
Garnet sand particle velocities at the nozzle exit for different gas temperatures.

Gas set temperature at
cold spray console (T0)
(°C)

Gas set pressure at
cold spray console
(P0) (psig)

Calculated particle
velocity and nozzle exit
(m/s)

25 50 73
75 50 76
125 50 78
4. Finite element model simulation

In order to determine the transient temperature field within the
PU samples during an erosion test, a thermal finite element (FE)
model was developed using the generalized FE software ABAQUS/
Standard Version 6.13 [28]. Boundary conditions of the model were
assigned according to the preheating that was introduced at the
exposed and unexposed surfaces of the PU sample. The erosion
tests were conducted in a dust collection system that produced
airflow with a velocity of approximately 1.4 m/s over the sample
surface during the first step of preheating. This flow of air produced
forced convection heat transfer from the surface during the initial
120 seconds of preheating where the samples were being heated
from the unexposed surface. Thus, for the first 120 seconds of the
preheating procedure, the boundary conditions were selected as a
transient temperature on the unexposed surface (Tb) of the samples
and forced convection on the top surface. The heat transfer coeffi-
cient was determined according to Newtons' law of cooling under
steady-state conditions [29] as h ¼ 53 7 2W/m2K (n ¼ 3) for
three set-point temperatures of 60 °C, 80 °C and 105 °C on the
unexposed surface of the samples.

In the second preheating step, the boundary condition on the
unexposed surface of the sample was similar to that of the first
preheating stage (as transient temperature measured by the
thermocouple) while the boundary condition on the exposed
surface was changed from a convection boundary condition to a
temperature boundary condition, with the temperature being
measured with the infrared camera (Ts). Given that the effect of
heat generation caused by friction from the impacting particles
and repeated deformation of PU was neglected, the boundary
conditions during the erosion test remained unchanged and were
similar to those of the second step of preheating. The validity of
this assumption was verified by monitoring the temperature
measured by the thermocouple that was inserted 1.5 mm below
the PU surface during the erosion test. Constant thermal proper-
ties such as thermal conductivity and negligible heat loss due to
natural convection from the sides of the sample were the other
two assumptions that were made during the development of the
FE model. The governing equation that was solved by the finite
element model was

ρCP
∂T
∂t

¼ divðk gradðTÞÞ; ð2Þ

where ρ, Cp, T, and k represent density, specific heat, temperature,
and thermal conductivity, respectively. The Galerkin method was
then used to derive the integral form of the heat transfer equation,
yielding the finite element equations in matrix form. A standard
heat transfer protocol in the ABAQUS software was chosen for the
analysis. In the chosen formulation, the time integration was
completed by the backward Euler method (Crank–Nicholson
operator) [28]. Three-dimensional eight-node linear heat transfer
brick elements (DC3D8 in the ABAQUS library) were selected as
the element type [28]. The model was discretized with 13,824
elements. The initial condition and boundary conditions were
defined based on the discussed preheating stages as:

Tðx; y; z; t ¼ 0Þ ¼ Tinitial; ð3Þ

Tðx; y; z¼ 0; tÞ ¼ TbðtÞ; ð4Þ

q″s ¼ T1�Tðx; y; z¼ l; tÞð Þh for to120 s; ð5aÞ

Tðx; y; z¼ l; tÞ ¼ Tsðx; y; tÞ for t 4120 s: ð5bÞ
5. Results and discussion

5.1. Erodant particle velocity

The velocity of air flowing through the nozzle and, therefore,
the particle velocity, is a function of temperature and pressure of
the gas as set at the cold spray console. As shown in Table 2, for all
the testing conditions, the gas pressure was kept constant while
the set temperature at the cold spray console was increased from
25 °C to 125 °C for Conditions A–C. The gas at higher temperatures
has higher kinetic energy and velocity, which affects the velocity
of the fed particles. Table 3 summarizes the particle exit velocity
that was estimated for each set temperature. As shown in the
table, the particle velocity increased when the gas temperature
was increased. To ensure that a small deviation in velocity alone
did not significantly affect the erosion rate, the wear performance
of a material with erosion resistance that is insensitive to the
temperatures in the range explored in this study was tested.
Aluminum sheets were selected for that purpose given that the
mechanical properties of aluminum do not vary appreciably
within the given temperature range. The erosion performance of
the aluminum samples were tested at 25 °C and 100 °C. The results
revealed that the erosion rate, as expressed as a ratio of mass loss
of aluminum to mass of impacting garnet particles, did not vary
noticeably within the temperature range that was studied (see
Table 4). The two-sample t-test statistical method was employed
to verify whether or not the average mean of the two groups
shown in Table 4 were significantly different. The p-value for the
t-test was based on the assumption of equal variances and was
calculated to be 0.34. Given that the calculated p-value is higher
than 0.05, it cannot be concluded that there is a significant dif-
ference between the average values of the two groups. This sug-
gests that while the variation of temperature of the gas as set at
the cold spray console affects the temperature distribution within
the target samples, its effect on velocity of the garnet sand particle
is negligible.

5.2. Temperature distribution within the PU samples

The validity of the FE heat transfer model that was developed
for determining the temperature distribution was evaluated by
comparing the predicted temperature from the model with that of
the experimental data obtained from the J-type thermocouple that
was inserted 1.5 mm below the surface. Fig. 3 shows the experi-
mental results obtained from the thermocouple along with the
modeling data for conditions B and C (see Table 1). The difference
between the temperature measured by the thermocouple and that
obtained from the simulation after 120 s is most probably due to
inaccuracies in measuring the surface temperature by the infrared
camera. The infrared camera measures the average temperature of
a surface area with an approximate diameter of 12 mm while the
local temperature on the top of the thermocouple could have been
higher in value. Irrespective of this deviation, there was good
agreement between the simulation and the experimental results,
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which thus verifies the model. Fig. 3 also shows that after 240 s
(end of preheating), a steady-state condition was practically
achieved and the temperature did not vary appreciably beyond
that time.

The model was then employed to determine the temperature
distribution within the PU samples during the erosion tests. The
temperature field calculated by the FE model, as shown by the
example in Fig. 4, was employed to determine the temperature
distribution after 240 s of preheating. As seen in Fig. 4, the tem-
perature in the to-be-eroded area was relatively uniform and was
Table 4
Non-dimensional erosion rate of aluminum samples at different air temperatures.

Gas set temperature at cold
spray console (T0) (°C)

Gas set pressure at cold
spray console (P0) (psig)

Erosion rate (mg/
g)

25 50 0.3770.01 (n¼6)
125 50 0.3870.01 (n¼5)

Fig. 3. Transient temperature at 1.5 mm below the su

Fig. 4. Temperature distribution within PU for condition C (100 °C)
determined by the FE simulation to be close to 60 °C and 100 °C for
erosion testing conditions B and C, respectively. The temperature
distribution within the PU samples during the erosion tests was
similar to that of the end of the preheating stage given that the
data obtained from the thermocouple that was located below the
surface confirmed a negligible temperature rise caused by friction
and the deformation of PU.

5.3. Erosion rates of PU at the set temperatures

Table 5 summarizes the measured glass transition tempera-
tures of the PU elastomers that were studied. As can be seen, all
the PU elastomers were in their rubbery phase at room tempera-
ture (25 °C). The erosion resistance of the PU elastomers was
evaluated at 25 °C and at other elevated temperatures that are
presented in Table 2. Fig. 5 shows the non-dimensional erosion
rate for the four types of PU elastomers that were tested at the
various temperatures. Standard deviations are presented as error
bars in Fig. 5 for data points where more than two samples have
rface of the PU sample – experiment and model.

test procedures after preheating and before the erosion tests.
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been tested. The small values of the standard deviations shown in
Fig. 5 indicate excellent repeatability of the erosion testing
assembly that was developed. The erosion rate of 1200-55A and
1200-85A PU elastomers increased continuously from 0.016 to
0.069 mg/g and 0.036 to 0.086 mg/g, respectively, within the range
of 25–100 °C. On the other hand, for the 3000 PU series, 3000-85A
and 3000M-85A the trend was different, and an initial improve-
ment of wear resistance, as evidenced by the decrease in erosion
rate (see Fig. 5), occurred up to 60 °C. The erosion rate increased
beyond 60 °C for all investigated PU elastomers. The results shown
in Fig. 5 indicate that even with variation of temperature within
the range of 20–60 °C, significant changes in erosion resistance of
the PU elastomers can occur. The fact that the changes in wear
resistance of the studied PU elastomers were not similar as the PU
temperature was varied, emphasizes the influence of the PU
temperature on its wear resistance.

Tensile and cyclic loading tests were conducted to explain the
trends observed in Fig. 5. The stress–strain curves obtained from
these experiments were used to study the changes in mechanical
properties of PU as a result of temperature rise and its corre-
sponding influence on wear resistance. Fig. 6 shows the stress–
strain curves obtained from tensile testing at room and elevated
temperatures for strains up to 350%. The graph indicates that all
the PU elastomers became softer with increasing temperature.
This softening was a result of crosslinking disruption and breakage
of some hydrogen bonds at higher temperatures and reduction in
crosslinking of the polymer structure [30,31]. A comparison of
Figs. 5 and 6 shows that the softness of the PU elastomer is not the
only factor that affects the erosion rate. Although the 1200-55A PU
grade is the softest elastomer, the 3000M-85A and 3000-85A
elastomers have lower erosion rates at 60 °C. This suggests that
another parameter, other than the softness of the PU, has affected
the elastomer wear resistance. The data obtained from tensile tests
Table 5
Commercial name and glass transition temperature of PU elastomers.

PU commercial name Glass transition temperature (°C)

RoPlasthan-1200-55A �24
RoPlasthan-1200-85A �19
RoCoat-3000-85A �6
RoCoat-3000M-85A 10

Fig. 5. Erosion rate as a func
were also used to calculate the ultimate strength and elongation at
break of the PU elastomers that failed at strains lower than 350%.
These data are summarized in Table 6. The fact that the 3000 PU
series have lower elongation at break and lower failure stresses at
60 °C compared to those of the 1200 series suggests that although
the final elongation at break may have an impact on the final
erosion resistance of the elastomers, it is not the only parameter
that affects their wear performance.

Most polymer-based materials, including PU elastomers,
experience plastic deformation alongside with elastic behavior
upon deformation. This plastic deformation can contribute to the
formation of a permanent set (residual strain) upon unloading and
also stress–strain hysteresis. The plastic deformation in PU elas-
tomers is a result of the irreversible breakage-disruption of the
chemical structure and changes in the orientation of the hard-soft
phase [31]. The load induced by the impact of erodant particles
during the erosion process is similar to repeated loading–
unloading cycles. Consequently, the evaluation of the PU behavior
during cyclic loadings can provide important information about
the ability of the material to regain its initial condition. Fig. 7
shows the stress–strain curves of the initial loading-unloading
cycle of the PU elastomers that were studied. Qualitatively, for all
tests, the PU material became softer and the hysteresis loop
decreased at higher temperatures. However, for the case of the
3000 PU series and, in particular, 3000M-85A, the PU exhibited
extensively different behavior; the permanent set and hysteresis
loop became smaller as the temperature increased (see Fig. 7d). On
the other hand, for the 1200-55A and 1200-85A PU samples, the
permanent set and material behavior did not greatly vary by
increasing the temperature. To obtain a quantitative evaluation of
the effect of temperature on the residual strain of PU, the residual
strain of at least three samples during a loading-unloading cycle
was measured as presented in Table 7. The graph shows that the
maximum reduction in permanent set occurred in the 3000M-85A
and 3000-85A PU. A comparison of the permanent set data shown
in Table 7 with the erosion results at various temperatures in Fig. 5
reveals that there is a correlation between the ability of the
material to regain its initial condition and the erosion resistance.
3000M-85A and 3000-85A PU elastomers that experienced a
reduction in permanent set by increasing the temperature from
25 °C to 60 °C exhibited improved wear resistance at 60 °C (see
Fig. 5). This behavior is most probably due to the fact that for
tion of PU temperature.



Fig. 6. Stress–strain curves obtained at various test temperatures for elongation up to 350% for (a) 1200-55A, (b) 1200-85A, (c) 3000-85A, and (d) 3000M-85A PU elastomers.

Table 6
Nominal stress and strain failure data of PU elastomers up to a nominal strain of 350%.

Temperature (°C) 25 °C 60 °C 100 °C

PU type Ultimate stress
(MPa)

Elongation at break
(%)

Ultimate stress
(MPa)

Elongation at break
(%)

Ultimate stress
(MPa)

Elongation at break (%)

1200-55A NA NA NA NA NA NA
1200-85A NA NA NA NA 6.4 7 0.5 (n ¼ 3) 188 7 16 (n ¼ 3)
3000-85A 44.773.4 (n¼3) 304712 (n¼3) 13.971.8 (n¼3) 225730 (n¼3) 4.270.2 (n¼3) 7776 (n¼3)
3000M-85A 24.773.0 (n¼3) 210718 (n¼3) 8.871.0 (n¼3) 200711 (n¼3) 3.170.1 (n¼3) 5877 (n¼3)
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conditions and PU in which lower permanent set occurred, a
higher number of impacts is needed in order to deform the surface
up to the threshold strain for final detachment of fragments of
material from the surface. On the other hand, at the set tem-
perature of 100 °C, although the permanent set tends to decrease
further, the significant reduction in material strength (see Table 6)
has adversely affected the erosion resistance of the PU elastomers.

In PU elastomers, plastic deformation as a result of irreversible
breakage of some crosslinks can occur upon initial loading. Thus,
during the first loading cycle, the PU exhibits higher strength to
deformation ratio while upon second loading the material will
already be permanently deformed due to the damage induced in
the microstructure of the PU during the first loading. The level of
stress softening of PU can have a direct impact on the erosion
resistance of the PU given that the stress softening that occurs due
to the impact of particles would result in higher strains upon
impact of subsequent particles with similar impact force during
the erosion process. In fact, the impact of previous erodant parti-
cles would weaken the target material by introducing permanent
damage in the mechanical structure of the elastomer. To evaluate
the level of stress-softening of the studied PU elastomers, cyclic
loading tests similar to those presented in Fig. 8 were conducted
and a parameter known as Mullins factor was calculated [31]. The
Mullins factor provides information about how much the second
loading deviates from the first loading in terms of hyperelastic
response, which is defined as [31]:

Mullins factor¼ 1� Energy loss of second load�unload cycle
work required to extend the PU to the desired strain

:

ð6Þ
The energy loss of the second load–unload cycle and the work

required to deform the PU to the desired strain are equivalent to
the area under the hysteresis loop of the second cycle and the area
below the loading curve of the first cycle in the stress–strain



Fig. 7. First cycle of loading-unloading at various temperatures for elongation up to 50% for (a) 1200-55A, (b) 1200-85A, (c) 3000-85A, and (d) 3000M-85A PU elastomers.

Table 7
Permanent set of PU elastomers after loading up to 50% nominal strain at various
temperatures.

Temperature (°C) 25 °C 60 °C 100 °C
PU type Permanent set

(%)
Permanent set
(%)

Permanent set
(%)

1200-55A Less than 0.1%
(n¼4)

Less than 0.1%
(n¼4)

Less than 0.1%
(n¼4)

1200-85A 4.270.1 (n¼3) 2.970.1 (n¼3) 2.470.4 (n¼3)
3000-85A 3.170.1 (n¼3) 1.470 (n¼3) 0.270.2 (n¼4)
3000M-85A 7.170.7 (n¼4) Less than 0.1%

(n¼3)
Less than 0.1%
(n¼4)
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curves, respectively. The closer the Mullins factor is to unity, the
closer the PU elastomer is to an ideal Mullins response, that is, the
reloading stress–strain is closer to the previous unloading path. In
this study, numerical integration was employed to calculate the
area below the stress–strain curve for determination of the Mul-
lins factor. Fig. 9 shows the calculated Mullins factor for PU elas-
tomers at the set temperatures. As can be seen, the Mullins factor
remained almost unchanged for the 1200-55A PU while it
increased with temperature for all the other PU elastomers that
were studied. The rate of increase of the Mullins factor for the
3000-85 A and 3000M-85A PU elastomers was higher from 25 °C
to 60 °C. A Mullins factor value that was closer to unity indicates
that more damage will be introduced to the PU upon impact of
each erodant particle. A comparison of Fig. 9 with that of erosion
rates of the PU elastomers at various temperatures (see Fig. 5)
suggests that the decrease in the erosion rate of 3000-85A and
3000M-85A PU at 60 °C is related to the softness and lower plastic
deformation (see Table 7) of these elastomers at 60 °C.

5.4. Evaluation of the worn surfaces

The erosion mechanism of elastomers is a function of the wear
testing procedure (erosion or abrasion), properties of abrasive
media, erodent velocity and mechanical properties of the target
material. The wear mechanisms that have been suggested for
elastomers are:

a) The formation of cracks below the worn surface due to the
tensile, compressive, and shear stresses caused by the impact
of particles and final detachment of fragments as a result of
the intersection and extension of the formed cracks [3,7,9,32];

b) The formation of asperities by plastic deformation to produce
ridges perpendicular to the direction of impact and final
fracture of the deformed asperities [5,12–14,17,33,34]; and

c) Random scratches and gouges on worn surfaces due to the
cutting and gouging by angular grit media [12,35].

Evaluation of the eroded surfaces of PU elastomers suggests
that the erosion mechanism was plastic deformation of the surface
and the development of asperities and ridges perpendicular to the
direction of impact. Fig. 10 shows the surface of 1200-55A PU
elastomer samples that were eroded at room and elevated tem-
perature. In the PU sample that was held at 25 °C (see Fig. 10a), the
worn surface showed deformed asperities while at elevated tem-
peratures, where the erosion rate was higher, ridges perpendicular
to the impact direction were formed (see Fig. 10b and c). A similar



Fig. 8. First and second cycles of loading–unloading at various temperatures for elongations up to 50% for 1200-85A PU elastomer.

Fig. 9. Mullins factor of PU elastomers as a function of temperature.
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behavior was observed for the 1200-85A PU: asperities emerged at
25 °C and ridges developed perpendicular to the impact direction
at elevated temperatures. Although the mechanism of formation of
these ridges and subsequent erosion as a result of detachment of
these ridges have been discussed in previous studies [5,14,33], side
view images that can distinctly show the morphology of these
ridges are limited. To that end, SEM images were captured for the
condition that the PU sample was slightly angled with respect to
the SEM detector. These images are shown in Fig. 11, which show
that the asperities that protrude from the surface were formed
against the impact direction of the erodant particles (shown by an
arrow). The asperities were generated as a result of plastic strain
induced by particle impact. The accumulation of strain due to
subsequent impact led to the deformation of the asperities to
values such that cracks were formed on the bottom of the aspe-
rities, followed by the final detachment of the material. A typical
crack produced at the base of one of these asperities is indicated in
Fig. 11a by a circle. On the other hand, the partially detached, but
stretched material shown in Fig. 11b (marked by circles) provides
further support for the proposed erosion mechanism and the
importance of elongation at break on the erosion resistance of PU
caused by solid particle impact. In PU elastomers with lower
elongation at break, the deformed asperities on the target surface
detached easier from the surface that would lead to higher mass
loss and, therefore, higher erosion rate.

The morphology of the eroded surfaces of 3000-85A (see
Fig. 12) and 3000M-85A PU (see Fig. 13) was slightly different from
that observed in Fig. 10. The asperities that were formed on the
3000 series PU were smaller in size and the ridges were not as
continuous and as large as the ones formed on the 1200-55A and
1200-85A PU elastomers. This behavior was due to the smaller
elongation at break of the 3000 series (see Table 6) which led to
the detachment of asperities at lower strain. Thus, the asperities
have detached from the surface before extending to large strain
values as was observed for the 1200 series PU (see Fig. 10). In
addition, in contrast to the 1200 series PU, the surface morphology
of the 3000 series PU that was tested at 100 °C was different from
those samples that were tested at 25 °C and 60 °C. The asperities
were smaller compared to those samples held at 25 °C and 60 °C,
and continuous ridges were observed (see Figs. 12c and 13c).



Fig. 10. SEM images of eroded 1200-55A PU surface at (a) 25 °C, (b) 60 °C, and
(c) 100 °C.

Fig. 11. SEM images of eroded 1200-55A PU surfaces tested at 60 °C: (a) side and
(b) top view.
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This behavior was most probably due to the significant reduction
in elongation at break and ultimate strength of the 3000 series PU
elastomers at 100 °C as was shown in Table 6. This behavior sug-
gests that although there is no simple relation between elongation
at break and the erosion rate, the surface topography and the wear
resistance of the PU are dependent on the elongation at break. It
should be noted that the spherical shape defects observed in
Fig. 13 are cavities that were formed in the PU elastomer during its
fabrication as a result of possible air entrapment and formation of
gases during curing. Two of this typical spherical shape defects on
the surface of PU are shown by arrows in Fig. 13a.

The evaluation of the erosion mechanism of the PU elastomers
that were held at various temperatures and eroded, not only
revealed how temperature affects the erosion mechanism, but
close evaluation of the worn surfaces also provided further sup-
port of the aforementioned effect of the permanent set and
elongation at break on the erosion resistance of PU elastomers.
The 1200-55A PU exhibited the minimum erosion rate at 25 °C
(see Fig. 5), which was due to its high-elongation at break (higher
than 350%) and negligible permanent set upon deformation. In
contrast, the 3000M-85A had the maximum permanent set and
minimum elongation at break, which caused the 3000M-85A PU
to possess the lowest erosion resistance at 25 °C. On the other
hand, at the set temperature of 60 °C, the erosion resistance of the
1200 series PU decreased due to the reduction of PU strength as a
result of an increase in test temperature. Although the same
behavior negatively affected the 3000 PU series, a greater ability to
regain an initial state after deformation (smaller residual strain
and higher Mullins factor value) led to the improvement in erosion
resistance at that temperature. Finally, at the test temperature of
100 °C, the erosion rate of the 3000 series greatly increased due to
the significant reduction in elongation at break of these PU elas-
tomers. However, given that the permanent set of 3000M-85A at
100 °C was much smaller than the 3000-85A, its erosion resistance
was not affected as severely as the 3000-85A PU. This behavior



Fig. 12. SEM images of the eroded 3000-85A PU surface at (a) 25 °C, (b) 60 °C, and
(c) 100 °C.

Fig. 13. SEM images of the eroded 3000M-85A PU surface at (a) 25 °C, (b) 60 °C,
and (c) 100 °C.
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further emphasizes the importance of the ability of a material to
regain its initial state (smaller permanent set) on the wear resis-
tance of PU elastomers. It should be noted that the basis for the
given discussion is only the relative comparison of the erosion
resistance of the studied PU elastomers and how the wear beha-
vior is affected by the test temperature. A more in-depth com-
parison of the erosion rate of the studied PU elastomers is not
possible given their differences in mechanical properties. Future
work will be undertaken to develop models for calculating the
generated stresses as a result of impacting erodant particles. The
determination of stresses will allow for a more comprehensive
comparison and explanation of what was observed for the erosion
behavior shown in Fig. 5.

6. Conclusions

In this study, an erosion test assembly for evaluating the wear
resistance of PU samples at controlled temperatures was designed
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and developed. A cold gas dynamic spray system was used to
enable the erosion tests. The velocity of the blast media was
determined by the use of an analytical model based on the flow of
a compressible gas through the cold spray nozzle. The temperature
distribution within the PU samples during the erosion tests was
computed employing a heat transfer model based on a finite ele-
ment analysis. The model was validated by comparing the calcu-
lated temperature with the experimental data that was measured
by a thermocouple. The calculated temperature distribution
showed that the temperature in the area to be eroded was uni-
formly close to 60 °C and 100 °C for experiments conducted at
elevated temperatures.

The evaluation of the wear resistance of PU elastomers at
controlled temperatures showed that the PU elastomers do not
generally exhibit similar behavior. Two of the tested PU elastomers
showed improvement in erosion rate at 60 °C while the other
studied elastomers exhibited an increase in erosion rate. At 100 °C,
an increase in erosion rate for all studied PU elastomers was found.
The evaluation of the mechanical properties of the studied PU
elastomers suggested that the improvement in erosion rate at
60 °C was due to an improved ability of the material to regain its
initial state following deformation. This behavior was studied by
calculating the permanent set of the studied PU elastomers for
cyclic loading. It was further found that although there is no
simple relation between the elongation at break and erosion rate,
it is definite that elongation at break is one of the parameters
affecting the final wear resistance and the morphology of worn
surfaces.

Besides studying the effect of working temperature on erosion
performance of PU elastomers, this study allowed for a closer
examination of erosion mechanisms for PU elastomers, and
introduced the residual strain and elongation at break as key
parameters affecting the PU elastomer wear resistance.
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