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Abstract The energy absorption response of polyurea thin

films is investigated under laser-induced dynamic mixed-

mode loading. By exploiting the substrate geometry, the

arrival times and the convenience of two simultaneously

detected waves (longitudinal and shear), the transient shear

loading of thin films is achieved under mixed-mode con-

ditions. Polyurea films are fabricated on fused silica pris-

matic (90�–45�–45�) substrates by spin coating a polyurea

mixture diluted with tetrahydrofuran solvent. A high

amplitude shear wave loading of the polyurea films is

attained by the mode-conversion of a laser generated

compressive stress wave at an oblique face of the prism

substrate. Mixed-mode dynamic shear experiments are

conducted on 100 nm thick aluminum and 2 lm thick

polyurea films over a range of laser loading fluences (en-

ergy/unit area). The free surface displacement, surface

velocity and energy fluence histories are inferred from the

shear portion of high-speed interferometric measurements.

On comparing input–output velocities and fluence param-

eters, test results show velocity retardation and significant

energy absorption (50–65 %) by the polyurea films. Post-

mortem spallation profiles reveal film wrinkling, tearing

and a directional failure pattern, indicating shear as the

dominant failure mode under the mixed-mode conditions.

Keywords Thin film � Polyurea � Energy absorption �
Mixed-mode loading � Dynamic failure � Laser spallation �
Optical metrology

Introduction

Continued demand for safety and survival against blast,

ballistic impacts, and high-speed collisions routinely

requires high energy absorbing layered/laminated archi-

tectures (e.g., helmet lining, laminated glass, body armor,

laser shields, interlayer sandwich panels, etc.). In such

scenarios, polymers offer significant advantages over con-

ventional materials due to their low density, ease of pro-

cessing, cost-effectiveness, optical transparency, energy

absorbing and vibration damping properties. In the last few

years, polyurea, a class of segmented block copolymer has

drawn increasing attention for its energy absorbing and

shock wave attenuation/dispersion characteristics in coat-

ing/liner or interlayer for blast-tolerant sandwich panels

and structures.

The viscoelastic rate sensitive stress–strain behavior of

polyurea has been studied by several researchers [1–5].

Mock et al. [5] performed a series of plate impact experi-

ments in order to evaluate dynamic properties of polyurea

from the measured shock velocity-particle velocity Hugo-

niot relationship. The uniaxial tensile response of polyurea

at intermediate strain rates (0.06–573 s-1) was investigated

by Roland et al. [6] using a drop weight test instrument.

Sarva et al. [7], Shim and Mohr [8] conducted uniaxial

quasi-static and split-Hopkinson-pressure-bar (SHPB)

compression studies on polyurea over a range of strain
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rates (10-3–104 s-1). A number of studies have also been

carried out to investigate blast resistance of the polyurea

based layered structures. For example, in their shock tube

experiments Tekalur et al. [9] and Gardner et al. [10]

observed improved blast resistance of the composite

sandwich panels with a polyurea interlayer, compared to

the no interlayer cases. The dynamic stress–strain response

of an 1 mm thick polyurea layer sandwiched between two

acrylic plates was studied by Youssef and Gupta [11] using

laser generated stress waves under tensile mode at a strain

rate of *105 s-1. Amini et al. [12] investigated the effect

of the relative position of the polyurea layer with respect to

the loading direction on steel-polyurea bilayer plates. They

noted enhanced energy absorption when the polyurea is

layered on the back face relative to the load-receiving side

compared to the front face. Roland et al. [13] and Xue et al.

[14] noted improved ballistic penetration resistance on

steel plates with polyurea coating. A more recent study by

Jajam et al. [15, 16] on impact behavior of polyurethane

based interpenetrating polymer networks (IPNs) reveals a

3–4 fold increase in energy absorption capacity of IPNs

relative to neat PMMA when subjected to low-velocity

impacts using a drop tower apparatus. Among the numer-

ical works, a study by Bahei-El-Din et al. [17] find that a

thin polyurea interlayer between the face sheet and the

foam core of a sandwich composite is beneficial in blast

mitigation. Computational studies by Grujicic et al.

[18, 19] show improved blast and shock wave mitigation

capabilities of polyurea relative to the conventional foam

when used as a suspension pad/liner in helmets.

Most of the dynamic property characterization of poly-

urea is limited to tensile, SHPB compression or shock tube

loading experiments with strain rates on the order of 102

and 104 s-1, respectively. In contrast to the aforementioned

loadings, the laser spallation techniques [20–27] employ

laser-generated high amplitude acoustic stress pulses of

sharp temporal rise and fall times (a few nanosecond) to

dynamically load a thin film to ultrahigh strain rates of the

order 107 s-1. Guided by parametric studies on laser tensile

loading, Wang et al. [25, 28] successfully modified the

laser spallation technique to achieve dynamic mixed-mode

loading of thin films by allowing the initial longitudinal

stress pulse to mode convert at an oblique surface of a

fused silica triangular prism into a high amplitude shear

wave and a secondary longitudinal wave. In the current

work, we employ this novel method to dynamically load

the polyurea thin films under mixed-mode conditions.

While majority of previous works on polyurea involved

uniaxial (tensile/compression) normal loading, in most

practical applications, layered interfaces tend to fail under

mixed-mode conditions [29] due to the cumulative effect of

both normal and in-plane shear components at the inter-

face. Much of the published research to date on polyurea

deals with blast mitigation and SHPB studies, and very few

describe energy absorption properties. Further, the reported

ones are mostly qualitative and have been studied at

intermediate strain rates (102–104 s-1) under longitudinal

loading. No study on dynamic mixed-mode loading of

polyurea thin films has yet been documented at strain rates

of the order *107 s-1.

In this work, we investigate the energy absorption

response of polyurea thin films subjected to laser-induced

dynamic mixed-mode loading over a range of laser flu-

ences (energy/unit area). In the following sections, the

details of specimen geometry and sample preparation

protocols are provided. Experimental observations include

free surface displacement, surface velocity, fluence histo-

ries and typical thin film damage patterns varying with

laser loading fluences. Finally, the major findings of the

current study are discussed and summarized.

Materials and Sample Preparation

The substrates for laser-induced mixed-mode loading

experiments consisted of fused silica (Corning 7980-2G

type, IOS Optics Inc.) right-angled prisms (dimension:

3 9 3 9 20 mm) in 90�–45�–45� configuration as shown

in Figs. 1 and 2a. The choice of fused silica1 as a substrate

material was due to its nonlinear elastic characteristics, low

coefficient of thermal expansion and high temperature

stability. Aluminum (99.99 % purity, Kurt J. Lesker Co.)

was chosen for energy absorbing layer as well as a

reflective coating because of its high thermal expansion,

high reflectance (for 532 nm diagnostic beam wavelength)

and efficiency to produce the strongest and the shortest

rise-time stress pulses [33, 34]. A sodium silicate water-

glass solution (Fisher Scientific) was used for the con-

finement of aluminum absorbing layer. An oligomeric

diamine (Versalink P-1000, Air Products and Chemicals,

Inc.) and a diphenylmethane diisocyanate (Isonate 143-L,

Dow Chemical) were used for polyurea synthesis.

Tetrahydrofuran (THF) (Fisher Scientific) was employed as

a solvent to dilute poluyrea for thin film fabrication. Some

of the relevant properties of materials used in this study are

listed in Table 1. In order to hold the prism substrates flat

while film deposition, a silicone ealstomer, polydimethyl-

siloxane (PDMS) (Sylgard 184, Dow Corning Corp.), was

used to cast individual molds for holding the samples.

Fig. 2b and c show the cross-sections of the two molds

designed for the current experiments. The mold in Fig. 2b

1 With its unique negative nonlinear elasticity, fused silica softens

under modest compression and helps to develop a decompression

shock in the substrate and enhances the loading at the interface

[30–32].
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was prepared to hold the prism while aluminum evapora-

tion on either of the orthogonal surfaces (absorbing layer or

reflective layer), whereas the configuration of mold shown

in Fig. 2c was created to hold the prism when evaporating

aluminum on the oblique surface to facilitate the laser

alignment.

Pulsed laser
Nd:YAG

Fused silica prism
(90°- 45°- 45°)

Lens

L1

L2S

Polyurea film
Aluminum 

absorbing layer

Waterglass
confining layer

AB
Aluminum 
reflective layer

θ1

θ3

θ1

θ1
θ2

3 mm

n

Aluminum
reflective layer

Fig. 1 Schematic of laser

loading of a right triangular

90�-45�-45� fused silica prism
specimen showing configuration

of shear (S) wave generation

under dynamic mixed-mode

loading

(a)

10 mm

Absorbing layer

Reflective
layer

PDMS mold

Prism

(b)

(d)

10 mm

(e)

10 mm

(f)

10 mm

Oblique surface

Absorbing
layer

PDMS mold

Prism

Reflective
layer

(c)

Fig. 2 Specimen fabrication for dynamic shear loading of thin films.

a A right-angled 90�-45�-45� fused silica prism (3 x 3 x 20 mm)

substrate. b and c Cross section of the PDMS mold configurations for

prism substrate for e-beam evaporation of aluminum on orthogonal

and oblique surfaces, respectively. d Prism substrates in PDMS molds

before e-beam evaporation. e Prism substrates in PDMS molds after

aluminum film deposition. f PDMS mold for spin coating of

waterglass layer and polyurea films

Table 1 Relevant material properties

Material Density, q
(kg/m3)

Longitudinal wave

speed, CL (m/s)

Shear wave

speed, CS (m/s)

Fused silica [25] 2200 5940 3750

Aluminum [35] 2700 6370 3120

Polyurea [5] 950 1660 960
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For thin film fabrication on prism substrates, the fused

silica prisms were cleaned in a piranha solution (3 H2SO4:1

H2O2, by volume) at 120 �C for 60 min to remove any

organic residues off substrates. The freshly cleaned and

oxidized substrates were thoroughly rinsed with deionzed

water (millipore water purification unit), dried under a

stream of air, and further dried in an oven at 100 �C for

15 min. Next, as shown in Figure 2d, the prisms samples

were flushed into the mold cavities and a copper tape (Ted

Pella Inc.) was used to mask any areas on the prisms where

the film deposition was not desired for the purpose of laser

alignment. An aluminum energy absorbing layer (400 nm

thick) and reflective/test film (100 nm thick) were depos-

ited on vertical and horizontal orthogonal surfaces (see

Fig. 1) of the prism, respectively, via electron-beam

(Temescal) evaporation at a rate of 1.5–2.0 Å/s under the

vacuum pressure of 2.0 9 10-6 Torr. Fig. 2d and e show

fused silica prism substrates embedded in PDMS molds

before and after e-beam evaporation of aluminum,

respectively. A relatively large circular PDMS mold

(Fig. 2f) was used to minimize edge effects while spin

coating of polyurea or waterglass on the aluminum

deposited orthogonal surfaces of the prisms due to their

high aspect ratio (20:3). Prior to spin coating, the molds

were subjected to e-beam evaporation of aluminum

(100 nm thick) to facilitate surface compatibility between

the prism and the mold surfaces in order to achieve a

uniform deposition of polyurea or waterglass layer. Poly-

urea was synthesized by mixing oligomeric diamine and

diphenylmethane diisocyanate in 4:1 ratio (by weight) and

the mixture was diluted appropriately using THF. Polyurea

thin films (2 lm thick) were prepared by spin coating a

solution of polyurea/THF (1:8 by weight) at 4000 rpm on

top of the aluminum (100 nm) coated orthogonal surface of

the prism (see Fig. 1). Polyurea film samples were allowed

to cure at ambient conditions for 24 h followed by addi-

tional curing at 80 �C in an oven for 24 h. Polyurea film

thickness was found to be 2.0 ± 0.1 lm as measured by

stylus profilometry (P6 KLA Tencor). Finally, a water glass

solution was spin coated on the energy absorbing layer,

achieving a thickness of 10 lm and was allowed to dry at

room temperature for 1 h prior to testing. Two types of test

films were investigated, 100 nm thick aluminum film for

benchmark/calibration experiments and 2 lm thick poly-

urea films fabricated on top of the 100 nm thick aluminum

film (a reflective coating for the Michelson interferometer).

For interferometric measurements, the surface quality of

polyurea thin films fabricated in the current study was

assessed using a stylus surface profilometer (P6 KLA

Tencor) and compared with those of bare fused silica

substrate and e-beam evaporated aluminum film. The sur-

face roughness measurements were performed on bare

fused silica substrate, 100 nm thick aluminum and 2 lm

thick polyurea films over a scan length of 5 mm at 3–4

different locations in each sample. The digitized data

obtained from the surface profiler was processed to cal-

culate root mean square surface roughness (Rrms). The Rrms

values were 2.84, 3.88 and 4.36 nm for bare fused silica

substrate, 100 nm thick aluminum and 2 lm thick polyurea

films, respectively. The e-beam evaporated aluminum and

the spin coated polyurea showed a surface waviness as

small as few nanometers in height, with lateral separations

of less than 1 lm. The Rrms values as well as the peak

amplitudes of surface elevations in each case were smaller

than the wave length of the diagnostic beam (532 nm) for

the Michelson interferometer used in this study. Thus, from

the perspective of optical metrology [36], the surface

quality of e-beam evaporated aluminum and spin coated

polyurea thin films is in agreement with the requirements

of specular finish in order to facilitate in situ interfero-

metric data collection in the current work.

Experimental Methodology

Working Principle

The dynamic mixed-mode loading of polyurea thin films

was achieved using a right triangular (90�–45�–45�) prism
substrate. The cross-sectional view of the substrate

describing the working principle of the laser spallation

technique for the shear wave loading of thin films in a

mixed-mode setting is shown in Fig. 1. Stress waves are

generated by impinging a high powered laser pulse on an

energy absorbing material (aluminum) sandwiched

between the confining layer and the substrate, causing rapid

vaporization of aluminum into plasma. Because of the

volumetric expansion a large pressure is created, generat-

ing a compressive stress wave, L1, that propagates towards

the oblique surface. Upon reflection at the oblique surface,

stress wave, L1 is mode-converted into a secondary longi-

tudinal wave, L2, and a high-amplitude shear wave, S. The

mode-converted reflected waves L2 and S are then incident

on the bottom orthogonal surface of the prism at points

A and B, respectively.

Optical Setup and Laser Alignment

The schematic and a photograph of the optical setup used

for dynamic mixed-mode loading of thin films are shown in

Figs. 3 and 4, respectively. The setup consisted of a

Q-switched Nd:YAG infrared laser (New Wave Research

Inc., Tempest 10 Hz, k = 1064 nm) with 5 ns duration

Gaussian pulse of continuously adjustable energy content

between 0–200 mJ as the energy source to generate tran-

sient loading on the specimen. A Michelson interferometer
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was employed to monitor the surface displacement of the

thin films in real-time. The probe beam (CrystaLaser LC,

100 mW, k = 532 nm) of the interferometer was focused

at point B (Fig. 1) in order to record mixed-mode inter-

ference intensity profile in terms of voltage using an

ultrafast photo-detector (Electro-Optics Technology Inc.,

ET-2030, rise time = 300 ps) in conjunction with a high-

speed digital oscilloscope (LeCroy LC584 A, 40 GHz).

Care was exercised in aligning the optics so that that the

beam was focused perpendicular to the film surface to the

smallest possible focal spot (*100 lm) at the point of

detection. The optical arrangement was such that 50/50

parts of the probe beam were directed normal to the sur-

faces of a stationary reference mirror and a sample using a

beam splitting cube, and the reflected light intensity from

both surfaces recombine to produce an interference signal

(due to any out-of-plane motion of the sample surface)

being detected by the photo-detector.

Due to the small specimen size, the transient nature of

loading and the complicated stress wave mode-conversion

at the oblique surface, alignment of the two lasers is critical

to acquire the expected interference signal at the point of

interest. A photograph shown in Fig. 5 depicts the

scheme of laser alignment for mixed-mode loading

experiments. A right-angled fused silica prism

(3 9 3 9 20 mm) was securely held on a 3-d micro-me-

chanical stage. In the middle of the 20 mm long and 3 mm

wide prism, a narrow section of 2 9 3 mm2 area was

reserved as alignment window while rest of the prism was

coated with energy absorbing film, waterglass layer,

reflective film and test film according to Fig. 1. Within the

alignment window, the two orthogonal surfaces were left

uncoated while the oblique surface was coated with a thin

strip of aluminum film. A three-step procedure was fol-

lowed for the purpose of laser alignment and for recording

the data at point B (Fig. 1). In the first step, the probe beam

(532 nm crystal laser) of the Michelson interferometer was

directed perpendicularly at the center of the window on test

film side of the prism and reflected (by the oblique surface)

out of the window on absorbing layer side. In the second

step, a YAG sensitive paper was placed in front of the

window on the absorbing layer side. The position of the

Nd:YAG laser and the corresponding focusing lens was

adjusted until the center of YAG spot (created by YAG

firing) on the YAG sensitive paper overlapped with the

Pulsed laser
Nd:YAG

Crystal
laserSample

Reference
mirror

Incident
mirror

53
2 

nm

Oscilloscope

Photo-detector

Lens

Lens

Beam 
splitter

Fig. 3 Schematic of the Michelson interferometric setup for the

measurement of free surface displacements under laser-induced

dynamic loading of thin films

Diode laser (532 nm)

Beam steerer

Collimators

Incident
mirror

Lens
Nd:YAG

focusing lens

Reference 
mirror

Nd:YAG laser 
(1064 nm)

Prism 
holder

Beam splitter to
oscilloscope

5 mm

Fig. 4 Photograph of the

experimental setup used for

energy absorption study of

polyurea films under laser-

induced transient mixed-mode

loading. The inset at the top left

corner shows a fused silica

prism of larger dimensions

instead of actual specimen size

(3 9 3 9 20 mm) for the

demonstration purpose
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incoming probe beam as shown in Fig. 5. Once the align-

ment was completed, the relative position of both lasers

was fixed. Next, in order to record surface deformation

history at point B, the prism was translated horizontally by

a pre-calculated distance of 0.5 mm (distance between

points A and B, for current geometry) relative to the

position of probe beam. While testing, the specimen was

moved vertically for multiple tests on either side of the

uncoated region. In this work, the Nd:YAG laser was

focused to a 1 mm diameter spot (inset of Fig. 5) on the

energy absorbing layer.

Interferometric Measurements and Fringe Analysis

For the substrate geometry shown in Fig. 1, h1 (=45�) and h2
are the incident and reflected angles of L1 and S waves,

respectively, and h3 is the angle between the shear wave dis-
placement (normal to the propagation direction of shearwave)

and the test film. For the current sample dimensions,

h3 = h1-h2, and the angle h2 (=26.5�) is given by Snell’s law,
sin h1
sin h2

¼ CL

CS

¼ k ¼ 1:584; ð1Þ

where CL = 5940 m/s and CS = 3750 m/s are the longi-

tudinal and shear wave speeds of the fused silica, respec-

tively. According to linear wave propagation theory [37],

the energy conservation of stress waves at the oblique

surface is expressed,

uL2
uL1

� �2

þ uS

uL1

� �2

� sin 2h2
sin 2h1

¼ 1; ð2Þ

where uL1 ; uL2 and us are displacement amplitudes of the

stress waves L1, L2 and S, respectively. From elastic wave

theory [38], the displacement amplitude ratios are given by,

uL2
uL1

¼ sin 2h1 sin 2h2 � k2 cos2 2h2
sin 2h1 sin 2h2 þ k2 cos2 2h2

’ �0:0645; ð3Þ

uS

uL1
¼ 2k sin 2h1 cos 2h2

sin 2h1 sin 2h2 þ k2 cos2 2h2
’ 1:1166; ð4Þ

The negative output in Eq. (3) indicates that L2 is

reflected into a tensile stress wave. Using Eqs. (2)–(4), the

energy (E) distribution of L2 and S waves with respect to

incident energy of L1 wave, can be evaluated as,

EL2

EL1

¼ uL2
uL1

� �2

’ 0:42% and

ES

EL1

¼ uS

uL1

� �2

� sin 2h2
sin 2h1

’ 99:58%:

ð5Þ

More than 99 % of the energy of the incident longitu-

dinal wave, L1, is mode-converted into the shear wave, S.

The interference intensity profile captured by the photo-

detector is reduced to a fringe count, N(t), at a given time

instant, t,

I tð Þ ¼ Imax þ Imin

2
þ Imax � Imin

2
� sin 2pN tð Þ; ð6Þ

where I(t), Imax and Imin are the photo-detector recorded

light intensity signal, the intensity maximum and mini-

mum, respectively. The fringe count, N(t), of the interfer-

ogram is related to out-of-plane displacement, u(t), and the

optical wave length, k, of the Michelson interferometer by,

un tð Þ ¼ k
2
� N tð Þ: ð7Þ

When the diagnostic beam of the Michelson interfer-

ometer is focused either at points A, B, or anywhere

between A and B (Fig. 1), the interferometer detects both

L2 and S waves. Although, the L2 and S regions are over-

lapped2, each wave can be easily distinguished based on

the corresponding wave arrival times. However, the quality

and the intensity of the wave signal vary depending on the

location of the probe beam on the test film surface. The

normal displacement uL2 can be obtained directly from the

out-of-plane interferometric measurements at point A.

YAG paper
Crystal laser 

(532 nm)
YAG laser 
(1064 nm)

YAG spot size

10 mm

Test film

Fig. 5 Photograph showing the scheme of laser beam alignment. A

right-angled fused silica prism (3 9 3 9 20 mm) sample is sitting on

a prism mount attached to a 3-d micromechanical stage. The inset at

the top left corner shows an optical micrograph depicting spot size

(*1 mm) of YAG impacts on the specimen

2 For the substrate geometry in this work, the distance between points

A and B is 0.5 mm. For a 1 mm diameter YAG spot, the diameters of

L2 and S waves fronts are 1 mm (centered at point A) and 1.33 mm

(centered at point B), respectively [25].
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Subsequently, the shear displacement us is evaluated from

uL2 using the mode-conversion coefficients from Eqs. (3)

and (4), as shown in Eq. (8),

uS

uL2
¼ 2k sin 2h1 cos 2h2

sin 2h1 sin 2h2 � k2 cos2 2h2
: ð8Þ

Alternatively, the shear displacement us can also be

obtained from the shear part of the interferometric mea-

surements at point B. Using any of the two approaches

should yield the same results. In this work, the surface

displacement history was inferred using the latter approach.

Despite overlapping between the L2 and the S regions, the

interferometric measurement at point B offers a conve-

nience of strong and easily discernible shear signal in the

interferogram. In view of this, the probe beam of the

Michelson interferometer has been directed at point B.

Prior analyses by Wang et al. [25, 26] show that point B is

under mixed-mode loading and the out-of-plane displace-

ment component (u?) at point B is given by u? ¼ usb;
where b = 0.778.

In order to compute energy fluence (J/m2) development,

the free surface velocity vs(t) profiles are obtained by

numerical differentiation of surface displacement data,

vs tð Þ ¼
dus tð Þb

dt
: ð9Þ

The surface velocity is then converted to particle

velocity (vp(t) = 0.5vs(t)) [39] for energy flux calculations.

The energy flux, W(t) (J/(m2s)), is evaluated from the

velocity history using conservation of momentum and

energy [40],

W tð Þ ¼ 1

2
qo vp tð Þ
� �2

CS; ð10ÞÞ

where qo and Cs are the initial density and the shear wave

speed (see Table 1) of the substrate material, respectively.

By performing numerical integration on energy flux over a

given duration, the energy fluence histories, Ef (J/m
2) are

obtained by,

Ef ¼
Zt2
t1

W tð Þdt: ð11Þ

Results and Discussion

Laser-induced dynamic mixed-mode loading experiments

were performed on samples with aluminum and polyurea

test films of thickness 100 nm and 2 lm, respectively.

Initial benchmark experiments were carried out on 100 nm

thick aluminum test films. The output fluence history from

the benchmark tests on aluminum was used as the input

fluence for polyurea films to estimate the energy absorption

capacity of polyurea. A representative interferometric

intensity signal as recorded by the photo-detector at point

B is shown in Fig. 6 for a 100 nm thick aluminum film

tested at a laser fluence of 193 mJ/mm2. As discussed

earlier, due to the overlap between the L2 and the S regions,

a longitudinal wave signal L2 is also received at point

B. Based on the wave speeds in fused silica, the geometry

of the sample and the trigger delay of the YAG laser

(100 ns delay between the Q-switch trigger and the firing

of the YAG), the arrival times for the secondary longitu-

dinal wave, L2, and the shear wave, S, are evaluated the-

oretically and can be compared with the experimental

observations as shown in Fig. 6. With reference to the

trigger time of the Q-swtich of the YAG laser (t = 0 ns),

the arrival of the longitudinal wave L2 is at about

t2 = 607 ns when compared to the expected arrival time of

605 ns (100 ns trigger delay ?3 mm (travel distance)/

5940 m/s (CL) = 605 ns). Likewise, the shear wave S ar-

rives at about t3 = 703 ns, the expected arrival time

(100 ns trigger delay ?3 mm (travel distance for L2 wave)/

5940 m/s (CL) ?1.58 mm (travel distance for S wave)/

3750 m/s (CS) = 703 ns). Thus, the arrival times of both

L2 and S stress waves are in good agreement with those

expected from the theoretical calculations. Because of the

negative nonlinear elasticity of fused silica, a shock wave

appears at about 550 ns after the initially generated lon-

gitudinal stress pulse travels a short distance [30] in the

substrate and the shock profile is maintained even after it is

reflected from the oblique surface. At t4 = 792 ns, a sharp

turning point indicates the arrival of the decompression

shock. In Fig. 6, the data also indicate the arrivals of low

amplitude stresses at about t1 = 377 ns. The presence of

the low amplitude signals (indicated by the wide spacing)

Fig. 6 Representative interferometric voltage signal detected at point

B (see Fig. 1) on a 100 nm thick aluminum film by the photo-detector

in the Michelson interferometer of the dynamic mixed-mode exper-

imental setup
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prior to the expected waves may be attributed to low

amplitude longitudinal stress wave propagation diagonally

from the sharp edges of the YAG impacted region [25].

Representative interferometric measurements are shown

in Fig. 7 for a 100 nm thick aluminum film subjected to

mixed-mode loading at a laser fluence of 193 mJ/mm2.

Fig. 7a shows a magnified view of the shear wave signal in

the fringe data shown in Fig. 6. The time corresponding to

the shear wave arrival (t3 = 773 ns) and the turning point

(t4 = 792 ns) in the signal are indicated by arrows. The

out-of-plane displacement history is calculated from the

shear part of the signal, and is shown in Fig. 7b. The free

surface velocity history shown in Fig. 7c is evaluated by

numerical differentiation of the displacement profile. The

surface velocity accelerates in a nearly monotonic fashion

until it reaches a peak followed by a steep drop just before

the turning point in the shear part of the signal. A notice-

able departure from linearity of the velocity profile in the

acceleration region is attributed to the noise introduced by

numerical derivation. The surface velocity is converted to

particle velocity for energy flux calculations and by per-

forming numerical integration on energy flux data over a

given duration, the energy fluence is computed. The cor-

responding output energy fluence history is plotted in

Fig. 7d and is representative of the energy dissipation

under mixed-mode loading.

Fig. 8a shows a typical interferometric voltage signal

for a 2 lm thick polyurea film captured at point B at laser

fluence of 193 mJ/mm2. The arrival times for the L2 (t2)

and S (t3) waves are computed for the polyurea film and are

indicated by tilted arrows. A shock (sudden turning in the

fringe signal) arrives at 792 ns as indicated by a vertical

arrow. The voltage signal corresponding to shear region (t2
to t3) is processed to obtain surface displacement, surface

velocity and energy fluence histories. A systematic com-

parison is made between the interferometric measurements

of aluminum and polyurea test films. The displacements

profile, surface velocity and energy fluence histories for
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Fig. 7 Typical experimental data of a laser loading experiment on a

100 nm thick aluminum film at point B. a Expanded view of the shear

wave signal in the fringe data of Fig. 7. b Corresponding free surface

out-of-plane displacement history. c Free surface velocity history.

d Output fluence evolution
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100 nm thick aluminum and 2 um thick polyurea films are

shown in Fig. 8b,c, and d, respectively. The out-of-plane

surface displacement histories are compared in Fig. 8b.

The displacement profiles show a monotonic increase in

both cases, however, they differ in terms of the slopes and

the peak values. As mentioned earlier, the polyurea films

were fabricated on top of the 100 nm thick aluminum layer

(see inset in Fig. 8d for film deposition scheme) pre-de-

posited on fused silica substrates, hence, the velocity or

energy fluence from the shear measurements on aluminum

film serve as input to the polyurea film. The surface

velocity profiles in Fig. 8c are nearly Gaussian shape for

both aluminum and polyurea films. In each case, the sur-

face velocity increases monotonically until it attains a peak

value followed by a deceleration. Due to the viscoelastic

nature and higher film thickness, polyurea shows lower

acceleration, low peak velocity and shallow deceleration

when compared to the aluminum film. A 2 lm thick

polyurea film shows approximately 55 % reduction in the

peak velocity (input velocity *38 m/s from the aluminum

film to the polyurea film outputs to *17 m/s). The

optically measured energy fluence histories for both films

are compared in Fig. 8d. The input (from aluminum film)

and output (polyurea film) energy fluence profiles show

increasing trends with steep rise in the former relative to

the latter. Upon comparing the peak values of input and

output energy fluences, a 2 lm thick polyurea film shows

about 71 % energy absorption under shock wave shear

loading in a mixed-mode experimental setting.

The effect of laser fluence was studied on the energy

absorption capability of 2 lm thick polyurea thin films. A

series of experiments were performed at laser fluences

ranging from 157 to 217 mJ/mm2 on 100 nm thick alu-

minum and 2 lm thick polyurea thin films. With reference

to the energy absorption scheme described in Fig. 8d, the

input and output energies were compared to evaluate the

percentage energy absorption by polyurea films. Figure 9

shows the variation of energy absorption (%) for 2 lm
thick polyurea films tested over a range of laser fluences.

Each data point represents an average of 3–4 tests and the

error bars correspond to their standard deviation. The inset

shows a photograph of the YAG impacted face of a shear
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test specimen resting in a PDMS mold. The average energy

absorption in Fig. 9 is approximately 50–55 % at laser

fluence ranging from 157 to 193 mJ/mm2 followed by a

modest increase of 60–65 % at higher laser fluence.

Polyurea is a micro-segregated amorphous phase with

hard domains (aromatic, bulky, stiff, high Tg) in a soft

segment (aliphatic, long, flexible, low Tg) viscoelastic

matrix. The combination of these hard and soft segments

provides optimum strength and ductility to the polymer, as

well as the transition of polyurea between its rubbery and

glassy states at high strain rate loading results in inter-chain

mobility, possibly responsible for its remarkable energy

absorption characteristics. Furthermore, the propagating

shock waves undergo multiple reflections because of the

mechanical impedance mismatch in the specimen config-

uration adopted in this work, consisting of stiff (aluminum)

and compliant (polyurea) films, and these reflections

reduce the propagation velocity of shock waves by wave

dispersions at the interface, and thereby enhance energy

absorption.

The optical micrographs shown in Fig. 10 depict the

effect of laser fluence on the deformation of thin films due

to dynamic mixed-mode loading. A few representative

images of damage patterns for the 100 nm thick aluminum

and for the 2 lm thick polyurea films are shown at varying

laser fluence. The formation of wrinkles and tear marks

indicate the presence of mode-mixity in the interfacial

failure. For the case of 100 nm thick aluminum film at

incident laser energies of 172 and 193 mJ/mm2, no failure

is visible, possibly due to the lack of threshold stress

required to initiate the film deformation as well as due to

the interfacial strengthening effect as the layer thickness

YAG laser fluence (mJ/mm2)
155 165 175 185 195 205 215 225

En
er

gy
 a

bs
or

pt
io

n 
(%

)

0

20

40

60

80

100

YAG impacted face 
of a shear sample

10 mm

Fig. 9 Effect of laser fluence on energy absorption response of 2 lm
thick polyurea films. The inset shows a photograph of YAG impacted

face of a shear test specimen
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Fig. 10 Optical micrographs depicting the effect of laser fluence on the failure of 100 nm thick aluminum (top row) and 2 lm thick polyurea
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decreases from micron to nanometer scale [41]. After

attaining threshold, the aluminum film shows interfacial

damage at laser fluence of 203 and 217 mJ/mm2, however,

the damage zone is relatively smaller at 203 mJ/mm2, than

that at 217 mJ/mm2. In the case of 2 lm thick polyurea

film, damage increases with increasing laser fluence. More

significant wrinkling and several tear marks occur in both

aluminum and polyurea films at the highest laser fluence

217 mJ/mm2. Note that the film wrinkling is attributed to

the accumulation of in-plane shear motion from longitu-

dinal to shearing direction (from right to left in the

micrographs, see Fig. 1, B / A). Furthermore, the density

and size of wrinkles increases along the shearing direction

with increasing laser fluence. The extent of damage and

large size of wrinkles in polyurea is possibly due to the

higher film thickness (2 lm) as compared to the aluminum

film (100 nm). In both films, the formation of wrinkles and

their direction of deformation indicates shear as the dom-

inant failure mode.

Conclusions

The energy absorption behavior of thin poylurea films

(2 lm) was studied under dynamic shear loading using a

laser-induced mixed-mode experimental setup. Mode

mixity at the film was induced by directing mode-con-

verted shear and longitudinal stress waves from the oblique

surface of a fused silica substrate. The interferometric

fringe data revealed the development of a shock due to

nonlinear elastic characteristics of fused silica substrate.

Test results indicated significant reduction in the peak

surface velocity by polyurea films relative to the input

velocity. A 2 lm thick polyurea film showed approxi-

mately 50–65 % energy absorption at varying laser flu-

ences under shock wave shear loading. The wrinkling and

tearing patterns of failed films were consistent with mixed-

mode loading, and their directions of failure demonstrated

shear as the dominant failure mode.
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