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A B S T R A C T

The present study focuses on the microstructural characterization of polyurea after extended UV exposure using a mechanics-based, atomic force microscope (AFM)
investigation. Extended exposure to UV radiation resulted in photo-degradation with subsequent photo-oxidation reactions causing an increase in the surface
roughness associated with crack nucleation. The crack opening and length were found to increase considerably with the rise in UV exposure duration. The crack
growth was modeled using linear elastic fracture mechanics (LEFM) since the mechanical properties of the surface degraded layer were found to be within the limits
of applicability of the theory. Force-distance measurements performed on the surface of the samples revealed a significant increase in the local modulus after 4.5
weeks of exposure. The local modulus was found to reach a steady limit after 7.5 weeks of UV radiation. The adhesive tip-sample forces resolved from the AFM force-
displacement measurements indicated a drastic decrease after 3 weeks of exposure due to embrittlement of photo-oxidized exposed surface.

Radiation effect; Microstructure; Polymers; LEFM

1. Introduction and background

Since their emergence in 1980s, polyureas have been gaining sci-
entific and industrial attention leading to their implementation in many
civilian and military applications, wherein impact mitigation is of a
recent specific interest (Youssef and Gupta, 2012b; 2012a;
Youssef, 2010). Generally, polyurea is a class of synthetic thermoset
elastomer, formed by the poly-addition reaction of rapid crosslinking
between an isocyanate and an oligomeric diamine. More specifically,
viscoelastic polyurea is synthesized by mixing Versalink® P1000 with
MDI Isocyanate in a ratio of 4:1, respectively, resulting in superior
physical and mechanical properties including resistance to chemicals
and moisture (Barsoum, 2015). For more than a decade now, this
polyurea formulation has been highly investigated resulting in a cul-
mination of the research efforts by Barsoum (2015), where he collated
the major findings from many prominent mechanics groups around the
United States. The superiority of the properties of this polyurea for-
mulation is primarily attributed to the morphology, which corresponds
to the microstructure comprising of interpenetrating hard and soft
segments (Heyden et al., 2016). The hard domains provide the neces-
sary reinforcement to the underlying microstructure and serve as phy-
sical crosslinks whereas the soft matrix provides the inherent flexibility
in the polyurea structure (He et al., 2014). The morphology and the
physical characteristics of polyurea are found to be affected by the
segmental intermixing which is attributed to factors governing the
polymerization reaction coupled with the stoichiometric ratio of the
monomers as well as the chemical structure of the copolymer (He et al.,
2014). In all, the broad range of mechanical response of polyurea is

attributed to its complex microstructure.
Furthermore, the mechanical properties of polyurea are found to be

strongly dependent on pressure and strain rate. Choi et al. (2012) found
that under different quasi-static strain rates, the deformation beyond
yield stress governed the orientation of the domains resulting in dis-
tortion of the hard segments with a subsequent reduction in phase
segregation. Moreover, Yi et al. (2006) and Sarva et al. (2007) per-
formed mechanical compression tests while Roland et al. (2007) per-
formed tensile mechanical testing to elucidate the effect of strain rate.
Regardless of the axiality of the applied stress, strong rate-dependent,
nonlinear stress-strain behavior was observed. For both the tensile and
compressive results, polyurea was found to transition from a rubbery
state at low strain rates (~10−1 /s) to a glassy state at higher strain
rates (~103 /s). Guo et al. (2016) showed that the flow stress value of
polyurea under compression is also dependent on the strain rate and
temperature. They revealed that this interdependence of temperature
and strain rate was less pronounced for materials under confined test
conditions with the absence of yielding. In addition, Jiao et al. (2006)
reported that polyurea was found to be insensitive to shearing rates
(~106 /s); however, it was highly dependent on the applied pressure,
where an increase in pressure led to the increase in shearing resistance.
Youssef and Gupta (2012) reported the spall strength of polyurea, under
very high strain rate (~107 /s) shock wave, to be 93.1 ± 5MPa, in-
dicating glassy behavior of polyurea at high strain rates.

Moreover, polyurea elastomeric coatings serve as an excellent ad-
hesive that is impermeable to moisture, resilient to salinity, abrasions,
variations in pH and ambient temperature (Kim et al., 2012). The in-
trinsic rate and pressure dependencies of polyurea have sparked active
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research in the development of novel armor design due to the ability to
tailor its underlying microstructure (Johnson, 1998). As a consequence
of the applied pressure during a ballistic impact, the shearing resistance
of polyurea was found to exceed that of a high strength steel thereby
dissipating a significant amount of energy away from the impact along
with the entrapment of destructive debris (Xue and Hutchinson, 2007;
Bogoslovov et al., 2007). The superior ballistic impact mitigation of
polyurea coatings is attributed to the second-order phase transition
within the soft matrix (Bogoslovov et al., 2007; Grujicic et al., 2012),
while the debilitation and dispersion of shock waves are associated with
the hard segments (Grujicic et al., 2012; Grujicic and
Pandurangan, 2012). Mohotti et al. (2013) further investigated that a
polyurea coating on aluminum plates was found to significantly reduce
the residual velocity of the projectile after impact. Grujicic et al. (2010),
Gupta and Youssef (2014) also reported that the application of polyurea
in athletic helmets was found to considerably reduce traumatic brain
injuries at relatively high blast peak pressures. The eminence of poly-
urea in protective coating and impact mitigation application stipulates
extended duration of exposure to ultraviolet radiation resulting in
natural weathering.

As delineated above, polyurea has been thoroughly investigated
over a decade for its versatility in various applications primarily in
efficient armor design (Barsoum, 2015). Despite its superior mechanical
properties and resistance to chemical attacks, the effect of extended
ultraviolet (UV) radiation on polyurea has been scarcely investigated in
recent years (Whitten and Youssef, 2016; Youssef et al., 2017;
Youssef and Whitten, 2017). Whitten and Youssef (2016) recently re-
ported that polyurea showed signs of discoloration and crack nucleation
within 3 weeks of continuous exposure to UV radiation. Furthermore,
the acoustic properties of UV-exposed polyurea were found to be af-
fected by the extended exposure resulting in a drop of the shear wave
attenuation at higher temperatures (Whitten and Youssef, 2016). Fi-
nally, the same group reported the effect of extended UV exposure on
the dynamic and hyperelastic properties of polyurea (Youssef et al.,
2017; Youssef and Whitten, 2017). Thus in the present work, the effect
of extended UV radiation on the micromechanical properties of poly-
urea is evaluated and the results are explicated within a mechanics
framework.

2. Experimental protocol

A multistep experimental protocol was designed with a focus on
uncovering the overall effect of ultraviolet radiation on the microscale
mechanical properties of the phase-segregated polyurea. The overall
repeatability of the obtained results was ensured by taking measure-
ments at three different locations of each sample.

2.1. Sample preparation

Polyurea sheets with a nominal thickness of 1mm were prepared
using a slab-molding technique by mixing a 4:1 wt ratio of diamine (©
Bayville Chemical Versalink® P-1000 Oligomeric Diamine) and diiso-
cyanate (© Bayville Chemical MDI Isonate™ 143 L), respectively. The
mixture was then cured in a vacuum oven for 24 h at 80 °C
(Whitten and Youssef, 2016). Subsequently, the polyurea sheet was
removed from the mold and 30 circular discs of 25mm in diameter
were punched out and randomly sorted into nine sample sets. Eight of
the sample sets were placed in the UV radiation exposure system while
the remaining set was left unexposed and maintained as the control.

2.2. UV exposure setup

The UV exposure system (UVDOCTOR DDU2024) comprised of four
equally-spaced bulbs with two different wavelengths of UV-A and UV-B
radiation placed alternatively. The wavelength of the exposure system
was between 290–480 nm with the peak wavelength of the bulbs being

360 nm and 420 nm for UV-B and UV-A, respectively. The exposure
system was enclosed with mirror-finished stainless steel panels to re-
flect the UV radiation uniformly onto the samples. The samples were
elevated from the bottom surface to further ensure homogenous ex-
posure by placing them on a UV transparent acrylic. The first sample set
was removed after 1.5 weeks of exposure, while the remaining sets
were removed after 3, 4.5, 6, 7.5, 9, 12 and 15 weeks, consecutively.
The energy radiated by the system was measured to be 5.1 J/cm2 per
hour of UV-A and 8.5 J/cm2 per hour of UV-B using a UV radiometer
(Power Puck-II) (Whitten and Youssef, 2016).

2.3. Surface roughness characterization

Surface roughness characterization of the UV-exposed polyurea
samples were performed using an Atomic Force Microscope (TT2 - AFM
Workshop) operating in the tapping mode under ambient conditions.
Silicon probes (Appnano – ACLA, k=22N/m Ro=160 kHz) having a
reflective aluminum coating with a tip radius of 15 nm, as reported by
the manufacturer, were used. Scans were obtained at moderate tapping
forces with the free air amplitude and set point being 1.5 V and 0.9 V,
respectively. The set point to free air amplitude ratio (Rsp ratio) was
maintained at 0.6–0.7 to prevent excess probe wear and to avoid
measurement artifacts that may result in errors in the obtained data,
which were observed at a lower Rsp ratio. Samples with an area of
50× 50 µm2 were randomly selected and scanned at a spatial resolu-
tion of ~49 nm/line to capture the surface roughness at the highest
resolution. The scans obtained were corrected for tilt by first-order
plane leveling using Scanning Probe Microscopy (SPM) analysis soft-
ware (Gwyddion), thereafter the root mean square (RMS) of the sample
surface roughness was calculated and reported.

2.4. Crack measurements

The crack opening (referring to the distance separating the crack
surfaces at the surface of the sample) measurements were performed
using high aspect ratio tips (Bruker TESP – HAR, k=72N/m,
Ro= 320 kHz) with non-reflective coating and a reported tip radius of
10 nm. The free air amplitude and the set point were adjusted to 1.5 V
to 0.75 V, respectively. An Rsp ratio of 0.5 – 0.6 was maintained to
effectively engage the tip with the surface and to prevent tip lift-off
while scanning around the crack edge. Following surface re-
connaissance to locate the largest cracks, three areas of each sample
were selected using an optical microscope. An AFM scan of 40×40
µm2 was obtained around each crack area, with the exception of the 15-
week samples, which were scanned at 50×50 µm2 to accommodate
the significant increase in the crack opening. The crack opening was
quantified by measuring the distance between the crack edges using
SPM software (Gwyddion). The vertical sensitivity of the equipment
limited the capability of the AFM to quantify the large crack length
since our AFM has a total vertical displacement of 17 μm, which
translates to 8.5 μm of out-of-plane travel above and below the static
equilibrium position of the cantilever; a physical limitation overcome
by SEM as discussed next. A total of nine scans were obtained per ex-
posure duration at different crack sites, which were located sufficiently
apart from one another for statistical significance.

On the other hand, changes in crack length (referring to the ex-
tension of the crack into the sample perpendicular to the surface) were
measured using SEM (FEI Quanta 450) by obtaining transverse sections
of the samples. The transverse sections of the polyurea discs were sliced
at room temperature using a fresh, sharp blade, thus, avoiding the use
of excessive mechanical force as seen in using a microtome or cutting a
brittle solid at cryogenic temperatures. This procedure prevented the
formation of any new cracks that were not induced by the extended
ultraviolet radiation. The sections were then mounted in an acrylic
solution (cured at room temperature) to maintain perpendicularity
during scanning. At least ten different crack length measurements were
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obtained for each sample set. The crack growth was quantified by
modeling the cracks as Mode I cracks in semi-infinite continuum using
Linear Elastic Fracture Mechanics (LEFM) due to tensile stress acting
along the plane of the sample resulting from the surface shrinkage
strain based on the extended UV exposure.

2.6. Microscale force – distance measurements

Local modulus measurements were obtained using the atomic force
microscope fitted with high sensitivity (Bruker RTESP – 300,
k=200N/m, Ro= 550 kHz) silicon probes with a reflective aluminum
coating in contact mode. The probes have a reported tip radius of 8 nm
by the manufacturer, which was independently verified using scanning
electron microscopy of the tip. The spring constant of the cantilever was
obtained using the Sader method (Sader et al., 1999) and was found to
be 98 N/m. The average deflection sensitivity of the cantilever was
found to be 280 nm/V by using a silicon wafer for calibration. A total of
16 force-displacement plots were collected in a selected area of 10× 10
µm2 with minimal surface defects and impurities to prevent discrepancy
in the obtained data. A maximum force of 4 µN was maintained by
adjusting the retract voltage of the photodetector. The travel of the
probe was defined with a step size of 1.6 nm throughout the measure-
ment process. Three random locations were selected for each sample
set, thus a total of 48 plots were obtained per exposure duration. Fig. 1a
shows a representation of the extend/retract curve highlighting the
major characteristics of an AFM force-distance curve. Additionally,
Fig. 1b includes a realistic exemplary data from characterizing the
force-distance of a 15-weeks sample, which clearly demonstrates the
interaction between the tip and surface of the sample beyond the
roughness.

The local modulus of the samples was calculated by fitting the re-
tract force-displacement curve onto the Derjaguin, Muller, Toporov
(DMT) model. The DMT model was selected since it takes into account
the adhesive forces between the tip and the sample, which makes it
suitable for analyzing contact of soft materials such as polymers. The
DMT model is valid for stiff contact of the tip with a flat substrate in
ambient conditions; such an assumption is congruent with the experi-
mental conditions used herein. It is worth noting that other fitting
models were initially considered but the DMT model was found to
perform reasonably given the focus of the research herein
(Maugis, 1992; Johnson, 1998). Nonetheless, future research can focus
on parametrically delineating any possible discrepancy between all
available models. The reduced modulus (Er) defined by the DMT fit is
given by
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where, Es, νs and Ec, νc are the elastic modulus and Poisson's ratio of the
sample (taken to be 0.5 during the data reduction process) and the
cantilever, respectively. Since the tip is much stiffer than the sample,
the second term on the right-hand side of Eq. (2) can be neglected. This
assumption was validated by calculating the local elastic modulus with
and without the second term in Eq. (2), the difference between the
results was found to be negligible.

In addition to using the retract curve to calculate the local elastic
modulus, the contact stiffness represented by the slope of the force-
distance retract line was used to forecast the changes in polyurea due to
extended UV exposure. A comparative stress measure, ς, was calculated
by dividing the square of the contact stiffness by the applied load.

3. Results and discussion

3.1. Surface roughness

The evolution of the surface morphology and topography of poly-
urea as a function of extended UV radiation are shown first qualitatively
in Fig. 2, where the overall surface degradation is evident from the AFM
micrographs. After the initial 1.5 weeks of continuous exposure, in-
cipient nanoscale cracks and micro-voids manifest on the surface,
however, the grainy undersurface structure present on the surface mi-
crograph of the unexposed sample is still clearly recognizable. There-
after, the crack density continues to increase until it almost covers the
entire surface, which is observed by studying micrographs of 3, 4.5, 6
weeks of UV exposure. In other words, the 2–4 µm micro-cracks visible
after 1.5 weeks progressively lead into sample-wide crazing after three
weeks. At 7.5 weeks of UV exposure, chalking of the sample can be
observed along with broadening of the initial cracks and nucleation of
side micro-cracks as well as an increase in surface irregularities until 15
weeks of exposure.

The UV-induced crazing is reported to be primarily a surface phe-
nomenon of local stress relief since surface traction cooperatively in-
duced by embrittlement of the surface initiating shrinkage strain. The
limitation of crazing to the surface was previously reported
(Youssef and Whitten, 2017) and is confirmed by dark-field optical
microscopy analysis of the sample cross-section. Notably, crazing

Fig. 1. (a) Graphical representation of Force-Distance curve with DMT fit and (b) a realistic example of collected data from testing 15-weeks sample.
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necessitates a stress field at levels of the tensile strength (corresponding
to high strain testing, i.e., brittle behavior) to form and grow (Argon,
2013). That is, as Argon discussed, the initiation and growth (thick-
ening and propagation) of crazes are an interplay between the stress-
tensor invariants, namely deviatoric and mean normal stress compo-
nents (Argon, 2013). The incipient nano- and macro-scale cracks and
voids are first produced by the compliant nature of the polyurea
through the deviatoric shear component, which is consecutively ex-
panded by the normal mean stress component. Once the initial cracks
are created, when the stress field is in excess of the tensile strength,
these new cracks act as stress-concentrators leading to the increase in
crack density and distribution as discussed before and shown in Fig. 2.
Here, the stress field that instigates the crazing process is a byproduct of
the shrinkage strain prompted by the byproducts of photo-oxidation
reaction resulting in increased oxygen diffusion during the UV exposure
process (Argon, 2013).

Fig. 3 quantitatively summarizes the progressive step-wise increase
in the surface roughness of UV-radiated polyurea samples with respect
to the exposure duration. Also reported, the RMS of the surface
roughness calculated based on measuring 50× 50 µm2 scans of three
locations on each sample. RMS roughness was found to follow the same
step-wise increments as the average surface roughness. However, the
magnitude is higher than the arithmetic mean surface roughness since
RMS is more sensitive to surface variation. The RMS surface roughness
of the virgin sample was found to be below 50 nm, with a slight increase
after 1.5 weeks of exposure. This signified a total increase of 220% after
15 weeks of exposure at an extrapolated approximate rate of 6.9 nm per
each week of exposure. The abrupt increase in surface roughness after 3

weeks corresponds to the onset of increase in the local modulus (dis-
cussed later), thereafter freshly exposed polyurea (within the crack
surface) soften the overall behavior by relieving the normal stress
buildup on the surface due to the underlying photo-oxidation process
stemming from the interaction between degrading ultraviolet radiation
and exposed surface of polyurea. In general, photo-oxidation is a

Fig. 2. AFM micrographs of 50×50 µm2 (i.e., a square area with side dimension of 50 µm) showing the surface morphology and topography (scale shown on the
right of each scan) of the UV irradiated polyurea.

Fig. 3. Progressive increase in the surface roughness of polyurea as a function
of exposure duration.
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surface aging process, where the ductile core of the sample is masked by
a surface degraded embrittled layer.

3.2. Crack characteristics

To observe the effects of UV radiation on the crack growth, AFM
scans of the crack opening were obtained using the protocol delineated
in Section 2.4. The micrographs in Fig. 4 reveal progressive crack
widening throughout the course of exposure, which is prompted by the
cumulative internal strain buildup. Each of the subgraphs in Fig. 4 was
collected from a different sample that was extracted from the specimen
set corresponding to different exposure duration. The onset of crazing
within 3 weeks of exposure instigated by the combined effect of plastic
relaxation and increased surface traction force, which progressively
resulted in longitudinal cracks formation. Mud cracking was observed
as early as after 4.5 weeks of exposure accompanied by the skin
shrinkage of the island region between the cracks subsequently yielding
wider cracks throughout the exposure. The AFM scans also revealed the
initial smooth edges of the cracks suggesting brittle failure. This could
be caused by the segregation of the hard and soft phases in polyurea,
where the soft amorphous matrix has lower bond energy crystallized
due to the extended UV exposure and generates smoother crack edges.
These measurements have been further quantified in Fig. 5, which
presents the average crack opening of a total of nine AFM scans per
each exposure week. As observed in Fig. 5, the average crack opening of
the UV-exposed polyurea samples over the entire duration of exposure
shows an extrapolated average crack growth rate of 1.8 µm/week. This
continual widening of the cracks, as explained earlier, arises from the
increased shrinkage resulting in higher oxygen uptake sustaining photo-
oxidation reaction.

The crack length measurements are quantitatively summarized in
Fig. 6, which shows three different growth rates as a function of the

exposure duration. First, a linear increase in the crack length is ob-
served to be a rate of 6.8 μm/week from the third week until the sixth
week of exposure. After that, the cracks appear to be arrested at the
core of the sample and remained mostly unchanged until the twelfth
week with a mere growth of 1.2 μm/week. This drop is likely caused by
the oxygen gradient limited to the bottom of the crack, thereby sub-
sequently slowing the reaction. Finally, once the newly formed crack
surfaces are exposed to extended UV radiation, the arrested cracks start

Fig. 4. AFM micrographs of 50×50 µm2 of 15 Week and 40×40 µm2 from 1.5 Week −12 Week showing the crack profiles of the UV irradiated polyurea.

Fig. 5. Effect of extended UV radiation on the crack opening of the surface of
polyurea.

A.M. Shaik, et al. Mechanics of Materials 140 (2020) 103244

5



to propagate again at a rate of 5.8 μm/week as shown after 12 weeks
until the end of the exposure duration.

To gain insights into the aforementioned fracture process, LEFM
framework was leveraged for the subsequent analysis, which was jus-
tified since crack initiation and propagation occurred in the embrittled
layer of polyurea and became arrested in the bulk viscoelastic core
preventing further propagation until oxygen diffused into the depth. In
other words, once the degradation occurs, the media surrounding the
crack tip is unable to resist the stress buildup around the tip and further
crack propagation continues only to be arrested again within a fresh
viscoelastic core that was not exposed to UV radiation as it was masked
by the UV-degraded surface layer. That is, the nature of brittle failure
making it a Mode I cracking and the assumptions of LEFM of the top
highly-degraded surface layer being linear, elastic, and isotropic ma-
terial are within the investigated framework.

Current cracking of the sample is considered as parallel edge
cracking in a half-plane subjected to in plane stress with a semi-infinite
row of normal edge cracks loaded in tension, see inset of Fig. 7 for a
schematic representation of the considered problem. The stress in-
tensity factor, KI, characterizes the magnitude of the applied stress near
the crack tip and is defined as

=K σ πa F a n( , )I 11 (3)

where, σ is the applied stress in MPa and a is the crack length in mm,
which was measured using SEM. F11(a,n) is a geometrical correction
function for the crack geometry, which is dependent on the ratio of
crack length to specimen width and =n L

h2 is the total number of
transverse cracks (h is the half distance between two adjacent cracks).
The geometrical correction factor (F11) is obtained by implementing
numerical interpolation between asymptotic expansions given by s
which is the ratio of crack length to crack length plus the half distance
between two adjacent cracks. To minimize the error, the geometric
correction factor F11 is approximated by a 10th order polynomial with
an error of 1–2% which is given by Eq. (4) and shown graphically in
Fig. 7 (Sih, 1973).
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Thus, the estimation of the critical stress intensity factor can be done by
using the tensile strength of polyurea as well as the periodicity of the
crack measured from the SEM micrographs of the cross-sections. The
periodicity is reported based on measuring the crack spacing along the
entire cross section of one sample from each set of exposure duration.
Due to the shallowness of the cracks within the first three weeks of
exposure, the periodicity was not easily resolved using the SEM.
Youssef et al. previously reported the former as the dynamic tensile
strength (93.1MPa) when polyurea was tested at a strain rate of
107 s−1, which is taken to be the strength of the brittle (glassy) material
(Youssef and Gupta, 2012). The adoption of the dynamic strength,
which was measured of unexposed sample at ultrahigh strain loading
conditions, for the current analysis framework is reasonable based on
twofold justification. First, testing under ultrahigh strain rate sup-
presses all inelastic deformation mechanisms (e.g., creep and yielding),
hence the material does not have time to undergo plastic deformation
and fails in a brittle fashion. Second, the crack tip at the onset of pro-
pagation is most likely situated within the brittle surface layer. The
crack periodicity was found to be 79.2, 55.3, 49.5, 50.6, 47.9 and
27.5 µm for exposure durations of 4.5, 6, 7.5, 9, 12 and 15 weeks, re-
spectively. The periodicity for 1.5 and 3 weeks were proven difficult to
acquire using the SEM due to the shallowness of the cracks and lack of
crack directionality early in the exposure process. Hence, by making no
assumptions about the crack length (i.e., a variable that was numeri-
cally varied), the stress intensity factor was calculated using Eq. (3) (by
plugging in the assumed crack length and the strength values discussed
above) and Eq. (4) (by calculating the new geometrical factor based on
the assumed crack length) by incrementally increasing assumed values
of the crack length. It was found that KI starts to increase as the as-
sumed value of the crack length ascended, until KI reached a maximum
(see Fig. 8a for an illustration of this explanation; the example shown is
for 15 weeks but other exposure duration exhibited identical response
but different values of crack length and KI). The maximum value of KI

was taken to be the plane-stress critical stress intensity factor (KC) and
the corresponding crack length was considered to be the critical crack
size prompting further propagation. The estimated critical stress in-
tensity factor and the corresponding crack length are shown in Fig. 8b.
The results show that the critical crack length deduced from the KC

calculation was found to match closely with those reported experi-
mentally using the SEM (see Fig. 6). In all, the critical stress intensity
factor for embrittled polyurea layer was found to be 0.49 ± 0.08(SD)
MPa.m0.5

.

3.3. Force-distance measurements

The microscale (local) elastic moduli obtained from the curve fitting
of the force-displacement curves of the exposed samples are

Fig. 6. SEM crack length measurements (inset shows a micrograph of crack
captured from 15-week samples).

Fig. 7. Geometrical factors for parallel edge cracks reproduced after
(Sih, 1973).
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summarized in Fig. 9a and the corresponding adhesion forces calcu-
lated during the retract phase are reported in Fig. 9b. The results in-
dicate a similar observation to those noted previously, where a nearly
eightfold increase in material stiffness was reported after 3 weeks in
comparison to 1.5 weeks of continuous exposure. Further exposure
resulted in a corresponding increase in the modulus until 7.5 weeks;
thereafter, it remained mostly unchanged until the end of the exposure
duration. Fig. 9a shows two renditions of the local elastic modulus by
considering (corrected) and neglecting (uncorrected) cantilever stiff-
ness, i.e., the second term on the right-hand side of Eq. (2). The un-
corrected local modulus of the virgin sample was 0.27 ± 0.12 GPa
with an incremental uptick to 3.71 ± 1.07 GPa and 9.832 ± 3.25 GPa
after 3 and 4.5 weeks, respectively. The local surface modulus reached a
maximum of 11.9 ± 3.46 GPa after 15 weeks of continuous UV ex-
posure. The corrected microscale modulus was found to be in close
agreement, further verifying the validity of neglecting the effect of the
mechanical properties of the cantilever beam on the reported mea-
surements.

The increase in the stiffness of the exposed samples is attributed to
the decrease in the viscous dampening (shown in Fig. 9a) of their vis-
coelastic response. The tip-sample adhesion forces of the exposed
samples (Fig. 9b) were found to increase until 1.5 weeks, thereafter
dropping drastically after 3 weeks of exposure. While fresh, unexposed
polyurea surface had an adhesion force of 1.5 µN which significantly
dropped to 0.17 µN after 9 weeks of exposure and attenuated thereafter.
The initial increase in tip-sample adhesive forces is thought to be at-
tributed to the initial effect of ultraviolet radiation on the surface of
polyurea through chain scission hence creating free radicals that at-
tracts the tip towards the sample. As the exposure duration increases,
the photo-oxidation continues (since the exposure apparatus was not

sealed) resulting in an increased surface embrittlement and the sudden
drop in the adhesive force. A similar study on thermal degradation of
EPDM (terpolymer ethylene-propylene-diene monomer) has also shown
changes in mechanical properties with the increase in exposure dura-
tion (Kumar et al., 2004).

The experimental results of the crack opening can be further elu-
cidated using the framework of LEFM since the local elastic modulus
and the estimated critical stress intensity factor as function of weeks of
exposure are now reported. As discussed above, the crack opening
seems to exhibit two large changes corresponding to weeks 4.5 and 12
followed by a slow (stable) progression, which can be better explicated
from Fig. 5. It is to say, once the energy at the crack tip reaches a critical
value, also refer to as the energy release rate, the arrested crack has
enough energy to overcome the cohesion strength of the material and
propagates, thus resulting not only in an increase in the crack length (as
shown in Fig. 6) but also an increase in the crack opening (Fig. 5).
Under the current loading scenario, i.e. stresses developed due to
weathering causing crazing, as seen in Fig. 5, the crack before 6 weeks
of exposure appears to propagate rapidly then gets arrested again be-
tween 6 and 12 weeks, as previously discussed. Thereafter, the crack tip
accumulate enough energy to repeat the same process at 12 weeks.

Before furthering the discussion about the crack opening, it is fitting
to validate the previously reported critical stress intensity factor and we
do so by recalling the relationship between the KC and crack opening
(δ) from LEFM such that

=K δλEσC y (5)

Here, the elastic modulus (E) is given in Fig. 8. The yield strength (σy)
was reported by Brinson for the same polyurea composition as a func-
tion of ultraviolet radiation, which was found to be between 2.35 and

Fig. 8. (a) An example (for 15 weeks) of the output of the algorithm used to obtain the critical stress intensity factor and (b) plane stress critical stress intensity factor
for Mode I parallel edge crack reported as function of critical crack size.

Fig. 9. The evolution of (a) local modulus and (b) adhesion force of UV-exposed polyurea.
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2.25MPa for 4.5 weeks and 2.08MPa 12 weeks (Brinson, 2013). Fur-
thermore, the inset of Fig. 6 shows an SEM micrograph of a crack
without any evidence of fibrils bridging between the crack surfaces
therefore indicating brittle fracturing in the material. Thus, the value of
λ in Eq. (5) is taken to be 1 (Meyers and Chawla, 2009). Plugging the
values of the corresponding elastic modulus and yield strength into
Eq. (5) at 4.5 and 12 weeks result in a stress intensity factor of
0.43MPam0.5 and 0.42MPam0.5, respectively. These calculated values
for KC (based on Eq. (5)) were found to be in a reasonable agreement
with the average value of KC (based on Eq. (3)) within a 12% difference.
Despite the reasonable agreement in the results of KC using Eq. (3) and
Eq. (5), it is important to note that the fracture behavior of the bilayer
UV-exposed/virgin core polyurea sample is interdependent on the
evolution of crack geometry, yield strength, tensile strength, and the
microstructure, to name a few, as function of ultraviolet exposure
duration.

Additionally, the realm of LEFM offers another insight into the
above reported data pertaining to the crack opening (δc) since it is re-
lated to the elastic modulus and the critical stress intensity factor (in-
plane stress conditions) such that

=δ K
λEσc

C

y

2

(6)

Taking the values discussed above for the variables in Eq. (6), the
calculated critical crack opening corresponding to weeks 4.5 and 12
(i.e., unstable crack propagation) were found to be 8.3 µm and 10.9 µm,
which is in good agreement with the experimental results reported in
Fig. 5.

Finally, the evolution of interfacial cracks, i.e. a measured increase
of 5 µm and 50 µm in crack length and crack width, respectively, be-
tween the 12-week and 15-week samples, was previously reported by
Youssef and Whitten (2017), can now be explicated using LEFM with
the help of the first Dundurs’ parameter (α) (Yakimets et al., 2004).
Fig. 10 shows a micrograph of a 15-week sample with a crack length
and width of approximately 25 µm and 66 µm, respectively
(Youssef and Whitten, 2017).

It is worth noting that such predictions were not previously possible
due to the lack of measurements of local material stiffness corre-
sponding to the duration of UV exposure. The elastic mismatch based
on the difference in the moduli between the degraded (ED) and virgin
(EC) polyurea as it compares to the total stiffness of these layers is de-
fined as the Dundurs’ parameter given by Eq. (7).

=
−
+

α E E
E E

( )
( )

D C

D C (7)

In other words, the disparity between the exposed and unexposed
moduli gives rise to an elastic mismatch resulting in nucleation of
cracks at the interface between ultraviolet-degraded layer and the un-
exposed core. This phenomenon can be clearly elucidated by con-
sidering the Dundurs’ parameter of 0.87, which was calculated based on

the moduli ratio of 0.073 between the virgin polyurea and samples after
3 weeks of exposure. In contrast, the Dundurs’ parameter for moduli
ratio of 0.62 corresponding to 1.5 weeks of exposure is only 0.24, in-
dicating the unlikelihood of interfacial crack to form and propagate at
such low level of exposure. Finally, the Dundurs’ parameter remained
relatively constant at 0.94 after 4.5 weeks of exposure at a moduli ratio
of 0.028 and continued at nearly the same value until the overall
duration of exposure, indicating high probability of interfacial crack
formation.

4. Conclusion

In the present work, the effect of UV radiation upon the micro-
structure of polyurea is reported. The changes in surface morphology
arising from the extended UV exposure in ambient conditions were
evident throughout the overall duration of exposure. Crazing within the
third week of exposure resulting from the byproducts of the photo-
oxidation reaction progressively increased the surface roughness of the
polyurea samples. The average crack opening increased linearly until
the fifteenth week of exposure as a result of the increased surface
traction force arising from the increasing shrinkage strain due to surface
embrittlement. Formation of mud cracking was evident after 4.5 weeks,
thus exposing more compliant polyurea causing subsequent crack
growth. Crack morphology observed from the AFM micrographs re-
vealed sharp edges indicating brittle failure, which was further eval-
uated from the AFM force-distance plots. The local elastic modulus
increased considerably after the third week and peaked after 7.5 weeks
of exposure while remaining largely unaffected for the rest of the
duration. Similar results were obtained from the tip-sample adhesive
forces, where a significant drop was observed after an exposure dura-
tion of four and a half weeks with a very small drop thereafter in-
dicating significant loss in viscous damping. A LEFM framework was
employed to explicate the fracture behavior of the surface crack due to
extended UV exposure. Finally, the Dundurs’ parameter obtained by
reducing the local moduli suggested a high probability of formation of
interfacial cracks arising from the stress mismatch between the de-
graded brittle surface and soft sample core. These results signify the
drastic impact of extended UV radiation on the microstructure of virgin
polyurea, which under high impact stresses could compromise its
structural integrity due to the propagation of UV induced cracks into
the core resulting in premature failure. This study thereby incites in-
terest in understanding the synergistic impact of temperature, humidity
and extended UV radiation on the microstructural and viscoelastic
properties and their effect on the impact mitigation property of poly-
urea.
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