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ABSTRACT

The constitutive behavior of polyurea after prolonged exposure to aggressive marine environments, including
saline water, UV radiation and combinations of both, was investigated in this study. A diffusion study was
performed at several temperatures to determine the effect of temperature on saline water ingression into the
polyurea using Crank’s method. This diffusion data coupled with Arrhenius’ methodology allowed for the
calculation of an acceleration factor relating laboratory exposure time at elevated temperature to real-life service
time. Cast cylindrical specimens were exposed to UV radiation, saline water, and various combinations of UV
radiation and saline water. These combinations were: a) exposure to saline water followed by UV radiation, b)
UV radiation followed by saline water, and c) saline water and then UV radiation followed by saline water.
Uniaxial compressive experiments were conducted on both the virgin and exposed specimens at strain rates of
1.7 x 1073s7! and 2.6 x 103s~!. Under quasi-static loading conditions, the elastic modulus of the polyurea
dropped by 73% after 84 days of exposure to saline water at 85 °C. Specimens exposed to UV radiation showed a
maximum increase in the elastic modulus of 64% after 20 days of exposure. When tested under dynamic loading
conditions, specimens exposed to saline water for 84 days showed a 48% decrease in strain energy while those

exposed to UV radiation showed a 45% increase.

1. Introduction

The mechanical behavior of polyurea coatings under quasi-static and
dynamic loading conditions after prolonged exposure to saline water
(simulating the ocean environment) and ultraviolet (UV) radiation was
investigated. Cast cylindrical polyurea specimens were immersed in
saline water for a maximum period of 84 days at 85 °C to accelerate the
diffusion of water into the elastomer. Additional specimens were
exposed to UV radiation at 65 °C in a QUV accelerated tester for a
maximum period of 30 days. The remaining specimens were alternat-
ingly exposed to saline water at 65 °C for 14 days and UV radiation at 65
°C for 30 days. The mechanical response of the polyurea before and after
exposure to saline water, UV radiation and a combination of saline water
and UV radiation was obtained from quasi-static and dynamic uniaxial
compression experiments conducted on an Instron 5585 testing machine
and a Split Hopkinson Pressure Bar (SHPB) apparatus, respectively.

Faced with an ever-increasing threat on personnel and structures, the
marine industry is actively involved in research which can improve
durability and survivability of vehicles/structures [1-8]. One of the
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present solutions for blast/ballistic mitigation is the use of elastomeric
coatings on vehicles and structures. Polyurea is one of the elastomers
extensively used as a coating material because it has excellent adhesion
to most substrates and exhibits exceptional physical properties such as
high flexibility, hardness, tear strength, tensile strength, and chemical
and water resistance [9]. Early work revealed that adding a polyurea
layer on the impact face of an E-glass Vinyl-Ester (EVE) composite plate
considerably increases the blast resistance of the plate [1]. Furthermore,
using polyurea as an interlayer in a sandwich composite made of EVE
facesheets and a monolithically increasing wave impedance foam core
material greatly improved the overall blast performance and structural
integrity of the sandwich composite, when the polyurea was applied
behind the foam core and in front of the back facesheet [2]. Polyurea
coatings also have the ability to mitigate the pressure pulses and energy
resulting from hydrostatically or explosive initiated underwater implo-
sions, thus reducing the damage on the structure and other neighboring
structures [3-5]. The effectiveness of polyurea coatings in mitigating
underwater shock is dependent on the material coated, the thickness of
the coating, and the location of the coating on the structure itself. For
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example, Pinto and Shukla [3] showed that thick interior coatings on
carbon composite tubes significantly reduce the energy released from an
underwater implosion by slowing the collapse process and softening
wall contact. On the contrary, thick exterior coatings increase the energy
by suppressing the damage on the structure, thereby reducing its energy
absorption capacity. The blast mitigation potential of polyurea is
attributed to a phenomenon commonly referred to as “shock wave
capture and neutralization”. In the case of high velocity projectile
impact, a thick polyurea coating on the back face of a composite system
contributes positively towards the reduction of the residual velocity of
the projectile, thus increasing the energy absorption of the plate [10].
The ballistic protection ability of polyurea is imputed to its large strain
rate dependence, which has been widely investigated in literature.
Uniaxial compressive experiments on polyurea under a wide range of
strain rates showed that at low strain rates (2 x 1073s7! — 1s71), a very
small strain rate dependence is noticed in the mechanical behavior of
polyurea. Moving from low to high strain rates, (T10%s7!), there is a
transition from a rubbery to a leathery or glassy behavior [11,12]. This
same behavior is observed during tensile characterization of polyurea,
where there is a reduction in failure strains, increase in failure stress and
increase in yield stress as the strain rate increases from low to high
[13-15].

Understanding how the mechanical behavior of polyurea is affected
by changes in different environmental conditions, such as temperature
and pressure, has been widely investigated. Chen et al. [16], through
compression experiments on the SHPB, showed that polyurea elastomer
exhibited significant temperature sensitivity, with a highly non-linear
finite deformation stress — strain behavior. As the temperature was
increased, a dynamic softening behavior, and thus a decrease in the flow
stress was observed. Increasing the temperatures, with the polyurea
under confined pressure, led to less temperature dependence and an
approximately linear behavior. The effects of temperature and pressure
on the behavior of polyurea have been modeled analytically and
numerically [17-20]. Youssef et al. [21,22] examined the effects of UV
radiation on the tensile behavior of polyurea plates and revealed that UV
radiation increases the stiffness of polyurea plates while rendering them
brittle. In addition, prolonged exposure of the plates to UV radiation led
to the formation of micro cracks on the surface which caused a drop in
the strength of the material. However, the dynamic characterization of
polyurea coatings after exposure to aggressive marine environments,
principally saline water and UV radiation or an alternating exposure to
saline water and UV radiation, has not been investigated.

The present study aims to bridge this gap in knowledge by examining
the changes in the mechanical behavior of polyurea coatings after pro-
longed exposure to aggressive marine environments. Two marine envi-
ronmental conditions considered in this study were saline water and UV
radiation. Three weathering cases were considered; exposure to saline
water, exposure to UV radiation, and a combined exposure to saline
water and UV radiation. These combinations were: a) exposure to saline
water followed by UV radiation, b) UV radiation followed by saline
water, and c) saline water and then UV radiation followed by saline
water. The exposure to saline water was accelerated in the laboratory by
immersing specimens in a saline water bath at an elevated temperature.
Water uptake into the cylindrical specimens was measured and finite
element analysis was used to model the water uptake into cylindrical
specimens. Exposure to UV radiation was accelerated in the laboratory
by using a QUV accelerated weathering tester. For each case, compres-
sive stress — strain curves were obtained for different exposure durations,
and under quasi - static and dynamic loading conditions.

2. Specimen preparation and experiments
2.1. Material and specimen preparation

Ultra-high strength polyurea (HM-VK) supplied by Specialty
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Products, Inc. (Lakewood, WA) was used in this study. This polyurea has
an average tensile strength of 46.36 MPa (ASTM D638), an elastic
modulus of 100 MPa, a maximum elongation of approximately 500%,
and a service temperature between —34 °C and 121 °C. Moreover, this
polyurea is supplied in two parts, part A and part B, which is mixed in a
weight ratio of 1:4, respectively. The gel time is 18 min, which is suf-
ficient for appropriate mixing and molding. The specimens were pre-
pared by mixing the two parts of the polyurea and pouring the mixture
into molds of the required specimen geometries. Specimens for the
diffusion study were cast as 300 mm long by 25.4 mm wide by 3.2 +
0.20 mm thick bars and subsequently cut into the required lengths. The
specimens for quasi-static and dynamic experiments were cast as cyl-
inders. Specimens for quasi-static experiments were 28.5 mm in diam-
eter and 12.7 mm in length while those for dynamic experiments were
10 mm in diameter and 6 mm in length. The specimen sizes were chosen
based on the experimental setups used for quasi-static and dynamic
testing. The cast specimens were cured at room temperature for a day
and then transferred into an oven at 70 °C for 16 h to ensure that
polymerization was completed. The ends of the cylindrical specimens
were machined on a lathe and polished to ensure flush contact with the
platens during quasi-static and dynamic experiments. All specimens
were placed in a desiccator for 24 h prior to exposure to saline water and
UV radiation to remove any remaining moisture.

2.2. Saline water exposure

A saline water weathering facility was employed to accelerate the
exposure of polyurea specimens to saline water. This facility is
composed of a propylene rectangular submerged tank and a rectangular
water bath as shown in Fig. 1. The submerged tank contains the speci-
mens exposed to saline water (3.5% NaCl in deionized water). This tank
is submerged in the water bath filled with deionized water, which is
heated by two immersion heaters and maintained at a constant elevated
temperature to accelerate the exposure. The chosen temperature was
ensured to fall within the service temperature of polyurea. For speci-
mens exposed exclusively to saline water, the temperature was 85 °C
which results in a high acceleration factor. Specimens were exposed at
this temperature for a maximum of 84 days. This was a sufficiently long
period to simulate years of real-time exposure in the service environ-
ment. For combined exposure, the temperature in the saline water bath
was reduced to 65 °C and the exposure duration was 14 days. This was
because the goal in this set of experiments was for the specimens to
reach full saturation. More so, higher temperatures reduce the life span
of the heaters. The immersion heaters used were Polyscience LX Im-
mersion Circulators (Cole Parmer, Vernon Hills, IL) with a maximum
temperature capacity of 98 °C and a temperature stability of +0.07 °C.
Each heater had a circulating pump that ensured uniform temperature
throughout a maximum of 20 L of fluid. Small hollow polypropylene
float balls were used to reduce the rate of water evaporation. Water was
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Fig. 1. Schematic of the saline water weathering facility used to expose poly-
urea specimens to saline water at elevated temperatures. The high temperatures
accelerate the aging of the polyurea specimens.
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regularly added to the submerged tank to ensure that the salt concen-
tration remained constant. Similarly, water was added to the outside
tank to ensure that the water level remained within the range specified
for the safe functioning of the heaters.

2.3. UV radiation exposure

The effect of UV radiation on polyurea coatings was investigated by
exposing the polyurea specimens to UV radiation in a QUV Accelerated
Weathering Tester, by Q-Lab Corporation (Westlake, OH). This facility is
designed to simulate outdoor weathering, by exposing materials to UV
light at controlled, elevated temperatures. The QUV tester is composed
of a base, a central compartment, and a control system as shown in
Fig. 2. The central compartment is equipped with eight UVA-340 lamps,
which simulate sunlight in the wavelength region from 365 nm down to
the solar cutoff of 295 nm. The temperature of the chamber was main-
tained constant at 65 °C during the exposure of polyurea to UV radia-
tion. This test followed ASTM standard D4329-99 [23]. Polyurea
samples were exposed to UV radiation for 10, 20, and 30 days. The side
of the specimen facing the UV lamps was changed after half of the
exposure time to ensure that both sides of each specimen were exposed
to UV radiation for the same duration.

2.4. Determination of the acceleration factor

Prior to exposing the cylindrical specimens to saline water, a diffu-
sion study to determine the acceleration factor (AF) was carried out. This
acceleration factor is the constant of proportionality relating the time
spent in accelerated weathering, tyccelerated, tO its corresponding simu-
lated time in the real-life service environment, t,ctual, as seen in Equation

(D).

AF = Laccelerated o)
Tactual

The approach that was employed to determine the acceleration
factor for diffusion in polyurea at an elevated temperature was based on
calculating the activation energies involved in the process of diffusion at
the operational temperature and at the elevated temperature [24]. This
was achieved by immersing polyurea coupons, 76.2 mm long by 25.4
mm wide by 3.2 + 0.20 mm thick, in the saline water bath at different
temperatures and periodically measuring their masses to track the
change in mass due to water uptake as per ASTM standard D570 - 98
[25]. The behavior of the material was seen to be Fickian and thus water
uptake by the polyurea coupons would be modeled using Fick’s second
law of diffusion for 1-D, as seen in Equation (2).

Controls 4
\_\/

o Specimens
o
o) i\ | /Door
. A
|~ HEATED WATER
—  EAVVEER AVl
Base ‘

Water heater

Fig. 2. Schematic of the QUV Accelerated Weathering Tester used to expose
polyurea specimens to UV radiation at 65 °C for 30 days.
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Where C is the water concentration, D is the diffusion coefficient of
water into polyurea, t is the time, and x is the position in the sample.
Simplifying assumptions can be made to reduce Equation (2) into
Equation (3), which is a form dependent on time and specimen thick-
ness. The assumptions are: the cylinders are initially free of moisture,
there is a uniform initial concentration distribution, diffusion occurs at a
constant temperature, there is a constant fluid pressure, and the diffu-
sion coefficient is constant [26].

—D(2n+1)272:

Mr = 1 P2 ]
—=1- —e 3
M, ; (2n+1)° ®

§|N| foe)

Where M, is the total diffusion substance absorbed by the plate at time ¢,
M, is the quantity of diffusion substance gained after an infinite time
(saturation), D is the diffusion coefficient and [ is the thickness of the
coupon.

The diffusion coefficient can then be calculated from Equation (3) for
the five different temperatures (25 °C, 40 °C, 55 °C, 70 °C and 85 °C)
using two methods, the method of Aminabhavi et al. [27] and Crank’s
method [26]. The first method considers that for weight changes below
60% of equilibrium value, Equation (3) can be approximated to Equa-
tion (4).

M, 4D\,
M_M_Y(;) t @

Using Equation (4), the diffusion coefficient for the five different
temperatures can be calculated by determining the slope of the linear
portion of a plot of normalized mass change against the square root of
time. The second method (Crank’s method) expresses diffusion in terms
of the time at which half of the equilibrium diffusing substance has
penetrated the coupon, 1"‘;—; = 0.5, designated as t;/,. The diffusion co-
efficient can then be calculated using Equation (5).

0.0492
D= o

5
" (5)

The temperature dependence of the diffusion coefficient was
modeled using Arrhenius’ equation, which governs the rate of reaction
as a function of temperature given by Equation (6a) [28].

D=Dye (62)

Where D is the diffusion coefficient, Dy is the pre-exponential factor, E,
is the activation energy, R is the ideal gas constant, and T is the absolute
temperature of the diffusing substance. In order to ease the determina-
tion of E,;, Equation (6a) was simplified to obtain the equation of a
straight line (Equation (6b)).

E,

In(D) =In(Dy) — RT

(6b)

Once the activation energy was obtained, Equation (7) was used to
calculate the acceleration factor, AF.

D D e ﬂ(L,L)

” eRTa R\ Tw Ta

AF=Z4=22 " —, )
D, DoeW

Where D, is the diffusion coefficient for accelerated laboratory testing at
a temperature T,, and D,, is the diffusion coefficient at the normal
working or service temperature, T, in Kelvin.
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2.5. Experimental set-up and procedure

The quasi-static stress — strain response of the polyurea coatings was
experimentally obtained using a standard screw driven mechanical
testing machine, Instron 5585. The dynamic behavior was obtained
using a modified SHPB apparatus as shown in Fig. 3.

The incident and transmission bars were made from 6061-T6
Aluminum. The incident bar had a diameter of 19.1 mm and a length
of 1.83 m. A 1.22 m long hollow transmitter bar with a 19.1 mm outer
diameter and 16.5 mm inner diameter was used to decrease the cross-
sectional area of the bar and consequently increase the strains on the
transmitted bar. Thus, the hollow transmitter bar worked as a linear
elastic stress/strain amplifier. This hollow transmitter bar had tightly
fitted aluminum 6061-T6 endcaps. A pair of resistive strain gages (C2A-
13-250LW-350) from Vishay Measurements Group was attached in the
middle of each bar. Gages on each bar were bonded opposite to each
other to cancel the effect of any bending that could occur during the
experiment. These strain gages were employed to measure the incident,
reflected and transmitted pulses. A pulse shaper was used at the impact
end of the incident bar, to facilitate dynamic stress equilibrium, mini-
mize the radial inertia in the specimens and obtain a nearly constant
strain rate during deformation. Pulse shapers were created by rolling
clay on a sheet of paper to a thickness of 1.2 mm and punching out 6.0
mm diameter disc from the paper-clay composite material. A thin layer
of molybdenum disulfide lubricant was applied between the specimen
surface and the contacting bar end faces to minimize the friction effects.
The stress, strain rate, and strain after the specimen deformed under
dynamic stress equilibrium were calculated using Equations (8)-(10),
respectively [29].

o= %;Eoe,(t) (8
.G
b=~ ©

C() AI ! Co A1 :
- 1= ) 0 (e 1
€ ) ( 1)/0 €;(t)dt ) < + ,)/o e.(1)dt (10)

Where C, is the wave velocity in the bar material, L is the original
length of the specimen, A; and A, are the cross-sectional areas of the
incident and transmission bars, respectively. ¢;(t), &-(t), and &:(t) are the
incident, reflected and transmitted strain histories, respectively. These
equations are different from those of the conventional SHPB due to the

Loading Device
4
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difference in the cross-sectional areas of the incident and the transmitter
bars. The true stress and strain were calculated using Equations (11) and
(12), respectively.

o,=0(l—¢) [¢5))

&= —In(l1—¢) 12)

The incident, reflected, and transmitted pulses from a typical high
strain rate experiment on a non-weathered specimen are shown in
Fig. 4a. The initial strain acceleration is lowered and most of the high
frequency oscillations are eliminated by using the pulse shaper. A typical
dynamic stress equilibrium plot is shown in Fig. 4b. This illustrates the
force on the front and back face of the specimen. Dynamic stress equi-
librium is verified between 20 ps and 150 ps. Lastly, Fig. 4c shows the
strain history with an almost constant strain rate between 50 ps and 150

us.
3. Results and discussion
3.1. Water diffusion

3.1.1. Acceleration factor

The mass change during immersion of the polyurea coupons
normalized by maximum mass change, for different temperatures, is
plotted as a function of the square root of time as seen in Fig. 5. This plot
shows that at the onset of immersion, water uptake is directly propor-
tional to the square root of time, and as the immersion time increases,
the water uptake reduces, and a plateau is reached at saturation. This
behavior is a typical Fickian behavior and the water uptake by the
polyurea coupons was modeled using Fick’s second law of diffusion for
1-D, as seen in Equation (2).

The diffusion coefficient was calculated for the five different tem-
peratures using the method by Aminabhavi et al. [27] and Crank’s
method [26]. With the calculated diffusion coefficients, the respective
logarithmic values were plotted against the inverse of the corresponding
absolute temperature, shown in Fig. 6. The two methods used for the
calculation of the diffusion coefficients gave similar results. In addition,
from Fig. 5, it is seen that water diffusion kinetics is dependent on the
temperature. Even though the initial water uptake was constant for all
temperatures, the coupons immersed in saline water at higher temper-
atures reached saturation faster than those at lower temperatures. The
temperature dependence of the diffusion coefficient was modeled using
Arrhenius’ equation, which governs the rate of reaction as a function of

Bar Components
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Fig. 3. Schematic of the modified Split Hopkinson pressure bar with a hollow transmitter bar, designed for soft materials characterization.
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temperature and the activation energy.

Once the activation energy was obtained from Equation (6b),
Equation (7) was used to calculate the acceleration factor, AF. The ac-
celeration factor was computed to be 15.86 for an average ocean

(service) temperature of 17 °C and an elevated (accelerated weathering)
temperature of 85 °C. Thus, an accelerated weathering period of 84 days
(maximum exposure time for polyurea specimens) is equivalent to
approximately 4 years of real-life exposure to sea water. Also, when
using 65 °C (which was the temperature used for combined exposure) as
the elevated temperature, the acceleration factor was determined to be
7.90. Thus, 14 days of accelerated weathering in saline water at 65 °C
give about 4 months of real-life weathering.

3.1.2. Mass change in the polyurea during exposure to saline water

The percent mass change as a function of the square root of im-
mersion time, for the cylindrical specimens, is shown in Fig. 7. This
graph can be divided into three regions: a positive slope region, a
plateau or zero slope region, and a negative slope region. The positive
slope region starts with an initial rapid, linear increasing part, followed
by a slow nonlinear increase. This region shows a rapid initial water
uptake which can be attributed to a high diffusion gradient at the
beginning of the diffusion process. The rate of water uptake decreases
with a decrease in the diffusion gradient between the saline water and
the specimen.

For specimens used in quasi-static and dynamic experiments, this
region lasts for 78 h and 14 h, respectively. The plateau region corre-
sponds to saturation of the polyurea specimens. The percentage mass
change at saturation was about 2.5% for both specimens. The negative
slope region indicates a decrease in the mass of the elastomeric coating,
which can be attributed to the leaching of degradation products coming

3 > Quasi-static specimens
* Dynamic specimens
2.5}
P f}%h} ¥
é 21 % f *}* { } E
(0] * b E
(o)) *g I
g 1.5{¢ }
5 { i
g ¢
0.5
0 L 1 | i
0 10 20 30 40 50
Time "2 (hour'?)

Fig. 7. Percent mass change in polyurea specimens during exposure to saline
water for 84 days at 85 °C.
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from the hydrolysis of polyurea [30]. The specimens used for dynamic
experiments showed a faster percent mass change than the specimens for
the quasi-static experiments. This rapid change can be attributed to the
high surface to volume ratio of the specimens used in dynamic experi-
ments, which was 2.6 times the surface to volume ratio of the specimens
used in quasi-static experiments.

3.1.3. Numerical modeling of water uptake in polyurea

The process of water uptake in cylindrical specimens was modeled
numerically to obtain the time taken for the cylindrical polyurea spec-
imens to reach saturation, when immersed in saline water at different
elevated temperatures. This model employed Fick’s second law of
diffusion in cylindrical coordinates, shown in Equation (13).

ocC 190 D oC +1 0 D6C +0 D()C 13)
=~ (pr=)V 4+ 2 (p= Z(p=
ot ror or r? 00 00 0x Ox

Considering axisymmetry in the cylindrical specimens, Equation (13)
reduces to Equation (14).

€10 (5) 1 2 (52) s
ot ror or Ox Ox

This differential equation was solved numerically, for the specimens
used in dynamic and quasi-static characterization. The diffusion coef-
ficient obtained in the diffusion study for the temperature of 85 °C was
employed in the numerical calculations. A triangular element mesh was
used in the finite element analysis and random nodes were chosen along
the radius of the specimen. The variation in concentration on the center
plane along the radius was determined for a period of 160 h and 40 h for
the specimens used in quasi-static and dynamic experiments, respec-
tively. These results are shown in Fig. 8a and b respectively. From the
plots, during the first few minutes of immersion, water concentration
increases rapidly for nodes close to the surface of the specimen. At this
time, nodes close to the center remain at almost zero concentration. As
the nodes close to the surface approach saturation, the water concen-
tration of nodes close to the center rapidly increases. The experimental
mass change for both specimen geometries was also plotted on the right
axes of Fig. 8a and b. From the figures, the experimentally obtained mass
change shows an excellent correlation with numerical results.

3.2. Mass change in the polyurea during exposure to UV radiation

Fig. 9 shows the percent mass change observed when polyurea
specimens were exposed to UV radiation for 720 h (30 days). Both
specimens showed an initial rapid decrease in mass, which is mostly due
to the loss of moisture that was present in the specimens prior to
exposure. Besides, scission of bonds occurred between carbon and
hydrogen atoms in the polymer chains, leading to the formation of free
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Fig. 9. Percent mass change in polyurea specimens during exposure to
UV radiation.

radicals and consequently a reduction in the molecular weight of the
initial polymer chain. This bond scission also created room for cross-
linking between polymer chains, eventually leading to the formation
of longer polymer chains. The cross-linking process was initiated phys-
ically by the UV radiation. The decrease in mass was faster in the
specimens for quasi-static experiments. The region of the rapid percent
decrease in mass was closely followed by a slow mass loss. After 400 h,
the specimens for dynamic experiments showed almost no further
change whereas the specimens for the quasi-static experiments showed a
small decrease in the mass. At the end of 30 days, the specimens for
quasi-static and dynamic experiments showed a mass loss of 1.8% and
2.0%, respectively.

3.3. Quasi-static and dynamic behavior of polyurea after exposure to
saline water and UV radiation

3.3.1. Exposure to saline water

The resultant compressive true stress vs true strain curves for poly-
urea coatings exposed to saline water for different durations, under
quasi-static and dynamic loading conditions are presented in Fig. 10a
and b, respectively. Each curve represents the average of five repeated
experiments conducted under identical loading conditions. Error bars
were plotted on each mean stress — strain curve to show data dispersion.
Quasi-static and dynamic experiments were conducted at a strain rate of
1.7 x 1073571, and 2.6 x 103571, respectively. All stress — strain curves
exhibit an initial linear region, which increasingly becomes non-linear
as the strain increases. For the specimens subjected to quasi-static
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Fig. 8. Variation of water concentration along the radius of polyurea cylindrical specimens (left axis), compared to mass change from experiments (right axes)(a) —
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loading, statistical analysis using student t-test with a 95% level of
confidence showed that there was a significant decrease in the elastic
modulus by 53% within the first two days (2WD) of exposure. The
modulus of elasticity continued to drop gradually as seen in case of four
days (4WD) until saturation where it stabilized. After 84 days of expo-
sure, a total decrease in the modulus of elasticity of about 73% was
recorded. The loss in the elastic modulus can be attributed to hydrolysis
of the polymer which led to scission of polymer chains, thus weakening
the polyurea coating. The strain energy, which is seen as mechanical
energy stored in the polyurea and which is the property that determines
the energy absorption potential of polyurea, was calculated for different
durations of exposure at 25% strains. The results are presented on
Table 1 and show that exposure of polyurea to saline water led to a rapid
decrease in the strain energy from 0.85 + 0.02 MJ/m? for virgin spec-
imens to 0.41 + 0.01 MJ/m? after two days of exposure, and then a slow
decrease to 0.26 + 0.03 MJ/m? for specimens exposed for 84 days. For
the specimens that were subjected to dynamic loading conditions, a
similar trend in the behavior of polyurea was observed. The dynamic
modulus of elasticity could not be calculated from the stress — strain
plots since there was no force equilibrium in the specimens during the
first 20ps of experimentation. Nevertheless, the strain energy calcula-
tions at 25% strain indicated that there was a drop in the strain energy
from 2.67 + 0.12 MJ/m? for virgin specimens to 1.91 + 0.07 MJ/m>
after 0.125 day of exposure (0.125WD). The strain energy continued to
decrease to 1.40 + 0.1207 MJ/m? after 1 day of exposure (1WD) and to
1.27 4 0.09 MJ/m? for specimens exposed for 84 days. Note that lower
exposure times were considered for the specimens used in the dynamic
experiments because the diffusion in these specimens was faster as a
result of a higher surface to volume ratio. Although the behavior of
polyurea coatings subjected to dynamic loading conditions showed a
similar trend in the degradation of the material, strain rate dependence
of the material before and after exposure to saline water was evident. For
virgin specimens, at 25% true strains, the true stress was 4.88 + 0.19

Table 1
Strain energy for polyurea with exposure to saline water.

Quasi-static Experiments Dynamic Experiments

Duration of Strain energy at Duration of Strain energy at

Exposure 25% strain (MJ/ Exposure (Days) 25% strain (MJ/
(Days) m®) m?)

0 0.85 + 0.02 0 2.67 +£0.12

2 0.41 +£0.01 0.125 1.91 + 0.07

4 0.35 £+ 0.02 1 1.40 £ 0.12

28 0.24 + 0.05 28 1.26 + 0.16

56 0.26 + 0.06 56 1.28 + 0.01

84 0.26 + 0.03 84 1.27 + 0.09

MPa for quasi-static response and 15.29 + 0.32 MPa for the dynamic
response, giving about 213% increase in the true stress. This increase is
observed because at high strain rates, polyurea stiffens, thus behaves as
leather instead of a rubbery material. Similarly, at 25% strains, the
strain energy at high strain rate was 214% higher than the strain energy
at low strain rate. The change in true stress and strain energy for spec-
imens exposed to saline water was more drastic. The true stress after 84
days of exposure for quasi-static and dynamic specimens was 1.64 +
0.22 MPa and 7.41 + 0.48 MPa, respectively, giving 350% increase in
the true stress. The strain energy at high strain rate was 390% higher
than the strain energy at low strain rate.

It should be noted that after saturation, there was a statistically
insignificant difference in the stress — strain behavior of the polyurea.
More specifically, for 28, 56 and 84 days of exposure, the stresses for the
same strain levels were approximately the same, even though from
Fig. 7, there was a continuous reduction in the mass of the specimens
during that exposure period. This shows that water uptake is the main
process governing material degradation.

3.3.2. Exposure to UV radiation

Fig. 11a and b show the resultant uniaxial compressive stress — strain
curves for polyurea specimens exposed to UV radiation at 65 °C for 10,
20, and 30 days, under quasi-static and dynamic loading conditions,
respectively. The trend in the stress — strain behavior is same as that for
exposure to saline water except that strain hardening is evident after
40% strain, in the polyurea coatings exposed to UV radiation. All stress —
strain curves display an increase in the elastic modulus and strain energy
for the polyurea coatings after exposure to UV radiation. Particularly, in
the case of quasi-static loading conditions (¢ = 1.7 x 1073s71), there
was a statistically significant increase in the modulus of elasticity by
57%, 64% and 56% after 10, 20 and 30 days of exposure, respectively.
This same trend was seen in the true stress at 25% strains which
increased from 5.21 + 0.19 MPa to 6.54 + 0.05 MPa after the first 10
days of exposure. The true stress further increased to 6.77 + 0.09 MPa
after 20 days and then a slight drop in the true stress to a value of 6.50 +
0.50 MPa was noticed for specimens exposed to UV radiation for 30
days. The increase in the modulus of elasticity and true stress for the first
20 days of exposure is attributed to photo-degradation and photo-
oxidation, which involve cross-linking in polymer chains initiated by
the UV radiation [22]. Nevertheless, the increase in stiffness rendered
the coatings brittle, and longer periods of exposure led to the creation of
micro cracks on the surface which weakened the polyurea coating and
led to a drop in the elastic modulus and true stress as seen after 30 days
of exposure. The strain energy at 25% strains showed an increase by
33%, 35% and 29% after 10, 20 and 30 days of exposure to UV radiation,
respectively, as seen in Table 2. These results can be correlated to the
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mass change seen in Fig. 9, which show a very small mass change be-
tween 10 days (240 h) and 20 days (480 h). Beyond the 20 days, the
mass was approximately constant indicating no photo-oxidation within
this period and thus no stiffening of the coatings.

In the case of dynamic loading (¢ = 2.6 x 10%s71), considering 25%
strains, there was an increase in the true stress from 15.29 + 0.32 MPa to
20.05 + 0.67 MPa after 10 days of exposure. The true stress kept
increasing slowly to 20.67 + 1.48 MPa and then to 21.114 £ 0.45 MPa as
exposure time increases to 20 and 30 days, respectively. This same trend
was seen in the strain energy where the energy increased by 29%, 34%
and 45% for 10, 20 and 30 days of exposure, respectively. The contin-
uous change in true stress and strain energy of polyurea coatings sub-
jected to dynamic loading can be correlated to the continuous loss in the
mass of the specimens for dynamic experiments throughout the expo-
sure duration as shown in Fig. 9.

Both weathered and non-weathered polyurea coatings showed

Table 2
Strain energy for polyurea with exposure to UV radiation.

Quasi-static Experiments Dynamic Experiments

Duration of Exposure Strain energy at 25% Strain energy at 25% strain

(Days) strain (MJ/m>) (MJ/m®)
0 0.85 + 0.02 2.67 +0.12
10 1.13 £ 0.01 3.44 +0.12
20 1.15 + 0.01 3.54 + 0.52
30 1.10 + 0.02 3.88 + 0.26

higher true stresses at a higher strain rate. For the specimens exposed to
UV radiation for 30 days, the true stress at 25% strains increased from
6.50 £+ 0.12 MPa to 21.11 £ 0.50 MPa. In addition, the strain energy
increased by 254% for specimens exposed to UV radiation for 30 days,
indicating that polyurea coatings exposed to UV radiation are strain-rate
sensitive.

3.3.3. Combined exposure of polyurea to saline water and UV radiation

Fig. 12a and b show the uniaxial true stress vs true strain response of
polyurea exposed alternatingly to saline water and UV radiation and
tested under quasi-static and dynamic loading conditions, respectively.
Three combinations were considered in this study: pre-exposing poly-
urea to UV radiation before immersion in saline water, pre-exposing
polyurea to saline water before exposing to UV radiation, and pre-
exposing polyurea to saline water, exposing the polyurea to UV radia-
tion and re-exposing it to saline water. The stress — strain behavior for
virgin polyurea specimens (OWD), polyurea specimens exposed exclu-
sively to UV radiation, and polyurea specimens exposed solely to saline
water are plotted together, to facilitate comparison. Comparison was
done using true stress and strain energy calculated at 25% strains for all
cases.

In the case of quasi-static loading (¢ = 1.7 x 10~3s71), the stress —
strain response of polyurea specimens pre-exposed to UV radiation
before immersion in saline water does not show any noticeable differ-
ence when compared to the behavior of polyurea specimens immersed
exclusively in saline water for same duration. The mean true stress and
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strain energy at 25% strains in both cases are 3.3 MPa and 0.39 MJ/m?,
respectively. Similar results are obtained when polyurea is pre-
immersed in saline water, exposed to UV radiation and re-exposed to
saline water. For the polyurea specimens exposed to saline water before
UV radiation, the true stress and strain energy obtained are 6.53 + 0.28
MPa and 1.10 + 0.03 MJ/m°, respectively. This is also not statistically
different from the true stress and strain energy obtained in the case of
polyurea specimens exposed exclusively to UV radiation as seen in
Table 3.

The response of polyurea coatings under dynamic loading conditions
(¢ = 2.6 x 103s71) showed differences as revealed in Fig. 12b. The true
stress at 25% strains for polyurea specimens pre-exposed to UV radiation
before immersion in saline water was 11.87 + 1.31 MPa. This is 22%
higher than the true stress for polyurea specimens exposed solely to
saline water. The computed strain energy for polyurea specimens pre-
exposed to UV radiation before immersion in saline water was also
26% higher than the strain energy for polyurea specimens exposed
exclusively to saline water. This difference in true stress and strain en-
ergy in the case of the specimens for dynamic experiments can be
imputed to the small thickness of the specimens. The specimen thickness
permits the penetration of UV radiation through the entire thickness,
thus more cross-linking of polymer chains. Therefore, immersing these
specimens in saline water will need more time for the polymer chains to
be broken in the process of hydrolysis. The true stress and strain energy
computed for specimens pre-exposed to saline water before exposure to
UV radiation were respectively 20.18 + 0.89Mpa and 3.65 + 0.16 MJ/
m®. These values are 4% and 6% lower than the true stress and strain
energy for specimens exposed solely to UV radiation. It is seen that pre-
exposing the coatings to saline water before UV radiation leads to a
much longer time for moisture loss and cross-linking in the QUV. Lastly,
specimens exposed to saline water, UV radiation and then saline water,
showed respectively 11% and 15% higher true stress and strain energy
values when compared to specimens exposed solely to saline water, and
respectively 9.4% and 8.9% lower true stress and strain energy values
when compared to specimens pre-exposed to UV radiation before im-
mersion in saline water. This is because when the specimens were
immersed in saline water and then exposed to UV radiation, their strain
energy was less than that of specimens exposed exclusively to UV radi-
ation as earlier explained. When these specimens, which had not had
enough time to reach maximum cross-linking initiated by UV radiation,
were immersed in saline water, bond scission due to hydrolysis took
place. This led to a drop in the strain energy of the polyurea specimens to
a value higher than that of specimens exposed solely to saline water, and
lower than that of specimens pre-exposed to UV radiation before im-
mersion in saline water. From these results, it can be concluded that
more cross-linking occurs in thinner coatings as the entire thickness is
affected by UV radiation. For very thick coatings, the effect of UV ra-
diation is felt more on the surface and the central region of the specimen
is almost unaffected.

4. Conclusions

This study experimentally investigated the mechanical behavior of

Table 3
Strain energy for polyurea with combined exposure to saline water and UV
radiation.

Quasi-static Experiments Dynamic Experiments

Duration of Exposure Strain energy at 25% Strain energy at 25% strain

(Days) strain (MJ/m%) MJ/m)
0WD 0.85 + 0.02 2.67 + 0.12
uv 1.10 £ 0.02 3.89 + 0.26
UV-S 0.39 + 0.01 2.03 + 0.04
S-uv 1.10 +0.03 3.65 + 0.16
S-UV-S 0.39 + 0.01 1.85 + 0.09
S 0.39 + 0.01 1.61 + 0.21
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polyurea coatings after prolonged exposure to aggressive marine envi-
ronments. Uniaxial compressive experiments were conducted on poly-
urea coatings after exposure to two different marine conditions, saline
water and UV radiation. The behavior of the coatings under alternating
weathering conditions was also investigated. The response of the poly-
urea coatings was determined under quasi-static and dynamic loading
conditions. The completion of this study led to following conclusions:

(1) Using the acceleration factor obtained from the diffusion study,
exposing polyurea specimens to saline water for 84 days at 85 °C
is equivalent to 4 years of real-life exposure to sea water.

(2) Polyurea coatings exposed to saline water showed a maximum
percent increase in mass of 2.5% and a decrease in elastic
modulus of approximately 73% after 84 days of exposure at a
temperature of 85 °C. The drastic drop in the elastic modulus of
the coatings was attributed to scission of polymer chains due to
hydrolysis. After exposure to saline water for 84 days, the energy
absorption capability of the polyurea coatings decreased by 69%
and 48% for specimens used for quasi-static and dynamic ex-
periments, respectively.
Exposure of polyurea coatings to UV radiation for 30 days at 65
°C led to a maximum mass loss of 1.8% and 2.0% for specimens
used in quasi-static and dynamic experiments, respectively. A
maximum increase in elastic modulus and strain energy of 64%
and 35%, respectively was recorded after exposure to UV radia-
tion for 20 days. This increase in elastic modulus and strain en-
ergy was as a result of cross-linking between polymer chains,
initiated by UV radiation. Specimens for dynamic experiments
showed a maximum increase of 45% in strain energy after 30
days of exposure.
During quasi-static loading, there was no significant difference in
the mechanical behavior of specimens pre-exposed to UV radia-
tion before immersion in saline water, compared to polyurea
specimens exposed exclusively to saline water, and polyurea
specimens exposed to saline water, UV radiation and re-exposed
to saline water. Similarly, specimens pre-exposed to saline water
before UV radiation did not show any statistically significant
difference when compared to specimens exposed solely to UV
radiation. On the other hand, specimens used in dynamic ex-
periments which underwent combined weathering showed sig-
nificant differences in the true stress and strain energy when
compared to specimens exposed exclusively to saline water or UV
radiation. Specimens pre-exposed to UV radiation before im-
mersion in saline water showed a 26% increase in strain energy,
when compared to specimens without pre-exposure. Specimens
pre-exposed to saline water before UV radiation showed a 6%
decrease in strain energy when compared to specimens exposed
exclusively to UV radiation. Also, specimens which were
immersed in saline water, exposed to UV radiation and re-
immersed in saline water showed a 15% increase in the strain
energy, when compared to specimens exposed solely to saline
water.

Increasing the strain rate from 1.7 x 107357 t0 2.6 x 103s7! led

to consistent increase in the true stress and strain energy, in both

virgin and weathered polyurea coatings. For virgin polyurea
coatings, there was an increase in the true stress and strain energy
of 213% and 214%, respectively. Polyurea coatings exposed to
saline water showed a 350% and 390% increase in the true stress
and strain energy, respectively. For exposure to UV radiation,

there was an increase in the true stress and strain energy of 225%

and 254%, respectively. This shows that polyurea is strain rate

dependent before and after exposure to aggressive marine
environments.
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