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This work addresses the failure mechanisms of polyurea when is loaded with an 

ultra-high strain pressure wave. This kind of loading is present when polyurea is used as a 

protective layer against projectiles in ballistics and explosions.  A large amount of research 

has been done on this polymer at room temperature and at lower strain rates, but there is 

not a lot of information on the failure mechanism of polyurea when is subjected to ultra-

high strain rate and low temperatures. Therefore, to understand the failure mechanisms that 

occur in these loading situations a more novel technique is necessary. Modifications were 

made to the Laser Spallation Technique in order to load structures under a single transient 

wave pulse, resulting in two different setups. This study characterized polyurea shock 

loaded at extreme pressures, strain rates and temperatures. By sandwiching polyurea 
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between two right angle N-BK7 prism, the sample was subjected to a combined pressure 

shear stress at strain rates of 2.8 x 107 s-1. The stress at failure was determined by Abaqus, 

a finite element analysis software, that was loaded by interferometrically measured stress 

wave in the glass prism before it strikes the polyurea sample. A shear strength of of 90±9.9 

MPa under a pressure of only 119±13 MPa was measured. Using a different testing setup, 

polyurea was loaded in tension-shear stress, the stress state at failure was calculated to be 

27.71 ± 2.43 MPa in shear and mean normal stress of and 57.13 ± 5.02 MPa. This occurred 

at a calculated peak strain rate of 3.7 x 107 s-1. To explore an even more extreme loading 

environment, a specialized test setup was employed to load polyurea at temperatures 

ranging from room temperature to -100°C in an attempt to elucidate brittle behavior. Under 

these loading conditions polyurea failed in a different way, depending on the displacement 

constraints of the sample and the way that the stress wave was generated. In the spallation 

test setup, the spalled strength found through the FEM stress calculations is equal to 1.11 

GPa with a strain rate of 6.4 x 107 s-1. Polyurea formed a Hertzian cone crack when a certain 

combination of temperature and energy fluence was used, a failure mechanism not 

previously observed at room temperature using the maximum energy of the Nd:YAG laser 

(2.3J). Polyurea columns were loaded at different temperatures and energy fluence, 

showing wing cracks when the samples were loaded at -60°C with 490KJ/m2 fluence. 

Finally, the mechanical behavior of the polyurea was studied by using a modified high-

strain rate punching test, creating shear bands at -20°C with a 512.6kJ/m2. 
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1 Introduction 

Polyurea has been mechanically studied for many years under different loading conditions 

to characterize its material properties. Most the literature has addressed all the different 

types of loading situations possible: tensile test at low and high strain rate, shear stress test, 

layered setup and so on. Tests at low strain rates have been used for hundreds of years while 

more sophisticated high strain rate are more recent and need to be studied more since 

materials, like polyurea, are strain rate sensitive. Several experimental research have 

indicated that the application of polyurea external coatings and/or internal linings can 

dramatically improve ballistic penetration and blast resistance of buildings, vehicles and 

field test-plates [1]. To understand the performance of polyurea under ultra-high strain rate 

at different temperatures a more novel technique is necessary. By completing these tests, 

we can further understand how the polymer deform under shock/blast loading and therefore 

engineer/optimize materials that will be able to withstand these types of loading for 

shielding as well as determine defeat mechanisms of protective shielding. 

 

1.1. Motivation of Present Study 

Since the 1980’s, the implementation of polyurea as a coating/lining technology has 

advance significantly [2]. To optimize its use, the different failure mechanisms need to be 

studied. In order to accomplish that, different loading conditions were tested, but all of 

them at ultra-high strain rates. To acquire more knowledge on how polyurea fails, it was 

tested at different temperature.   By measuring and understanding the failure mechanisms 

of polyurea under we can optimize protective coatings, and understand its limitations.  
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The Laser Spallation Technique, previously used to find adhesion strength of thin-

films is modified in this study to create a single temporal stress pulse that is imparted upon 

the testing sample. Polyurea is subjected to varying states of stress and temperatures, all at 

ultrahigh strain rates. As well, by utilizing different loading setups, we can explore the 

failure mechanisms after the shock/blast loading by scanning electron microscopy. 

 

1.2. Objectives of Present Study 

The intentions of this study are: 

1. To investigate the failure mechanisms of polyurea at high strain rates 

2. To investigate the temperature dependence of deformation mechanisms polyurea 

at high strain rates  

3. To characterize the mechanical properties of polyurea after shock loading 

(1) Subjecting polyurea to a combined pressure/shear loading until failure.  

(2) Loading samples with a combination of a tension shear load.  

(3) Spalling the back surfaces of polyurea with a pure tensile wave.  

(4) Generating a Hertzian cone crack. 

(5) Loading polyurea columns for a uniaxial stress analyses. 

(6) Modifying a punching shear test to get failure in the form of shear bands. 

4. To quantify the stress street at every failure mechanism using a finite element 

analysis in Abaqus. 
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1.3. Document Organization 

 Chapter 2 introduces polyurea (its importance and synthesis), the laser spallation technique 

and our modifications, stress state analysis via interferometry, and the finite element 

analysis used to get the stress state of polyurea. Chapters 3, 4, study the failure mechanics 

of polyurea when is under pressure/shear and tension/shear loading respectively at room 

temperature. Chapter 5 studies the spallation strength of polyurea. Chapter 6 analyzes the 

failure mechanism presented on the form of a Hertzian cone crack when polyurea is loaded 

with a stress wave at different temperatures. Chapter 7 discusses the failure of polyurea 

columns with different slander ratios and temperatures. Chapter 8 provides the results of a 

modified punching shear test on polyurea under an ultra-high strain rate. The final chapter, 

Chapter 9, has the conclusions from this study. 

 

2 Background 

2.1. Introduction 

Polyurea is an elastomeric co-polymer with a nano-composite like microstructure 

consisting of discrete hard-domains distributed randomly within a compliant/soft [1]. 

According to the  Polyurea Development Association a polyurea system is defined as an 

elastomer is that derived from the mixing of an isocyanaten component and a resin blend 

component [2]. The first reference to polyurea come in 1948 when researchers were 

comparing the physical properties of polyesters, linear polyethylene, polyurethanes, 

polyamides and polyureas [3]. After testing the thermal properties and melting point, they 

found that polyureas had superior thermal properties and high melting point compared to 
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other materials [2]. Since then, polyurea has been studied extensible to find an appropriate 

way to optimized it used.  

It was found that the application of polyurea protective coatings can improve 

ballistic penetration. Different mechanisms have been suggested to explain how the 

performance of a polyurea-coated structures is enhanced. The transition of polyurea 

between its rubbery state and tis glassy state under high strain-rate loading is consider to 

be one of the mechanisms that improves shock absorption. Other mechanism have been 

proposed to explain the shock mitigation properties of polyurea such as shock-impedence 

mismatch, shock-wave dispersion, fracture-mode conversion and strain delocalization [1]. 

Polyurea has a complicated microstructure, showing a complex mechanical 

response under different kind of loading conditions, going from static to a dynamic large-

strain loading conditions. During testing, polyurea shows these main mechanical 

characteristics: non-linear response, temperature sensitivity, extreme pressure dependence, 

and strain-rate sensitivity [4], [5]. Polyurea is commonly used in blast/ballistic-impact 

protection and abrasion-corrosion prevention applications to take full advantage of the 

mechanical characteristics mention above [6], [7], [8]. 

In recent years, polyurea coatings have been used to counter the threats associated 

with detonation of bombs. The US Air Force made an experiment to support the use of 

polyurea as a protective layer. They sprayed polyurea on a building before the it was 

subjected to an explosion and analyzed the result afterwards. The building did not collapse 

and a lot of the debris and wall fragment were contained, preventing them from entering 

the building interior [9]. This debris could be expulsed to very high velocities, and cause 

major injury/fatality of the building occupants. Subsequently, US Navy employed polyurea 
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coatings to enhance ballistic penetration resistance and blast-survivability of its vehicles 

and infrastructure [10]. 

 
 
2.2. An Overview of Polyurea 

 2.2.1. Importance of Polyurea 

Polyurea has multiple industrial applications. Its commercial use on bridges, roof 

coverings, tanks, marine applications, waste water treatment, blast absorbing layer, makes 

it a versatile and important polymer [11], [12], [13]. Polyurea systems are noted for their 

high thermal stability making it possible to use in inject molding process. Since 1980’s, 

polyurea has been used in the automotive industry to manufacture exterior body panels and 

fascia parts [2]. As a coating layer, polyurea is chosen over other paints, urethanes and 

epoxies because it offers great physical properties such as elasticity, water vapor 

transmission, crack bridging, hardness, adhesion to various materials, coefficient of linear 

expansion, impact resistance, tear strength, tensile elongation, and tensile strength over a 

large temperature range and humidity [11]. 

The resistance of polyurea to environmental elements for long periods of time 

makes it ideal for corrosion and abrasion protection. Polyurea coatings have not been in 

use for more than 15 years, limiting the empirical data on the degradation over an extended 

period. Nonetheless, two outdoor investigations on the estimated life expectancy of the 

polyurea layer have estimated a 75-100 year life span [11] 

Polyurea can maintain its physical properties from -40 °C to 177 °C, it has a 

moisture vapor transmission of 0.025 perms at 30 mils, ultraviolet rays have a minimal 

impact on it (changes its color and loses its glossy finish over a 15-year time span). 
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Radiation has a minimal effect on the material as well. The University of Michigan 

performed a radiation test, and concluded that the modulus of elasticity and hardness were 

insensitive to radiation. Also, material ductility, tensile strength, and tear strength did not 

significantly decrease at a dose of 5 x 107 Rad [14]. 

 
 2.2.2. Manufacturing of Polyurea 

A polyurea system is defined as an elastomer is that derived from the mixing of an 

isocyanaten component and a resin blend component (polyamine). These two components 

are sprayed, caulked, poured or RIM processed to create polyurea. The thermoset chemical 

reaction that takes place between the 2-part system consist in a polymerization and curing 

part [2]. The main difference between polyurea and polyurethanes is that amine terminated 

(-NH2) resins are used rather than hydroxyl terminated (-OH) resins, commonly referred to 

as polyols. The reaction of the amine terminated resins with the isocyanate component 

results in the formation of a urea linkage [2]. These units repeat over and over making the 

term polyurea very suitable for this polymer. A simple illustration of the “polyurea” 

reaction is given in Figure 2.1, compared to polyurethane in Figure 2.2: 

 

Figure 2.1. Polyurea formation reaction. 
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Figure 2.2. Polyurethane formation reaction. 

 

It is worth noticing that “polyurea” is a description of a technology and it in itself is not a 

coating / lining system. Different mixing ratios achieve a different level of performance, 

as well as the addition of other additives. This is made possible by the selection of various 

raw materials in the formulation, much like that for polyurethane chemistry [2].  

Polyurea is composed of hard and soft segments. polyurea chains contain urea 

linkages (-NH-CO-NH-) that are polar and with the adjoining di-phenyl methane (C6H5-

CH2-C6H5) functional groups form the so-called hard segments. The soft segments 

consisting of a series of aliphatic functional groups. Clustering of hard segments into the 

so-called nanometer-sized hard domains (with high glass-transition temperature, often 

crystallized) is promoted by the strong hydrogen bonding between urea linkages. The 

remaining hard and the soft segments of the polyurea chains are well-mixed and form the 

so-called soft (low glass transition temperature, amorphous) matrix. The strong hydrogen 

bonding within the hard-domains provides thermo-plastic inter-chain cross-linking. 

Moreover, depending on its chemical make-up and stoichiometry, polyurea may contain 

different extents of covalent-type inter-chain crosslinking [2]. 
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2.3. Laser Spallation Technique 

Gupta et al. [15], [16], [17], [18], [19] optimized laser-generated stress wave profiles for 

measuring the tensile strength of a thin film interface. In the laser spallation experiment 

(Figure 2.3), a 2.5 nanosecond (ns) long Nd:YAG laser pulse is impinged over a 3 mm-

dia area on a 0.5 µm thick Al film sandwiched between the back surface of a substrate disc 

(25 mm-dia and 1-mm thick) and a 50 to 100 µm thick layer of SiO2. The melting-induced 

expansion of Al under confinement generates a compressive stress wave (with sub-

nanosecond rise-time) directed towards the test coating, which is deposited on the 

substrate’s front surface. The compression stress pulse reflects into a tensile wave from the 

coating’s free surface and leads to its spallation (complete removal) at a sufficiently high 

amplitude. The spalling of the film occurs over a region of approximately 3 mm diameter 

and can be visually spotted. During this film separation process, the transient free surface 

velocity of the coating is continuously recorded using a state-of-the art optical 

interferometer [20], a schematic of which is shown towards the right in Figure 2.3. Optical 

fringes corresponding to stress pulses of 1-2 ns rise-time and 16-20 ns total duration are 

recorded in a single shot mode, with a resolution of 5 ps. In addition, the novel design of 

the interferometer can handle reflection from optically rough surfaces. This ability of the 

interferometer is shown in Figure 2.4a, which displays fringes obtained from the free 

surface of a bare glass substrate having a very thin metal reflective film on its free surface.  
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Figure 2.3. Typical Interferometry setup. 

 

Next, the recorded fringe information is reduced to transient free surface velocity profile 

v(t) using standard interferometric procedures. Figure 2.4b shows the velocity profile 

obtained from the fringe record of Figure 2.4a. For a coating of density ρ and thickness h, 

the interface stress σ can be calculated from the measured transient velocity v(t) as: 

( )
2

oc h ht v t v t
c c

ρσ     = + − −        
      (2.1) 

where c is the longitudinal stress wave velocity in the film, which can be expressed in terms 

of the Lamé constant λ and the shear modulus μ as:  

 𝑐𝑐 =  �𝜆𝜆+2𝜇𝜇
𝜌𝜌

        (2.2)  

where λ is related to the Young’s modulus E, the shear modulus μ, and the Poisson’s ratio 

ν, in the standard manner. Thus, with known values of these parameters, interfacial tensile 

strength can be calculated. Because of high strain rate loading, all inelastic effects are 
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largely suppressed during interface decohesion, and thus, the measured strengths are 

intrinsic and related directly to the atomic microstructure and chemistry of the interfacial 

region [21], [22], [23]. Using this technology, interfacial strengths in the range of 0.1 GPa 

to 2.5 GPa have been measured in a variety of engineering systems (paints, multilayer 

electronic devices, engines, tribology) involving metal, ceramic and polymeric coatings 

deposited on metal, semiconductor and ceramic substrates. 

 

 

Figure 2.4. (a) Raw voltage vs. time signal collected in the digitizer from the 
interferometry setup and (b) the particle velocity profile measured from of the free 

surface. 

 
When there is no coating, as is the case in this study, the above procedures can be used to 

generate and record well-defined stress waves in any substrate using the above procedures. 

An integral part of the film separation process is the profile of the stress wave. When any 

hard engineering substrate (e.g., Si, sapphire, etc.) is used, the above setup leads to 

generation of a transient stress wave profile that has sub-nanosecond rise-time and gradual 

post-peak decay. Peak amplitudes up to 5 GPa can be generated. Even with the gradual 

post-peak decay, the total pulse length is limited to only 50 to 100 ns in most substrates. 

The key to generating the short stress wave is the process of wave shaping induced by the 
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thin waterglass layer that constrains the laser-absorbing metal layer [17]. Upon laser-

induced exfoliation of the constrained metal layer, compression waves are generated in 

opposite directions into the substrate and the waterglass layer. The compression wave in 

waterglass reflects into a tensile wave from its free surface and removes the still-ablating 

metal layer from the substrate. This essentially removes the heat source that is well known 

to be the cause of the elongated tail of the stress wave that is launched inside the substrate. 

The waterglass layer thickness is designed so that the reflecting tensile wave reaches the 

ablating layer when it is nearly fully ablated. This ensures generation of stress waves with 

highest pressure.  

 
2.3.1. Modifications to the Laser Spallation Technique 

 2.3.2. 1-D Wave Propagation 

In this study, a 1D wave propagation model has been assumed. In order for this to be true, 

there are specific requirements necessary for the material assembly. These requirements 

were provided by Lev and Argon [24]. In this work, Lev and Argon determined the range 

of validity of the 1D wave propagation model when compared its 3D counterpart for laser 

generated stress pulses. From this work, it was determined that 95% of the wave will 

remain in a columnar 1D manner for a propagation distance equal to the diameter of the 

laser heating spot. This naturally is dependent upon the geometry of the testing setup. There 

must not be any geometric confinement of the pulse in the radial direction. Therefore, the 

directions perpendicular/radial to the propagation of the stress pulse must also be 

sufficiently large for Lev and Argon’s assumption to hold true. 
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With the understanding that the wave will travel in a 1D manner, the displacement 

of a free surface can be measured by Doppler/Michelson interferometry. This method is 

used in the laser spallation technique and is capable of characterizing the stress state of the 

experiments described herein. The 1D particle displacement (u) and velocity (v) depends 

on position (x), time (t) and wave speed (c). The longitudinal wave speed is dependent 

upon the substrate material and for our calculations kept constant. From the use of 1D wave 

theory, the particle displacement and particle velocity within the substrate of interest can 

be defined as: 

𝑢𝑢(𝑥𝑥, 𝑡𝑡) =  𝑢𝑢𝑠𝑠(𝑡𝑡 + 𝑥𝑥 𝑐𝑐⁄ ) + 𝑢𝑢𝑠𝑠(𝑡𝑡 − 𝑥𝑥 𝑐𝑐⁄ )    (2.3) 

and  

𝑣𝑣(𝑥𝑥, 𝑡𝑡) =  𝑣𝑣𝑠𝑠(𝑡𝑡 + 𝑥𝑥 𝑐𝑐⁄ ) + 𝑣𝑣𝑠𝑠(𝑡𝑡 − 𝑥𝑥 𝑐𝑐⁄ )    (2.4) 

with subscript s for the substrate material. From linear elasticity, the stress and strain 

behavior in the material can be defined as: 

 𝜖𝜖(𝑥𝑥, 𝑡𝑡) = 𝜕𝜕𝑢𝑢

𝜕𝜕𝑥𝑥
= 1

𝑐𝑐
[𝑣𝑣𝑠𝑠(𝑡𝑡 + 𝑥𝑥 𝑐𝑐⁄ ) + 𝑣𝑣𝑠𝑠(𝑡𝑡 − 𝑥𝑥 𝑐𝑐⁄ )]    (2.5) 

and  

 𝜎𝜎(𝑥𝑥, 𝑡𝑡) = (𝜆𝜆 + 2𝜇𝜇) 𝜕𝜕𝑢𝑢

𝜕𝜕𝑥𝑥
= 𝜌𝜌𝑐𝑐[𝑣𝑣𝑠𝑠(𝑡𝑡 + 𝑥𝑥 𝑐𝑐⁄ ) + 𝑣𝑣𝑠𝑠(𝑡𝑡 − 𝑥𝑥 𝑐𝑐⁄ )]  (2.6) 

where λ and μ are the Lamé constants. In the interferometry experiments, there are 

significant boundary conditions to be considered. Equation 2.7 states that the free surface 

must be traction free and Equation 2.8 addresses the transient velocity (v0) of the free 

surface from the interferometrically measured signal. 

 𝜎𝜎(0, 𝑡𝑡) = 0        (2.7) 

and 

 𝑣𝑣𝑜𝑜(𝑡𝑡) = 𝑣𝑣(0, 𝑡𝑡) = 2𝑣𝑣𝑠𝑠(𝑡𝑡)      (2.8) 
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From these calculations, we obtain the transient stress state that causes the free surface 

displacement of the substrate: 

 𝜎𝜎𝑖𝑖 = 𝜎𝜎(ℎ, 𝑡𝑡 − Δ𝑡𝑡) = −1
2
𝜌𝜌𝑐𝑐𝑣𝑣𝑜𝑜(𝑡𝑡)     (2.9) 

where under lateral constraints, the wave speed within a material under uniaxial strain 

conditions is: 

 𝑐𝑐 = �𝜆𝜆+2𝜇𝜇
𝜌𝜌

        (2.10) 

With some manipulations, the free surface displacement and free surface velocity can be 

simplified to a profile determined by three variables α, β, and γ as shown below.  

 𝑢𝑢𝑜𝑜(𝑡𝑡) = 𝛾𝛾 �−𝛼𝛼 �𝑒𝑒−𝑡𝑡 𝛼𝛼� − 1� + 𝛽𝛽 �𝑒𝑒−
𝑡𝑡
𝛽𝛽� − 1��   (2.11) 

and 

 𝑣𝑣𝑜𝑜(𝑡𝑡) = 𝛾𝛾 �𝛼𝛼𝑒𝑒−𝑡𝑡 𝛼𝛼� + 𝛽𝛽𝑒𝑒−
𝑡𝑡
𝛽𝛽� �      (2.12) 

Where the raw interferometry signal can be fit by the generalized equation: 

 𝐴𝐴𝑜𝑜(𝑡𝑡) = 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚+𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚
2

+ 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚−𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚
2

sin(4𝜋𝜋
𝜆𝜆
𝑢𝑢𝑜𝑜(𝑡𝑡) + 𝛿𝛿)   (2.13) 

With Amax being the global maximum of the signal, Amin being the global minimum of the 

signal, λ being the wavelength of frequency stabilized laser (632.8 nm), δ being the phase 

shift in radians and u0 being the free surface displacement of the substrate. 

Also of importance to this study is how the wave will transmit across different 

materials. This can be determined by the acoustic impedance (Z) of the materials: 

 𝑍𝑍 = 𝜌𝜌𝑐𝑐 = �𝜌𝜌(𝜆𝜆 + 2𝜇𝜇)      (2.14) 

where the reflection coefficient (R) and transmission coefficient (T) are: 

 𝑅𝑅 = 𝑍𝑍2−𝑍𝑍1
𝑍𝑍1+𝑍𝑍2

        (2.15) 
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and 

  𝑇𝑇 = 1 − 𝑅𝑅        (2.16) 

for a wave moving from medium 1 to medium 2. Therefore, Z1 is the acoustic impedance 

of medium 1 and Z2 is the acoustic impedance of medium 2. 

 

 
 2.3.3. Testing Setups/arrangements 

 
The laser spallation technique was used in six different testing setups. The first two were 

done at ambient conditions, while the rest of them the temperatures varies from room 

temperature to -100°C.  The first setup was used to generate failure under a combined 

pressure/shear loading. The polyurea sample to be tested is sandwiched between two right 

angle prisms and the stress wave was generated on the square side it. The mechanical wave 

enters the polyurea at a 45° angle. In the second setup, the loading conditions changes to a 

tension shear loading. It consists of a polyurea sheet coated on the hypotenuse of a right-

angle prism and the stress wave generated on the square side of the prism. The mechanical 

wave enters the polyurea at a 45° angle as well. 

The third setup is designed to get spallation failure. An aluminum ablating layer is 

coated directly onto the polyurea layer and waterglass is coated on top and works as a 

constraining layer. The laser generates the laser right on the surface of the polyurea and 

propagates though the sample. 

For the Hertzian cone crack failure (the forth setup) the system was modified to 

create a stronger and longer stress wave. The stress wave is generated between a 
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microscope slide and a waterglass layer. This setup has two constraining layers, the 

microscope slide facing the laser and the waterglass is in contact with polyurea. 

In the fifth setup, columns with different demotions were tested in the same way 

sheet were tested in test four. The stress wave was generated on top of each column. The 

last arrangement was done to create a punching shear test to polyurea at ultra-high strain 

rate. Setup number 4 was changed to generate shear bands on the polyurea samples. To 

achieve this a plate with a hole was introduce to the back of the polyurea sample. 

 
 
 2.3.3.1. Implementation of Low Temperatures 

The range of the working temperature of polyurea is very large. However, there is not a lot 

of information available on how polyurea fails when it is subjected to temperatures lower 

than room temperature. The lack of low temperature engineering data of polyurea results 

in the need for testing in these temperatures. The combination of ultra-high strain rate and 

lowering the temperature affects the mechanical properties of polyurea, the glassy face is 

reached more easily and polyurea start to fail in different ways.  

 
2.4. FEM Implementations 

 2.4.1 ABAQUS Information 

To calculate the stress state of polyurea after it has been load with an ultra-high strain rate 

stress wave it is not an easy task, for that reason a Finite Element Analysis was developed 

in Abaqus. It is use in the automotive, aerospace, and industrial products industries. The 

product is popular with academic and research institutions due to the wide material 

modeling capability, and the program's ability to be customized. Abaqus also provides a 

https://en.wikipedia.org/wiki/Automotive_industry
https://en.wikipedia.org/wiki/Aerospace
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good collection of Multiphysics capabilities, such as coupled acoustic-

structural, piezoelectric, and structural-pore capabilities, making it attractive for 

production-level simulations where multiple fields need to be coupled. Abaqus was initially 

designed to address non-linear physical behavior; thus, the package has an extensive range 

of material models such as elastomeric (rubberlike) material capabilities. Abaqus offers all 

the capabilities needed to model the dynamic mechanical wave propagation in polyurea. 

 
 2.4.2. Model Properties 

A finite element model was developed for every testing setup in ABAQUS.  However, all 

the models share the same material properties and type of simulation. The Abaqus Suite 

selected to solve the problem was Abaqus/Explicit, a special-purpose Finite-Element 

analyzer that employs explicit integration scheme to solve highly nonlinear systems with 

many complex contacts under transient loads [25]. 

 A uniform element size of 15 µm was chosen to avoid internal wave reflection 

artifacts that are known to arise from non-uniform meshing. A time step Δt of 0.2ns was 

chosen to satisfy the standard numerical stability requirement relating Δt to the element 

size Δx through the wave velocity c (
c
xt ∆

<∆ ).   Because of the expected high rate of 

loading (107 s-1). 

 

 2.4.3 Material Implementation and Values 

The N-BK7 prism and glass were modeled as homogeneous isotropic domains obeying the 

linear elastic Hooke’s law, with an Elastic modulus of 71.7 GPa, Poisson’s ratio of 0.17, 

and density equal to 2510 kg/m3 for N-BK7and an elastic modulus of 73.0 GPa, Poisson’s 

https://en.wikipedia.org/wiki/Multiphysics
https://en.wikipedia.org/wiki/Piezoelectric
https://en.wikipedia.org/wiki/Elastomer
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ratio of 0.22, and density equal to 2525 kg/m3 for the glass plate. The polyurea was modeled 

as a linear viscoelastic solid.  The shear relaxation modulus G of the polyurea was based 

on the quasi-statically derived master curve and implemented using the Prony series with 

constants identical to those provided in Knauss and Zhao [26]: 
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18 terms of the Prony series were used in the model, which was deemed consistent with 

the time scale and the anticipated deformation and stress relaxation history in our 

experiments.  Because of the high bulk modulus of polyurea, the volumetric part of the 

deformation was assumed to be linear elastic.  This, in turn, was modeled using a bulk 

modulus K equal to 4.54 GPa and Poisson’s ratio equal to 0.486 [27], [28].   

Constitutive law for polyurea includes time temperature shift factor according to 

the WLF equation. 

𝑙𝑙𝑙𝑙𝑙𝑙(𝑎𝑎𝑇𝑇) = −𝐶𝐶1(𝑇𝑇−𝑇𝑇𝑟𝑟)
𝐶𝐶2+(𝑇𝑇−𝑇𝑇𝑟𝑟)     (2.18) 

where T is temperature and C1=8.86, C2=101.6, Tr and aT are empirical parameters 

obtained via regression to experimental data (only three of them are independent from each 

other). If one selects the parameter Tr based on the glass transition temperature, then the 

parameters C1, C2 become very similar for the wide class of polymers.  

https://en.wikipedia.org/wiki/Polymer


18 
 
 

The FEM model along with the constitutive law for polyurea has been verified 

previously [29].  It was confirmed that the Time-Temperature Superposition Principle was 

valid for polyurea even at the high strain rates attendant in the present experiments (>105 

s-1). Thus it extended the thesis first advanced by Zhao et al. [26] at strain rate of 103s-1.  It 

also confirmed implementation of the polyurea constitutive law using the Prony series with 

constants identical to those used in Zhao et al. [26] and Amirkhizi et al. [27].  The 

numerically computed sample stress (σs) and sample strain (εs) in the shocked sandwiched 

polyurea sample from the FEM model at each instant of time were compared with those 

determined from the experimentally measured incident and transmitted stress wave profiles 

in the sandwiched sample using the standard equations for reducing the Split Hopkinson 

Bar setup data [30]. As shown in Figure 2.5, the agreement was excellent.  Measurements 

of the transmitted and incident stress wave profiles were done using the interferometer 

discussed here.  Other details can be found in Youssef et al. [31].   

 

Figure 2.5. Comparison of the calculated and experimentally derived stress-strain 
response for the polyuria, Youssef et al. [29]. 
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3 Failure of Polyurea Under Combined Pressure/Shear 

Loading at Ultrahigh Strain Rates 

 
Thin polyurea layers sandwiched between hypotenuses of N-BK7 glass prisms were 

subjected to combined pressure shear stress states at strain rates of 2.8 x 107 s-1 by loading 

the assembly by laser-driven stresswaves of 1 ns rise time. The compression stress wave 

converts into a pressure and a shear wave as it enters the first polyurea/prism interface. The 

pressure wave outruns the shear wave to pressurize the sample while the later-arriving 

shear wave deforms the sample in shear. Experiments were performed with increasing laser 

energy until failure was spotted in sectioned samples. The local stress state was determined 

using a finite element simulation that was loaded by interferometrically measured stress 

wave in the glass prism before it strikes the polyurea sample. A shear strength of 90±9.9 

MPa under a pressure of 119±13 MPa was measured. Previous experiments conducted 

using the oblique plate impact setup [32] at a strain rate of 2.4 x 105 s-1 showed that to 

attain the same level of shear strength a pressure of almost 3 GPa was necessary.    

 

3.1. Introduction 

Polyurea has drawn considerable attention from the armor research community in recent 

years because it displays extraordinary shear resistance under extreme pressures. Figure 

3.1 shows the shear characteristics of polyurea as a function of pressure as measured by 

Jiao et al. [32] using the oblique plate impact setup. In this setup, an angled flyer plate 

impacts the front face of a target plate whose rear face sandwiches a thin polyurea sample 

with another steel plate. The impact generates a pressure and a shear wave inside the target 
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plate. The pressure wave outruns the shear wave and builds up the pressure inside the 

polyurea sample while the late-arriving shear wave deforms the pressurized material in 

shear. The amplitudes of the shear and pressure waves are controlled through the angle and 

velocity of the flyer plate. Figure 3.1 shows that the shear strength of polyurea increased 

from 115 MPa to 140 MPa as the pressure was increased from 1 GPa to 3 GPa. Recent 

experiments [33]  [34] using the same setup but using hardened tool-steel flyer and impact 

plates show that the shear resistance of polyurea reached extraordinary levels, viz. 1 GPa 

and 1.7 GPa at 9 GPa and 18 GPa, of pressure, respectively! These shear strengths exceed 

those of high strength steel (~500 MPa) and are second only to that of spider silk. Since 

such high pressures are generated upon impact from shaped charges and explosively 

formed projectiles with speeds reaching up to 9000 m/s, there is considerable interest in 

studying the fundamental pressure-shear behavior of polyurea for designing advance 

armors for protection against hypervelocity threats. A comprehensive review of research 

on polyurea, including constitutive models and failure mechanisms over a wide range of 

strain rates, as well as its performance in various military platforms under blast conditions 

can be found in a recent book by Barsoum [35]. 
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Figure 3.1. Shear stress-shear strain characteristics of polyurea at different pressures 

obtained using the plate impact setup by Jiao et al. [32]. 

 

The research leading to this paper was motivated by the desire to further understand and 

characterize the shear behavior of polyurea under ultrahigh strain rates (> 106 s-1) that are 

beyond the reach of the split-Hopkinson bar and plate impact setups that have been utilized 

to date to study the shear behavior of polyurea. The strain rate in Jiao et al. [32] experiments 

ranged between 1.88 x 105 s-1 and 5.5 x 105 s-1. Behavior under ultrahigh strain rates is of 

interest as polyurea is expected to deform within tens of nanoseconds timeframe when 

impacted by hypervelocity penetrators and debris generated from modern weaponry. In this 

chapter, a new experimental apparatus is presented to characterize the shear strengths of 

engineering materials under combined pressure-shear loads at ultrahigh strain rates (>106 

s-1) and demonstrate it on polyurea. The measured shear strengths in polyurea are related 
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to the microstructural failure mechanisms through scanning electron microscopy. The short 

duration of the stress waves allows preservation of the damage in post-shocked samples 

thereby allowing us to study the failure mechanisms that control and initiate the failure.  

However, one drawback of such a short duration loading is that the energy supply to the 

sample is also very limited and therefore the initiated damage cannot propagate throughout 

the sample volume.   

3.2. Experimental Setup and Procedure 

A Laser Spallation Facility, developed previously to measure the tensile strengths of 

interfaces [36] was adapted to load the polyurea samples by laser-generated stress waves 

of 1 ns rise time and 16-20 ns total duration. The schematic of the test setup is shown in 

Figure 3.2. Polyurea films of varying thicknesses (0.1 mm to 0.8 mm) were sandwiched 

between the hypotenuses of two right-angled N-BK7 glass prisms. As discussed later, the 

polyurea layers were formed in situ, with excellent adhesion to both prism interfaces. The 

front right-angled surface of the incident prism was coated with a 0.5-μm-thick, laser 

absorbing Al film, which was constrained from the top by a transparent 50 μm thick layer 

of waterglass. A transient pressure wave was launched towards the sandwiched polyurea 

sample by exfoliating the constrained Al film by focusing a nominal 8 ns long Nd:YAG 

laser pulse over a 2 to 3 mm diameter area of the Al film. These thicknesses of the Al and 

waterglass layers were previously optimized by Yuan et al. [37] and Gupta et al. [36]to 

generate stress waves with the fastest rise time (< 1 ns) and shortest duration. This allowed 

loading of polyurea samples under extreme conditions.  
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Figure 3.2. Schematic of the experiment used to study the behavior of polyurea under 

combined pressure-shear loading. 

 

As the compression stress wave enters the polyurea layer by striking the first angled 

polyurea/glass prism interface, it is converted into a pressure wave and a shear wave. The 

pressure wave outruns the shear wave and sets up hydrostatic conditions inside the polyurea 

sample before the slower-moving shear wave deforms the sample under shear. A series of 

preliminary experiments were performed at increasing laser fluence levels to determine the 

range of shear stress wave amplitudes that caused failure in the polyurea sample. The 

failure was spotted by taking axial sections along the central wave propagation axis through 

the deformed sample and then observing them under an optical microscope. After this, 

more refined experiments were performed by loading 5 samples in the neighborhood of the 

threshold laser fluence determined from the preliminary experiments. Sections from all 

these later experiments were also observed under a scanning electron microscope to 

uncover the details of the failure mechanisms.  

The quantification of the shear stress and accompanying pressure at failure was 

somewhat complicated by the fact that the pressure equilibrium conditions are not reached 
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prior to the arrival of the shear wave in our experiments as they do so in the plate impact 

setup. This is because there is not enough time for the pressure wave to undergo multiple 

reflections within the polyurea layer before the arrival of the shear wave as both the 

pressure and shear waves are generated right at the interface of the very thin polyurea 

sample. This necessitated the use of a finite element simulation to quantify the pressure 

and shear stress on the failed polyurea plane that was revealed through microscopy. The 

calculated shear stress at failure was taken as the shear strength of polyurea. The peak 

pressure and strain rate at that instant were also computed.  

A finite element model of the sandwiched polyurea layer, including the two 

prisms, was implemented in ABAQUS. Figure 3.3b shows the overall 2D FEM model. 

All regions were modeled using the Plane stress CPS4R and CPS3 elements.   

 
Figure 3.3. The typical process of determining the shear stress and pressure inside the 

polyurea layer is demonstrated. (a) Interferometerically measured stress wave profile in 
the first prism. (b) The FEM model of the sandwiched polyurea layer between two quartz 

prisms. (c) Calculated stress profiles using the finite element simulation. 

 

Consistent with the experiments, the stress wave was applied on the left square face of the 

prism over a 2 mm-dia area. This stress wave was measured using interferometry in a 

separate experiment on an isolated prism without the use of polyurea layer. Since the finite 

element analysis models the propagation of the incident wave journey towards the 

sandwiched polyurea layer it is of interest to measure the stress wave profile immediately 
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after it is generated at the left face of the prism. The interferometric measurements were 

therefore made on prisms whose hypotenuses were truncated by a plane parallel to the 

square face of the prisms. Thus, the prisms were essentially converted into thin plates of 

approximately 1 mm thickness. A state-of-the-art optical interferometer (see Figure 3.4), 

capable of recording fringes with 0.2 ns resolution in the single shot mode, was used to 

measure the transient free surface displacements of the prism’s truncated free surface. The 

free surface was coated with a 0.1 µm thick aluminum film to enhance the reflection of the 

interferometer beam. The recorded free surface velocity v(t) was used to calculate σ(t) 

using, 

σ(t) = ½ ρ c v,         (3.1) 

where c is the velocity of the uniaxial strain pulse in glass and related to its Young’s E and 

shear moduli G in the standard way [38], and ρ is the density of the glass prism. Details of 

the interferometer methodology can be found in Pronin and Gupta [20], Barker and 

Hollenback [39] and Clifton [40]. 



26 
 
 

 
Figure 3.4. Schematic of the experimental setup along with that of an interferometer used 

to study the applicability of the TTS principle at higher strain rates. 

3.3. Results 

3.3.1. Sample Preparation 

Polyurea layer for the experiments was prepared by mixing four parts of Versalink®P1000 

(OligomericDiamine made by AirProducts) and one part of Isonate®143L (modified 

Methylene DiphenylDiisocyanate made by DOW) by weight. The mixture was stirred well 

for 1 minute and casted between the two prisms. The thickness of the polyurea was 

controlled by placing Teflon spacers and by applying constant pressure during polyurea 

curing. The polyurea samples were initially cured under ambient conditions for 24 hours. 

They were then cured for an additional 24 hours in a vacuum oven maintained at 80˚C. 

 3.3.2. Measurement of the Threshold Laser Energy and Failure 

Mechanisms 

Sandwiched polyurea samples were loaded at increasing stress wave amplitudes by 

increasing the laser fluence. To avoid the fatigue effect, each loading was performed on a 
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separate spot.  To determine the failure mechanisms, the sandwiched polyurea samples 

were sectioned as follows.  As shown in Figure 3.2, the stress wave is generated over a 2 

mm diameter area on the square face of the prism.  The stress wave essentially propagates 

along a cylinder, with the wave propagation direction aligned with the cylindrical axis, 

marked as X1, in Figure 3.2.  Axial sections were taken by a plane that contained the North-

South poles and the central axis of the cylinder such that the X2 axis in Figure 3.2 connects 

the north and south poles of the cylinder.  Such a section also contains areas of the polyurea 

that are not loaded by the stress wave because the wave propagates over only 2mm diameter 

area of the sample.  The stress wave loaded region is marked AB in Figure 3.2.  These 

polyurea cross-sections were examined in a scanning electron microscope (SEM) to spot 

failures in the form of cracking or shear bands. Figure 3.5 illustrates a failure pattern 

uncovered during one such examination showing the formation of shear cracking.  The 

wave propagation axis X1 is marked on the top right of the micrograph. The polyurea layer 

is 0.8 mm thick. The two polyurea/prism interfaces appear as two parallel horizontal lines 

on either side of the polyurea layer in this view.  Figure 3.5 shows an area right at the 

interface of the shocked and un-shocked regions, which in Figure 3.2 corresponds to the 

area near the point marked A.    Since the duration of the laser-generated stress wave is 

only 50 to 100 ns, the “energy supply” to the sample is cut off before the damage can 

propagate throughout the polyurea volume. Thus, Figure 3.5 captures the incipient stage 

of the formation of the shear band. This failure was caused by the stress wave generated 

with a laser fluence of 480±6.2 kJ/m2. Experiments were done at higher laser fluence to 

increase the size of the failure region. 
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Figure 3.5. A scanning electron micrograph showing the formation of a shear crack in a 

post-shocked sample. 

 

Figure 3.6 shows an overall view of polyurea shearing near the 

shocked/unshocked boundary of the polyurea material in a sample loaded with a much 

higher laser fluence of 589±7.6 kJ/m2.  A higher magnification view of the lower region of 

Figure 3.6 is shown in Figure 3.7.  It shows nucleation, shearing, and coalescence of 

microvoids as the basic mechanism for shear band formation. A further magnification of 

the boxed area in Figure 3.7 is shown in Figure 3.8 and it provides further details of 

voiding and shearing.  The damage is focused at the interface and does not propagate 

throughout the sample thickness.  The two big circles in Figure 3.8 are random voids that 

appear in the sample despite use of vacuum during sample fabrication.  Based on the 

micrograph, they do not act as stress concentration points to initiate the failure.  The 

damage is initiated away from the two voids.  This is probably due to the fact that the 

sample is subjected to a combined compression and shear field.  It is well known that the 

largest flaw size controls the failure in a tensile field whereas the failure is through 

B 
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correlated fracture involving several microcracks and voids under compression and shear 

fields [41], [42]. 

 
Figure 3.6. A SEM micrograph showing the formation of a shear band in the polyurea 

layer. 

 
 

   

Figure 3.7. High resolution SEM image of the failed area in Figure 3.6 showing 
microvoid nucleation and coalescence. 
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Figure 3.8. Higher magnification SEM image of the boxed area in Figure 3.6 showing 

microvoid nucleation and coalescence. 

 
 

3.3.3. Quantification of the Shear Stress and Pressure  

The local pressure and shear stress corresponding to Figure 3.5 and Figure 3.6 failures 

were computed. The first step was to experimentally measure the stress wave profile in an 

isolated truncated prism using the interferometeric procedure discussed earlier at the same 

laser fluence at which failure was observed.  Figure 3.9 and Figure 3.10 show 

interferometric results for laser fluences of 480±6.2 kJ/m2 and 589±7.6 kJ/m2, respectively. 

Figure 3.9a and Figure 3.10a show the raw fringe data from the interferometer. Figure 

3.9b and Figure 3.10b display the free surface displacements obtained by reducing the 

fringe data, and Figure 3.9c and Figure 3.10c show the calculated stress wave profiles in 

the glass prism using equation (3.1).  The amplitudes of the incident stress wave that 

resulted in the onset of failure at laser fluences of 480±6.2 kJ/m2 and 589±7.6 kJ/m2 were 

calculated to be 1.2±0.13 GPa and 1.8±0.2 GPa, respectively.  In the next step, this stress 
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wave profile was used to load the finite element model of the sandwiched polyurea layer 

in ABAQUS.  The evolution of pressure and shear stress throughout the polyurea volume 

was calculated by keeping track of all wave reflections at all discontinuous interfaces. In 

the simulation, plane stress conditions were assumed.  This was justified because as the 

material starts to deform, it largely detaches itself from its surrounding elastic material in 

the lateral two directions at the shocked/unshocked boundary and very quickly enters a 

state of plane stress by releasing the constraints imposed by the surrounding elastic region.  

A shear stress value of 90±9.9 MPa under a pressure of 119±13 MPa was calculated for 

the failure shown in Figure 3.6. This is plotted as a horizontal line in Figure 3.1. Even 

though it is a single data point, it can be appreciated that the shear resistance of polyurea 

is significantly higher at a much lower pressure than in the Jiao et al. experiments [32].  To 

attain this level of shear strength, a pressure of about 3 GPa was necessary in their 

experiments. This is consistent with the much higher strain rates used in our experiments 

(>107 s-1).  

 
Figure 3.9.The process of determining the shear stress and pressure inside the polyurea 
layer is demonstrated for 480±6.2 kJ/m2 fluence. (a) Fringe record obtained from the 
photodiode (b) The displacement profile. (c) Calculated stress profile using equation 

(3.1). 

 
(a)                                                       (b)                                                   (c) 
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Figure 3.10. The process of determining the shear stress and pressure inside the polyurea 

layer is demonstrated for 589±7.6 kJ/m2 fluence. (a) Fringe record obtained from the 
photodiode. (b) The displacement profile. (c) Calculated stress profile using equation 

(3.1) 

 
Because of the very short duration of the stress wave in comparison to the sample thickness, 

the stress state inside the polyurea sample is not uniform.  Figure 3.13 and Figure 3.14 

display the temporal evolution of the shear stress and the mean normal stress at 9 

representative elements (Figure 3.12) chosen from various locations of the discretized 

polyurea layer.  Figure 3.11 presents four different snapshots of the shock wave 

propagating through the samples at different times. The simulation results correspond to 

the failure shown in Figure 3.6.  As shown in Figure 3.12, element 1 is located at the 

polyurea/prism interface while element 9 is about 15 µm from the polyurea’s free surface. 

Since the failure was initiated right at the interface, stress state at element 1 was considered 

for failure analysis.  Consistent with the observed failures, both the shear stress and the 

mean normal stress drop off substantially beyond this point as the loading proceeds into 

the polyurea layer.  These temporal distributions highlight the lack of uniform stress 

conditions inside the sample.  Thus, it becomes impossible to resolve the stress state at 

failure solely using the interferometric procedures as used in the Jiao et al. [32] work where 

uniform stress conditions are setup inside the sample because of the relatively long stress 
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waves (order of microseconds).  Thus, the finite element simulation is necessary to 

determine the failure stress.  This is indeed a severe limitation of the technique.  While this 

could be overcome by reducing the sample thickness, the same is accomplished here by 

focusing the microscopic observations near the polyurea/glass interface and using the stress 

state at that location to determine the failure strength.  This procedure avoids potential 

processing-related issues that may prevent reducing the polyurea layer thickness 

substantially as it is made by mixing two components with one (Versalink) having a fairly 

high viscosity.  Use of a very thin layer may result in altering its mechanical properties.  

This, however, is limited only to polyurea. Uniform stress conditions can be easily attained 

in other materials by use of thinner layers.  The experimental procedure introduced here is 

applicable to any material.   

 

Figure 3.11. Pressure-Shear FEA snapshots of the compressive stress wave at four 
different times. 

   t= 1.55e-7 s 

t= 4.15e-7 s t= 1.08e-6
 s 

t= 0 s 
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Figure 3.12. Location of the polyurea elements in relation to the polyurea/glass interface 
at which the stress states are shown in Figure 3.13 and Figure 3.14. 

 

Figure 3.13. The temporal distribution of the hydrostatic stress for 9 representative 
elements of the discretized polyurea layer corresponding to the failure shown in Figure 

3.6. 
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Figure 3.14. The temporal distribution of principal shear stress for 9 representative 
elements of the discretized polyurea layer corresponding to the failure shown in Figure 

3.6 

 
 

3.4.  Discussion and Conclusion 

Dynamic shear strength of polyurea was measured at a strain rate of 2.8 x 107 s-1 by 

subjecting sandwiched thin polyurea layers between the hypotenuses of two N-BK7 glass 

prisms to laser-driven stress waves of 1 ns rise-time. A shear strength of of 90±9.9 MPa 

under a pressure of only 119±13 MPa was measured.  Since the damage was limited only 

to the polyurea/glass interface and did not propagate throughout the sample thickenss it is 

reasonable to copmpare the measured shear strength with the onset of inelastic damage in 

previous experiments conducted by Jiao et al. [32]. As shown in Figure 3.1, the onset of 

inelastic behavior starts around 50 MPa at the highest pressure of 3 GPa. The strain rate in 

their experiment was 2.4 x 105 s-1. These observations show that polyurea displays a strong 

strain rate effect.  The failure mechanisms in our experiments confirm that polyurea still 
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deforms in its viscoelastic regime through formation of voids and crazing at these ultrahigh 

strain rates. We are presently limited by the level of pressures that can be genearted using 

the present setup where pressures are genearted by use of dilatational waves. An alternate 

strategy using cylindrically focussed shockwaves where pressures up to 10 to 20 GPa can 

be generated is in progress [43], [44]. It is of interest to see if at such pressures the strain 

rate effect still persists or not and whether the previously measured shear stength of 1.7 

GPa at a strain rate of 7 x 105 s-1 can be exceeded.  

4 Observations of Intrinsic Crazing in Polyurea Subjected to 

Combined Tension-Shear Loading at Ultrahigh Strain Rates 

This paper reports first observations of intrinsic crazing in polyurea samples that were 

subjected to a combined state of tension and shear at an ultrahigh strain rate of 3.7 x 107 s-

1. Previously this phenomenon was only observed in quasi-statically loaded crystalline 

polymers [45]. The initial fully-dense polymer sample is essentially converted into a foam-

like microstructure, with pore sizes ranging between 15 µm and 30 µm. In the present 

experiments, this occurred within tens of nanoseconds timeframe during the laser-

generated stress wave loading. The stress wave was generated by exfoliating a constrained 

Al film of a flat face of a right-angled glass prism and made to propagate towards its 

hypotenuse which was coated with the polyurea film. A shear and a pressure wave are 

generated when the stress wave strikes the inclined polyurea/glass interface. The pressure 

wave outruns the shear wave and turns tensile upon reflection from the free surface of the 

polyurea sample and meets the oncoming slower-moving shear wave to subject the sample 

to a combined state of tension and shear. A finite element analysis was used to determine 
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the evolution of shear and mean normal stress throughout the sample volume. Local shear 

stress of 27.71 ± 2.43 MPa and mean normal stress of 57.13 ± 5.02 MPa were calculated 

at the onset of intrinsic crazing This occurred at a calculated peak strain rate of 3.7 x 107 s-

1. Ours is the first observation of intrinsic crazing in any polymer under dynamic 

conditions, where this phenomenon presents a very exciting shockwave energy absorbing 

mechanism. 

4.1.  Introduction 

Polyurea has drawn considerable attention from the armor research community in recent 

years because it displays extraordinary shear resistance under extreme pressures such as 

those generated upon impact from shaped charges and explosively formed projectiles that 

travel with speeds up to 9000 m/s. Using the oblique plate impact setup, Jiao et al [32] 

measured the shear response of polyurea under increasing dynamic pressures. At a pressure 

of 18 GPa, a shear strength of 1.7 GPa was measured, which is even higher than that of 

high strength steel of 500 MPa. A comprehensive review of research on polyurea, including 

constitutive models and failure mechanisms over a wide range of strain rates, as well as its 

performance in various military platforms under blast conditions can be found in a recent 

book by Barsoum [3].  

Research in our group was motivated by the desire to further understand and 

characterize the shear behavior of polyurea under ultrahigh strain rates (> 107 s-1) that are 

beyond the reach of the split-Hopkinson bar and plate impact setups. For example, the 

strain rate in the Jiao et al. experiments ranged between 105 s-1 and 106 s-1. Behavior under 

ultrahigh strain rates is of interest as the material is expected to deform within tens of 

nanoseconds timeframe when impacted by hypervelocity debris generated by modern 
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explosives. In a recent paper, we reported the pressure-shear response of polyurea under a 

strain rate of 3.7 x 107 s-1 by loading thin sandwiched layers between the hypotenuses of 

two glass prisms by laser-driven stress waves. The purpose of this paper is to report the 

tension-shear response at a similar strain rate using a slightly modified experimental setup. 

While the data itself provides further insights into the unusual shock response of polyurea, 

the scanning electron microscopy of the failed samples revealed polyurea to fail through 

the mechanism of intrinsic crazing which has previously been reported by Dettenmaier 

[46], and Argon and Hannoosh [45] in only quasi-statically deformed polystyrene samples. 

Ours is the first report of intrinsic crazing in any polymer under dynamic shock conditions. 

As discussed later, the fully dense polyurea sample is essentially converted into a foam-

like microstructure, with pore sizes ranging between 15 µm and 30 µm, within tens of 

nanoseconds, the loading span of the stress wave. Since substantial energy is consumed by 

this deformation process, it therefore presents a very exciting shockwave energy absorbing 

mechanism at ultrahigh strain rates where most material deform in a brittle fashion.  

 

4.2. Experimental Setup and Procedure 

The Laser Spallation Facility, developed previously to measure the tensile strengths of 

interfaces (Yuan and Gupta [36]) was adapted to load the polyurea samples by laser-

generated stress waves of 1 ns rise time and 16-20 ns total duration. The schematic of the 

test setup is shown in Figure 4.1. Polyurea films of varying thicknesses (0.1 mm to 0.8 

mm) were coated on the hypotenuse of an N-BK7 right-angled fused-silica prism. As 

discussed later, the polyurea layers were formed in situ, with excellent adhesion to the 

prism surface. The flat surface of the incident prism was coated with a 0.5-μm-thick laser 
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absorbing Al film which was constrained from the top by a transparent 50 μm thick layer 

of waterglass. A transient pressure wave was launched towards the polyurea layer by 

exfoliating the constrained Al film by focusing a nominal 8 ns long Nd:YAG laser pulse 

over a 2 mm to 3 mm diameter area of the Al film. The thicknesses of the Al and waterglass 

layers used here were previously optimized by Yuan et al. [37] and Gupta et al. [17] to 

generate stress waves with the fastest rise times (< 1 ns) and shortest duration. This allowed 

loading of the polyurea samples under extreme conditions.   

 
 

Figure 4.1. Schematic of the experiment used to study the behavior of polyurea under 
combined tension-shear loading. 

 

As the compression stress wave enters the polyurea layer by striking the angled 

polyurea/glass interface, it is converted into a pressure wave and a shear wave. The pressure 

wave outruns the shear wave and turns tensile upon reflection from the free surface of the 

polyurea layer and meets the on-coming slower-moving shear wave to load the polyurea 

volume under a state of combined tension and shear. Experiments were done at increasing 

laser fluence until failure was observed. A series of preliminary experiments were 

performed first to determine the range of shear stress under the prevailing mean normal 

stress levels to cause failure in the polyurea sample. The failure was spotted by observing 
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axial sections of the post-shocked samples along the central wave propagation axis 

direction under an optical microscope. After this, more refined experiments were 

performed by loading 5 samples in the neighborhood of the threshold laser fluence that 

were previously determined from the preliminary experiments. Sections from all these later 

experiments were also observed under a scanning electron microscope to uncover the 

details of the failure mechanisms.  

The quantification of the shear stress and the accompanying mean normal stress at 

failure was somewhat complicated by the fact that uniform stress conditions are not 

attained because the polyurea layer is very thin (0.4 mm) and it is loaded by a transient 

nanosecond rise-time stress wave.  This necessitated the use of a finite element simulation 

to quantify the stress state at failure. The calculated peak shear stress at failure under the 

prevailing mean normal stress conditions was taken as the shear strength of polyurea. The 

strain rate when the shear stress peaked was also computed. A finite element model of the 

combined prism/polyurea layer was implemented in ABAQUS. Figure 4.2 shows the 

overall 2D FEM model. 
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Figure 4.2. Location of the discretized polyurea elements analyzed in the FEM model 

corresponding to Figure 4.7. 

 
Consistent with the experiments, the stress wave was applied on the left square face of the 

prism over a 3mm-dia area in the form of a stress vs. time profile, which in turn, was 

obtained interferometerically in a separate experiment on a bare prism without the polyurea 

layer.  Since the finite element model considered the propagation of the incident stress 

wave from its generation point all the way to the polyurea layer, it was necessary to 

measure the stress wave profile immediately after it was generated at the left face of the 

prism. 
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4.3. Results 

4.3.1. Sample Preparation 

Polyurea layer for the experiments was prepared by mixing four parts of Versalink®P1000 

(OligomericDiamine made by AirProducts) and one part of Isonate®143L (modified 

Methylene DiphenylDiisocyanate made by DOW) by weight. The mixture was stirred well 

for 1 minute and casted between the hypotenuse of the N-BK7 glass prism and a Teflon 

piece that was removed prior to testing. The thickness of the polyurea was controlled by 

placing Teflon spacers (0.4 mm) and by applying constant pressure during polyurea curing. 

Polyurea samples were initially cured under ambient conditions for 24 hours and were then 

cured for an additional 24 hours in an oven maintained at 80˚C. 

 4.3.2. Measurement of the Threshold Laser Energy and Failure 

Mechanisms 

 
Polyurea samples were loaded at increasing stress wave amplitudes by increasing the laser 

fluence. To avoid the fatigue effects, each loading was performed on a separate spot. The 

samples were sectioned through the polyurea layer along a plane that contained the center 

of the laser heating spot. These polyurea cross-sections were examined in a scanning 

electron microscope (SEM) to study the details of the failure mechanisms. Figure 4.3 

shows a low magnification SEM micrograph depicting the failure in a 0.4 mm thick 

polyurea layer caused by a stress wave generated at a laser fluence of 563 ± 7.3 kJ/m2. This 

micrograph shows both the shocked and unshocked areas of the polyurea. The inclined 

demarcation line between the two areas is clearly evident in the figure, with the shocked 

area showing clear evidence of voiding. Figure 4.4b presents a high magnification 
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micrograph of the deformed area and it shows that the initial fully dense polyurea layer has 

been instantaneously converted into a foam-like microstructure through homogeneous 

nucleation of micro-voids with sizes ranging from 15 µm to 30 µm. To highlight the 

grotesque nature of this deformation, Figure 4.4a shows the undeformed dense polyurea 

material that was just outside the stress wave loaded area. This type of failure has been 

observed previously in glassy polymers albeit under quasi-static loading and is referred to 

as intrinsic crazing. However, it has never been observed in any polymer under shock 

conditions and presents a very interesting energy absorbing mechanism. Crazing is 

typically observed when a glassy polymer, like polystyrene and polycarbonate, is strained 

in a combined tension and shear state. Intrinsic crazing requires generation of high stresses 

uniformly throughout the sample volume. Argon and Hannoosh [45] accomplished this by 

preparing millimeter-size specimens from individual polystyrene pellets that eliminated 

surface scratches and particulate heterogeneities and loaded them under uniaxial tension. 

At 55.8 ± 14.8 MPa the polymer deformed spontaneously by the process of intrinsic 

crazing. As discussed later, ultrahigh strain rate loading allows very high stresses to build 

up uniformly throughout the volume of the polyurea sample to trigger conditions for 

homogeneous nucleation of micro-voids. Since the total duration of the laser-generated 

stress wave is less than 50 ns, the “energy supply” to the deforming material is cut off 

before it can continue to deform and coalesce the voids to form the spall plane. Thus, 

Figure 4.4 captures the incipient stage of intrinsic crazing. It would be of great interest to 

repeat these experiments using the plate impact and split-Hopkinson bar setups where the 

stress states can be maintained for much longer duration (tens of microseconds) and 
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therefore allow expansion and coalescence of the nucleated voids. The failure in Figure 

4.3 was caused by the stress wave generated at a laser fluence of 563 ± 7.3 kJ/m2. 

 
 

Figure 4.3. Low magnification SEM micrograph showing the failure in the polyurea 
layer caused by a stress wave generated at a laser fluence of 563 ± 7.3 kJ/m2. 

 
 

Figure 4.4. (a) Undeformed polyurea outside the stress wave loaded area. (b) Evidence 
of intrinsic crazing in polyurea caused by the tension wave in combination with the shear 
wave. A laser fluence of 563 ± 7.3 kJ/m2 was utilized to create the deformation shown in 

(b). 

4.3.3. Quantification of the Shear and Tension Stress States  

The local tensile and shear stress states corresponding to Figure 4.3 were computed next. 

The first step was to experimentally measure the stress wave profile in an isolated truncated 

prism using the interferometeric procedure discussed above at the laser fluence of 563 ± 

7.3 kJ/m2. In this experiment, no polyurea layer was used but the prism was otherwise 
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equipped with the same thickness of the Al and waterglass layers as used when performing 

the experiments with the polyurea layer. Figure 4.5 shows a typical result. Figure 4.5a 

shows the raw fringe data from the interferometer, which was reduced to obtain the free 

surface displacement (Figure 4.5b) and eventually the stress (Figure 4.5c) in the glass 

prism using equation (2). The amplitude of the incident stress wave that resulted in the 

onset of failure was recorded to be 2.3 ± 0.26 GPa. In the next step, this stress wave profile 

was used to load the finite element model of the polyurea/prism combination in ABAQUS.  

Figure 4.6 presents four different snapshots of the shock wave propagating through the 

samples at different times. The evolution of the mean normal stress and shear stress 

throughout the polyurea volume was followed by keeping track of all stress wave 

reflections between its free surface and the interface with the glass prism (Figure 4.7). For 

the failure depicted in Figure 4.3, a mean normal stress (hydrostatic tension) of 57.13 ± 

5.02 MPa and a shear stress of 27.71 ± 2.43 MPa were calculated. This shear stress value 

is of the same order of magnitude as reported in Argon and Hannoosh [45] but the 

hydrostatic tension is an order of magnitude higher. When the present experiments were 

repeated at about 10% lower stress wave amplitude no intrinsic crazing was observed. 

Thus, this combination of low shear stress of 27.71 ± 2.43 MPa and a very high mean 

normal stress of 57.13 ± 5.02 MPa appears to be the threshold condition for the nucleation 

of intrinsic crazing in dynamically loaded polyurea samples. This mean normal stress value 

is extremely high compared to a value of only 18.6 MPa in Argon and Hannoosh’s 

experiments [45]. This was further investigated and discussed below.  
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Figure 4.5. The process of determining the shear stress and pressure inside the polyurea 

layer is demonstrated. (a) Fringe record obtained from the photodiode. (b) The 
displacement profile. (c) Calculated stress profile using equation (2). 

 

 
 
Figure 4.6. Tension-Shear FEA snapshots of the compressive stress wave at four different 

times. 
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Figure 4.7. The temporal distribution of (a) the shear stress and (b) the mean normal 

stress for 9 representative elements of the discretized polyurea layer corresponding to the 
stress wave threshold conditions that resulted in intrinsic crazing. 

        

(a) 
 

(b) 
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4.4. Discussion 

The stress wave is generated over a 2 mm diameter area of the Al film and travels towards 

the polyurea layer under essentially one-dimensional strain conditions as the massive glass 

and polyurea domains that lay immediately outside the cylindrical wave propagation zone 

totally constrain the strains in the lateral two directions. Because of this uniaxial strain 

condition, polyurea is essentially subjected to a near hydrostatic stress state by the stress 

wave, both when it first compresses the polyurea during its onward journey and then in 

tension upon its reflection from the free surface. Due to the Poisson’s effect, very little 

shear stress is developed during this phase of loading of the polyurea layer which is largely 

controlled by the much faster moving pressure wave. This shear stress is ultimately 

enhanced due to the arrival of the much slower moving shear wave (its velocity is about 

one fourth of the velocity of the uniaxial strain pulse). As evidenced by the FEM results 

below, near uniform shear stress conditions are attained within the sample volume at the 

same time when most of the polyurea layer (except the region near the free surface) is 

already under substantial hydrostatic tension. Polyurea deforms plastically when a shear 

stress of 27.71 ± 2.43 MPa is reached. This value is close to the measured yield strength of 

2 MPa [47] under quasi-static conditions and below 28 MPa that was measured by Jiao et 

al. [32] under a pressure of 0.25 GPa. Note that the latter shear yield strength is definitely 

an upper bound as polyurea in our experiments is subjected to hydrostatic tension and not 

compression. Consequently, the shear stress required to initiate yielding in our experiments 

should be much lower. As soon as such shear stress conditions are set up, the substantial 

already prevailing hydrostatic tension immediately results in the growth of the nucleated 

voids to cause spontaneous intrinsic crazing.  
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Figure 4.7a and Figure 4.7b display the temporal distribution of the shear stress 

and the mean normal stress for 9 representative elements that were chosen from various 

locations of the discretized polyurea layer corresponding to the stress wave threshold 

conditions that resulted in intrinsic crazing. As shown in Figure 4.2, element 1 is located 

right at the polyurea/prism interface while element 9 is about 15 µm from the polyurea’s 

free surface. The uniaxial compression and tensile stresses are about 3 times higher than 

the mean normal stress. Several observations are noteworthy from these figures. First, due 

to the uniaxial strain conditions, one can see the very large difference in the magnitudes of 

the calculated shear (27.71 ± 2.43 MPa) and mean normal stresses (57.13 ± 5.02 MPa). 

Time zero in these figures corresponds to the time when the uniaxial strain pulse enters the 

polyurea layer. The shear and the mean normal stresses have the same time scale and these 

figures are vertically aligned so it is easier to see the distribution of both these stresses at 

the same times. Notwithstanding the sign, the shear stress values are fairly uniform over a 

large region of the polyurea between 550 ns to 700 ns with a magnitude of at least 7 MPa. 

That is, each element is subjected to at least this level of shear stress during this time span. 

The corresponding mean normal stress distribution indicates that it is tensile during 580 ns 

to 670 ns timespan over the chosen elements, which as shown in Figure 4.7a, cover almost 

the entire span of the polyurea layer. Thus, there is an overlap when the shear stress reaches 

levels that are sufficient to initiate yielding and the mean normal stress is substantially 

positive (tension) to together trigger the conditions for intrinsic crazing. Figure 4.7 

indicates that these conditions prevail throughout the stress wave-loaded region of the 

polyurea during a certain time period and therefore explain the observations of intrinsic 

crazing uniformly throughout the polyurea sample.  
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It is noteworthy that the above mechanism is fully consistent with the observations 

of no intrinsic crazing in samples that were loaded with sub-threshold stress wave 

amplitudes even though they generate extremely high mean normal stress. Due to the one-

dimensional strain state, the shear stress needed to cause plastic yielding in the polyurea 

sample is not attained and the very large mean normal stress by itself cannot cause any 

plastic yielding as per the Von Misses yield criterion. The geometry of wave loading is 

such that it generates a disproportionately very high level of mean normal stress compared 

with the shear stress. This is in contrast to the quasi-statically loaded uniaxial tension 

specimens of polystyrene in Argon and Hannoosh’s experiments which generated a healthy 

combination of mean normal stress and shear stress. For example, at the crazing stress of 

55.8 MPa, a mean normal stress of 18.6 MPa and a shear stress of 32 MPa are generated in 

the uniaxial tension loading. The same discussion also explains why intrinsic crazing was 

observed by Dettenmaier [4] at a significantly lower mean normal stress in his dumbbell-

shaped polycarbonate specimens that were loaded in tension at 129°C at a strain rate of 6 

x 10-4 s-1.    

 

4.5. Conclusions 

The phenomenon of intrnsic crazing was observed in thin polurea samples that were loaded 

dynamically by a laser-genearted stress wave. The fully dense sample was converted 

instantly into a foam-like microstructure with voids ranging from 15 to 30 µm. This ocurred 

when the sample was subjected to a combined shear stress and mean normal stress of  27.71 

± 2.43 MPa and 57.13 ± 5.02 MPa, respectively. Since substantial energy is consumed by 
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this deformation process, it therefore presents a very exciting shockwave energy absorbing 

mechanism at ultrahigh strain rates where most material deform in a brittle fashion. 

 

5 Spallation Failure of Polyurea 

5.1. Introduction 

Recently polyurea has been used as a protective coating against hypervelocity debris 

ejected after a blast explosion. The extraordinary shear resistance under extreme pressures 

has led to a lot of different research, focusing on how polyurea performs and fails at room 

temperature conditions. However, not lot of information is available on how polyurea 

behaves at low temperature (-10° to -100°C).  

Quantifying the tensile strength of polyurea and its performance and/or failure at 

low temperature is of great interest. In this study, the laser spallation technique was 

considered to measure the polyurea tensile strength under a specific loading condition. 

Although the laser spallation experiment was developed to probe interfaces of interest 

layers; it can also be used to determinate the strength of materials [48]. Preliminary results 

showed that the conventional spallation technique developed by Gupta. Figure 5.1 shows 

the convectional laser spallation setup [36] was not successful in spalling the surface of 

Polyurea in consistent manner. Due to the lack of a spalled surface, the spallation technique 

was modified. The fused silica layer was removed completely and the aluminum layer was 

transfer to the top of the polyurea sample, changing its displacement boundary conditions.  
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Figure 5.1. Convectional laser spallation setup. 

 
5.2. Experimental Procedure 

The behavior of polyurea was studied under a tension load employing the experimental 

setup provided in Figure 5.2. This was performed in the laser spallation facility and 

optimized by Gupta et al. [49], [23], [15], [17], [50], [21], [22], [37] to obtain stress pulses 

with the largest amplitude and shortest rise time. In this study, the aluminum ablating layer 

was sputtered at 600 nm on a microscope glass. A 0.4 mm thick polyurea layer was casted 

on the microscope glass slide with the Al facing the polyurea. After curing, the polyurea 

sheet was removed from the microscope glass slide. The aluminum layer remained attached 

to the polyurea. Direct sputtering on the polyurea sheet produces a low dark quality film. 

After, the Al/PU sample was coated with a 100 nm of waterglass. Next, a compressive 

stress wave was generated on the aluminum side by exfoliating the waterglass-constrained 

Al film. This stress wave then propagated towards the polyurea layer as shown in Figure 



53 
 
 

5.2. This stress wave was then converted into a tensile wave after it reflected from the free 

surface. Experiments were done at increasing laser fluence until failure was observed 

keeping the temperature constant. To characterize the stress state inside the polyurea at 

failure, a finite element simulation was used. The FEM model was loaded by the stress 

wave generated, which in turn was recorded interferometrically in a separate experiment 

conducted without the polyurea layer. The shear stress, tensile stress, and the strain rate at 

the instant of failure were computed. A brief description of each step involved in the above 

experimental procedure and associated results are provided below.  

 

Figure 5.2. Schematic of the experiment used to study the behavior of polyurea under 
tension loading. 

 
The thin polyurea layer for the experiments was prepared by mixing four parts of Versalink 

P1000 (OligomericDiamine made by AirProducts) and one part of Isonate 143-L (modified 

Methylene DiphenylDiisocyanate made by DOW) by weight. The mixture was stirred well 
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for 1 minute and casted between the Al coated microscope slide glass and a glass slide with 

a Teflon piece in the middle that would be removed prior to testing. The thickness of the 

polyurea was controlled by placing Teflon spacers (0.4 mm) and by applying constant 

pressure during polyurea curing. Polyurea samples were initially cured under ambient 

conditions for 24 hours and were then cured for an additional 24 hours in an oven 

maintained at 80˚C. 

The thin polyurea samples were loaded at increasing stress wave amplitudes by 

increasing the laser fluence. To avoid potential fatigue effects, each loading was performed 

on a separate spot. The samples were sectioned through the polyurea along a plane that 

contained the center of the laser heating spot, shown in Figure 5.3. These polyurea/prism 

cross-sections were then examined in a FEI Nova Nano 230 scanning electron microscope 

(SEM) in low vacuum mode to locate failures within the thin polyurea layer at the 

shockwave influenced region. 

 

5.3. Discussion and Results 

The failure mechanism of polyurea depends on how the sample is loaded with the stress 

wave and how the stress wave is generated. For this reason, the conventional laser 

spallation technique was modified to produce a spall failure on the free surface of the 

polyurea sample. Figure 5.3 shows a SEM image illustrating the failure in a 0.535 mm 

thick polyurea layer at -70°C caused by a stress wave generated at a laser energy of 2.13 J 

and a 2 mm diameter spot size (678kJ/m2). The compression stress wave generated at this 

fluence and setup has a peak of 2.3GPa. The image shows the spalled surface, a crater of a 

2.2 mm wide in diameter and 0.112 mm deep. The spall strength found through the FEM 



55 
 
 

stress calculations is equal to 1.11 GPa with a strain rate of 6.4 x 107 s-1. Figure 5.4 shows 

the stress history of the polyurea during a time period of 800ns.  

 

Figure 5.3. SEM image illustrating the failure in a 0.535 mm thick polyurea layer at -
70°C caused by a stress wave generated at a laser energy of 2.13 J.  (a) Top view of the 

polyurea spalled surface. (b) Cross section of the polyurea spalled surface. 

 

 

Figure 5.4. Tensile stress history of the elements near the spalled section in Abaqus. 
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Figure 5.5 and Figure 5.6 are two different samples showing the same spallation failure. 

The sample in Figure 5.5 was loaded at -70°C with 2.13 J on a 2.2 mm spot size creating 

a 1.605 mm in diameter and 175 μm deep, this sample however shows a partial spallation, 

the horizontal crack was generated by the tensile wave but material is still attached to the 

polyurea sheet. The sample in Figure 5.6 was loaded at -70°C with 1.5J on a 2.2 mm spot 

size generating a spalled region 1.562 mm in diameter and 195 μm deep.  

 

 

Figure 5.5. Spallation failure on a polyurea sheet loaded at -70°C with 2.13 J over a 2.2 
mm spot size. 

 

 

Figure 5.6. Spallation failure on a polyurea sheet loaded at -70°C with 1.5 J over a 2.2 
mm spot size.  
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6 Hertzian Cone Crack in Polyurea at Low Temperature  

6.1. Introduction 

In the previous chapter, the spallation failure of polyurea was analyzed. It was mentioned 

also that polyurea can fail in different ways depending on how that sample is being loaded. 

The displacement constraints and how the stress wave is generated have a significant effect 

on how the polyurea fails. To obtain different failure mechanics in polyurea, the stress 

generation setup was modified to produce a stronger and longer temporal stress wave. 

Figure 6.1 shows the cross-sectional area of the sample to be loaded. The aluminum layer 

was sandwiched between a waterglass layer and a soda lime microscope slide with the 

polyurea on top of the waterglass. After, the polyurea sample was loaded at different 

temperatures and fluence. Two distinctive failures were observed: a crack formation with 

a conical shape, and spallation. The microscope slide glass, acting as a constraining layer, 

fails in such manner that mirrors the failure in polyurea. 

 

Figure 6.1. Experimental Setup for Hertzian Crack Test. 
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6.2 Hertzian Cone Cracks 

Hertzian cone cracks have been studied in different brittle materials, including silicate 

glass, single crystal ceramic, and some hard and fine grain polycrystalline ceramics [51]. 

When a hard spherical or flat indenter is pressed into the flat surface of a brittle solid, 

Hertzian cone cracks will develop once the critical load is achieved. This is what is known 

as the Hertzian Test. Hertz was the first who solved this special case of an elastic contact 

problem and since then Frank and Lawn (1967) have contributed by developing the first 

theory of Hertzian fracture [52]. Frank and Lawn approached the crack propagation from 

the circumference of the contact circle where the maximum tensile stress occurs, noting 

that the cracks do not start where the circle (indenter) is in contact with the sample, the 

crack initiates outside of the contact area [53]. 

 

The initiation of Hertzian cone cracks is due to the tensile stress on the specimen 

surface near the edge of the circle of contact.  Figure 6.2 show how the Hertzian cone 

cracks initiates and propagates through thickness of the sample. It generally consists of an 

initial ring normal to the specimen free surface propagating a very short distance into the 

sample before changing its angle. 

 

 

Figure 6.2. Evolution of the cone during complete loading and unloading [54].   
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The tensile or bending strength of brittle a material may be severely reduced in the presence 

of cone cracks formed due to contact loading. The conditions required to initiate a cone 

crack brittle solids are of significant practical interest [55] since several material properties 

may be determined with a Hertzian Test. Fracture Toughness of the near-surface material, 

Densities of surface crack sizes, and Residual stresses in the near-surface material are the 

three material properties that can be determined with this test [53].  

 

6.2.1. Hertzian Contact Equations 

In 1891 Auerbach was doing an experimental investigation into the hardness of materials, 

he found that for different brittle materials, the force P required to produce a cone crack 

was proportional to the radius of the indenter R such that: 

𝑃𝑃 = 𝐴𝐴𝑅𝑅                                                                 (6.1) 

where A is called the Auerbach constant. This equation is based on experimental 

observations without any explanation as to its physical cause, which has become known as 

“Auerbach’s law.” 

Equation 6.1 can be alternatively written in terms of the radius of the contact 

area a, getting equation 6.2 [55] 

𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 = �(1−2𝜈𝜈)𝐴𝐴1/3

2𝜋𝜋
� �4𝐸𝐸

∗

3
�
2/3

𝑅𝑅2/3      (6.2) 

 

For the contact problem Hertz formulated mathematical relationships between indenter 

load P, indenter radius R, contact area a, and maximum tensile stress 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚.  

𝑎𝑎3 =
3𝑃𝑃𝑅𝑅
4𝐸𝐸∗
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Where 𝐸𝐸∗ is the combined modulus of the indenter and the specimen given by  

1
𝐸𝐸∗

=
(1 − 𝜈𝜈2)

𝐸𝐸
+

(1 − 𝜈𝜈′2)
𝐸𝐸′

 

The Maximum tensile stress occurs at the edge of the contact circle and is given by [55] 

𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 = (1 − 2𝜈𝜈)
𝑃𝑃

2𝜋𝜋𝑎𝑎2
 

𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 = �(1−2𝜈𝜈)
2𝜋𝜋
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∗
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�
2/3

𝑃𝑃1/3𝑅𝑅2/3        (6.3) 

The stress field of the sample being subjected to the Hertzian test can be seen in Figure 

6.3. The compression and tension regions remain constant if there is no change in the load 

being applied by the indenter. The 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 of the tensile region can be calculated with 

equation 6.3. 

 

 

Figure 6.3. Hertzian Stress Field [54]. 
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In a dynamic loading the stress field is not constant, the length and the magnitude of the 

stress wave will change it over time. Figure 6.4 shows the how a compressive wave travels 

through the thickness of a sample and reflects in tension after it reaches the free surface.  

 

 

 

Figure 6.4. Formation of a cone. Three regions [38]. 

 
6.3. Angle of Hertzian Cone Cracks 

Frank and Lawn conducted numerous experiments to explain the Hertzian crack cone 

shape, they compared the angles of the cone crack and the preexisting stress trajectory and 

found out that the angle of the stress trajectory is very dependent on the potion’s ratio of 

the brittle material. 

Multiple research has been done on the direction of the crack, one research 

concluded that the cone crack should follow the trajectory of the minimum principal stress, 

defined by the preexisting stress field in the brittle solid. Kocer and Collins reviewed the 
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work that lead to that conclusion and argue that the statement has no strong basis, and they 

propose a different approach to find out the crack propagation direction [56]. Using a finite 

element model, Kocer and Collins showed that the cracks grows within the geometry of 

the Hertzian system in a way which maximizes the release of strain energy at each stage of 

the development of the crack. Their model has excellent agreement with the experimentally 

observed angle for cone cracks in samples with the same Poisson’s ratio. Kocer and Collins 

concluded that for the Hertzian indentation system, and for systems with asymmetric 

preexisting stress fields, there is no reason to assume that the crack should, in general, 

closely follow a trajectory defined by the preexisting stress fields. They postulated that the 

path of a crack in a stressed solid will be such as to maximize the release of strain energy 

[56]. 

 

 

Figure 6.5. Hertzian crack profile for a glass with ν=0.22, (1) Crack normal to the loaded 
surface. (2) Change in direction of the crack. (3) Fully formed cone crack [57]. 
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6.4. Experimental Procedure 

The behavior of polyurea was studied under a pressure load by employing the experimental 

setup provided in Figure 6.5. This was performed in the laser spallation facility and 

optimized by Gupta et al. [49], [23], [15], [17], [50], [21], [22], [37]to obtain stress pulses 

with the largest amplitude and shortest rise time. [49], [23], [15], [17], [50], [21], [22], [37] 

In this study, the aluminum ablating layer was sputtered at 600 nm onto a microscope slide, 

then a waterglass layer was spin coated to 100 μm thick on top of the aluminum layer. 

Figure 6.5. shows a 0.4 mm thick polyurea layer that was casted on top of the solidified 

waterglass layer. This polymer layer was not constrained from the top. Next, a compressive 

stress wave was generated on the Al layer constrained by the microscope glass and the 

waterglass. This stress wave then propagated towards the polyurea layer as shown in 

Figure 6.1. Experiments were done at increasing laser fluence at different temperatures 

until a cone crack was observed. To characterize the stress state inside the polyurea at 

failure, a finite element simulation was used. The FEM model was loaded by the stress 

wave generated inside the glass, which in turn was recorded interferometrically in a 

separate experiment, conducted without the polyurea layer. The shear stress, tensile stress, 

and the strain rate at the instant of failure were computed. A brief description of each step 

involved in the above experimental procedure and associated results are provided below.  

Figure 6.5 shows the sample construction. The thin polyurea layer for the 

experiments was prepared by mixing four parts of Versalink P1000 (OligomericDiamine 

made by AirProducts) and one part of Isonate 143-L (modified Methylene 

DiphenylDiisocyanate made by DOW) by weight. The mixture was stirred well for 1 

minute and casted between a microscope glass/Al/Waterglass and a microscope glass using 
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a Teflon piece that would be removed prior to testing along with the microscope glass in 

the back. The thickness of the polyurea was controlled by placing Teflon spacers (0.4 mm) 

and by applying constant pressure during polyurea curing. Polyurea samples were initially 

cured under ambient conditions for 24 hours and were then cured for an additional 24 hours 

in an oven maintained at 80˚C. 

 

 

Figure 6.5. Construction of the polyurea sheet with uniform thickness. 

 

The thin polyurea samples were loaded at increasing stress wave amplitudes by increasing 

the laser fluence. To avoid potential fatigue effects, each loading was performed on a 

separate spot. The samples were sectioned through the polyurea and glass along a plane 

that contained the center of the laser heating spot. These polyurea/glass cross-sections were 

then examined in a FEI Nova Nano 230 scanning electron microscope (SEM) in low 

vacuum mode to locate failures within the thin polyurea layer at the shockwave influenced 

region. 
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6.5. Discussion and Results  

In this experiment a Hertzian cone crack was produced in a 0.4 mm polyurea sheet. The 

introduction of high strain rate waves and lower temperatures brings the polyurea to its 

glassy face. Polyurea behaves as a brittle solid under these loading conditions and it 

displays the same crack profile seen in other glasses, making it reasonable to incorporate 

the background of Hertzian cone cracks in brittle solids for this analysis. However, there 

are differences between the classical Hertzian test and experiment performed in this 

section. It was mentioned before that the angle is independent of the diameter of the 

indenter and the crack initiates very close to the edge of the indenter. However, the setup 

of this experiment was modified to achieve a short pulse stress wave eliminating the need 

of an indenter, creating a modified contactless Hertzian test at high strain rate. In order to 

get the stress using the equation 6.3, the material properties of the indenter are needed. In 

this case, there is no indenter, making the FEM simulations the only option to obtain the 

stress state of the polyurea sheet. 

A SEM micrograph, seen Figure 6.6, depicts the failure in a 0.5 mm thick polyurea 

layer caused by a stress wave generated with 0.194 Joule on a 2.3 mm diameter 

(46.70kJ/m2). This micrograph shows the initiation of the cone crack when the sample is 

shot at -70°C. The angle of the crack is approximately 50.8°, and penetrates 212 μm deep. 

Figure 6.7 illustrates the surface that was hit by the laser and the location where the crack 

starts to form. It can be seen that the crack starts propagating at the edge of that crater. The 

diameter of the crater is almost twice the diameter of the hitting spot of the laser.  
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Figure 6.6. Polyurea sheet, 0.5 mm thick, loaded at -70°C with 0.194 J over a 2.3 mm 
spot size (46.70kJ/m2). 

 
Figure 6.7. Tilted view of a cross-section of area. The crater on the bottom left of the 

picture is the location where the laser hit the sample and right at the edge of it the 
Hertzian cone crack starts to form. 

 
The crater formed on a 0.45mm polyurea sheet at -70°C by the stress wave produced with 

2.13 J on a 2-mm spot size (680kJ/m2) is found in Figure 6.8. It was stated before that the 

cone crack initiates close to the location where the stress is applied on the sample. The 

Stress Wave 

400 𝜇𝜇𝑚𝑚 

Stress Wave 
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figure indicates that the diameter of the hole is almost twice the size (4.0 mm) of the 

diameter where the laser was focused on. This discrepancy can be explained by how the 

stress wave is being generated. When the laser hits the Al layer, it expands rapidly affecting 

the attachment of the Polyurea and the microscope slide, increasing the size of the spot 

where the stress wave is being applied. The angle seen in the micrographs is 48°. 

 

Figure 6.8. Cross section of a crater formed on a polyurea 0.45 mm thick. The sample 
was loaded at -70°C with 2.13 J focused upon a 2-mm spot size (680kJ/m2). 

 
A fully developed Hertzian cone crack is evident in Figure 6.9. The polyurea sheet was at 

-75°C using 2.13 J on a 2 mm spot size (680kJ/m2). The angle of the crack near the surface 

where the load was applied is almost at 90° angle with respect to the horizontal surface, 

118 μm deep the crack starts to change into a cone crack with an angle of 46°-49°. 

 

Figure 6.9. Cross section of a polyurea 0.45 thick showing fully developed Hertzian 
cracks. The sample was loaded at -75°C with 2.13 J over a 2-mm spot size (680kJ/m2). 

 
The sample in Figure 6.10 was loaded at -90°C with a 0.775 J of energy on a 2.3 mm spot 

size (186.5kJ/m2). The 0.63 mm thick sample presents very distinctive failure mechanisms: 
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the Hertzian cone crack and spallation. The Hertzian cone crack in Figure 6.10 has three 

distinctive regions: (1) the 90° angle ring crack at the beginning, (2) the cone crack 

formation at 34.16°, (3) and the spallation section near the end of the cone crack. The 

micrograph also presents another failure mechanism not visible in other samples in this 

chapter. Spallation of polyurea in the free surface of the middle of the plug. The spalled 

region is 1.653 mm diameter and 136 μm deep, where the stress wave is at its maximum. 

The vertical crack in the middle is 321 μm long. The inner circle of the Hertzian crack is 

3.88 mm in diameter and the outer ring is 5.64 mm in diameter. 

 

Figure 6.10. Hertzian crack on a polyurea sample with three distinctive regions: 
Spallation, cone crack and the ring. Sample loaded at -90°C with a 0.775 J of energy on a 

2.3 mm spot size (186.5kJ/m2)  

 
Different combinations of fluence and temperature initiate failure in form of a cone crack 

in polyurea. Table 6-1 summarizes the minimum energy level required to initiate a cone 

crack for four different temperatures. 
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Table 6-1. Fluence requited to initiate a cone crack in polyurea at a given temperature. 

Temperature, °C Energy, J Fluence, kJ/m2 Peak Stress, GPa 

-70 0.194 46.70 1.6 

-18 1 240.60 2.4 

-13 1.5 361.00 2.6 

-10 2.13 512.60 2.9 

 

When the temperature of polyurea goes below -130°C, the sample starts cracking without 

introducing the stress wave. Polyurea loaded at 0°C at a maximum energy (2.13J) with a 

fluence 512.6kJ/m2 did not show any sign of failure.  

In order to calculate the stress field near the failed area in Abaqus, the stress 

generated by each fluence was obtained using the interferometry setup mentioned in the 

earlier chapters.  Figure 6.11 displays the stress waves used as inputs for the finite element 

model and the peak stress for each energy level is recorded in the last column of Table 6-1. 

Figure 6.13 is the representation of the of the stress wave propagating through the glass 

and polyurea. 

The stress history of the element located where the Hertzian crack starts to form 

(see Figure 6.12) is evident in Figure 6.14-Figure 6.17. X1 correspond to the X axes and 

X2 corresponds to the Y axes in all the figures. 
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Figure 6.11. Stress wave generated by 4 different energy levels. 

 
 

 
Figure 6.12. Location of the element where the Hertzian crack starts. 

Glass Polyurea 

Element 1 
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Figure 6.13. FEA snapshots at four diffent times showing the propagation of the shock 

wave in glass and polyurea. 

 

 
Figure 6.14. Stress state of the element where the Hertzian crack start at -70°C. 
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Figure 6.15. Stress state of the element where the Hertzian crack start at -18°C. 

 
 

 
Figure 6.16. Stress state of the element where the Hertzian crack start at -13°C 
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Figure 6.17. Stress state of the element where the Hertzian crack start at -10°C 

 
 

6.6. Glass Hertzian Cone Cracks 

A bi product of the polyurea experiments analyzed in this section was the failure of the 

microscope glass slide that works a constraining layer. The glass failure mirrors the 

polyurea Hertzian cone crack. In the case of the microscope slide however, the necessary 

stress level and temperature that is needed to get the cone crack is different than the stress 

and temperature needed for polyurea. The Hertzian cone crack in the slide can be formed 

at room temperature with 2.13J of energy over a 2.3mm diameter (512.6kJ/m2). According 

to the literature the angle of the cone crack for a soda lime (microscope slide) with a 

Poisson ratio of 0.21 is 22° [55]. The angle of the cone crack in the microscope slide 

measured was 23° ± 4°, a value that is in a good agreement with the literature value. 

Figure 6.18 shows part of the crater formed in the constraining glass layer after the 

polyurea sheet was loaded with the stress wave. The glass is also affected by the expansion 



74 
 
 

of the Al after it has been hit by the laser. The stress wave that enters the glass has the same 

amplitude and duration than the one that enters the polyurea sheet. The micrograph shows 

three distinctive regions; the hole (3.74 mm in diameter), rough region (inner ring 3.74 mm 

in diameter, outer ring 6.02 mm), and the Wallner lines (inner 6.02 mm to 14.32 mm outer 

ring). 

 
 

 
Figure 6.18. Hertzian cone fracture on the constraining Microscope slide loaded at low 

temperature. 

 
Figure 6.19a shows the side where the stress wave was generated, the impacted diameter 

is around 2.03 mm and the plug diameter is 3.9 mm, Figure 6.19b shows the free surface 

of the microscope slide with a pulverized region of 3.9 mm in diameter and the plug 

diameter is 7.14 mm. 

Figure 6.20a is a SEM of the cross section of the glass plug showing three 

distinctive regions: The Hertzian con crack, the pulverized glass, and the unaffected part 

Crater 
Wallner 
Lines 
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of the plug.  The pulverized region is 495 μm deep with a Figure 6.20b shows all the 

microcracks in the pulverized area. (semicircle is 2.9 mm long and 495µm deep). 

The pulverized area and the unaffected area were analyzed with a Raman machine. 

The pulverized area has the same composition as the unaffected area. 

 

Figure 6.19.  Glass plug. (a) Front side (stress loading location). (b) Back side of the 
glass plug [58]. 

 

 
 

Figure 6.20. Glass plug generated with a 2.13 J upon a 2.3mm spot size at -43°C. (a) 
Cross section of the glass plug. (b) Center of the back surface of the glass plug. 
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Pulverized 
glass 

(a)                                                                        (b) 
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7 Polyurea Columns, Wing cracks 

In the previous chapters the failure in polyurea sheets was analyzed considering the load 

conditions be in plane stress (the polyurea was constrained in the plane orthogonal to the 

stress wave direction). To characterized a different failure mechanics in polyurea a 

different sample geometry was considered to change the plane stress condition to a plane 

strain. In this section, a polyurea column with different slender ratios was considered for 

testing to change the stress state to plane strain. In the column samples analyzed in this 

chapter the diameter of the spot where the stress wave is generated is almost the same size 

as the column diameter. This loading condition, the column is not constrained in the Y and 

Z direction (see Figure 7.8).  

 

7.1 Introduction 

The overall mechanical response of brittle solids, such as glass, rock, and concrete, is 

influenced by but not limited to: temperature, strain rate, and pressure. Most of them have 

a different thresholds values for failure in tension and compression. Usually the stress 

needed to trigger a failure under compression it’s greater than the stress needed under 

tension. Multiple materials can be used to withstand compressive loads like polyurea, 

which is known for being a polymer that is strain rate sensitive and capable absorb 

compressive loads. For this reason, is important to describe how brittle solids, in this case 

polyurea in its glassy face, behave when subjected to compressive loads.  Materials 

containing defects such as soft and hard segments, pores and micro-cracks are more prone 

to failure.  Microdefects are responsible for the inelastic behavior of the material and they 

finally lead to macroscopic failure under both tensile and compressive loads [59].  
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Griffith was the one that postulated that brittle fracture in compression is due to 

tensile micro-stresses, since then, researchers have been studied the mechanism through 

which the compressive strength of brittle materials is overcome. The collapse of the 

material under compression comes after many load-parallel tensile fractures interact with 

each other [60].  The same as the tensile failure, the compression failure of quasi brittle 

materials such as concrete, rock, ice, ceramics, and composites often exhibits a size effect 

[61].  

A common crack pattern found in brittle materials in compression was summarized 

by Bobet [62]. Figure 7.1 show the micro-crack geometry that Bobet studied. The wing 

cracks start at the tip of factures and propagate in a curved path as the load increases. Wing 

cracks are considered tensile cracks and as such they grow in a stable way and tend to align 

with the direction of the most compressive stress. Secondary cracks are generally described 

as shear cracks. They initiate from the tips of the fractures in two possible directions: 

coplanar or nearly coplanar to the Fractures, or with an inclination like the wing cracks but 

in the opposite direction [63]. 
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Figure 7.1. Wing crack Geometry [64]. 

 

7.2 Experimental Procedure 

The behavior of polyurea was studied under a compression load by employing the 

experimental setup provided in Figure 7.1. This was performed in the laser spallation 

facility and optimized by Gupta et al. [49], [23], [15], [17], [50], [21], [22], [37] to obtain 

stress pulses with the largest amplitude and shortest rise time. [49], [23], [15], [17], [50], 

[21], [22], [37] In this study, the aluminum ablating layer was sputtered at 600 nm and the 

waterglass layer was spin coated to 100 μm thick. Figure 7.2 show a column that was not 

constrained from the top. Next, a compressive stress wave was generated on the microscope 

slide by exfoliating a waterglass-constrained Al film. This stress wave then propagated 

towards the polyurea layer as shown in Figure 7.2 Experiments were done at increasing 

laser fluence and at a constant temperature until failure was observed. To characterize the 

stress state inside the polyurea at failure, a finite element simulation was used. The FEM 
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model was loaded by the stress wave generated inside the prism, which in turn was recorded 

interferometrically in a separate experiment, conducted without the polyurea layer. The 

shear stress, tensile stress, and the strain rate at the instant of failure were computed. A 

brief description of each step involved in the above experimental procedure and associated 

results are provided below.  

 
Figure 7.2. Schematic of the experiment used to study the behavior of polyurea column 

under compression loading. 

 
The polyurea column for the experiments was prepared by mixing four parts of Versalink 

P1000 (OligomericDiamine made by AirProducts) and one part of Isonate 143-L (modified 

Methylene DiphenylDiisocyanate made by DOW) by weight. The mixture was stirred well 

for 1 minute and casted between two microscope slides and a Teflon piece that would be 

removed prior to testing. The thickness and diameter of the polyurea columns was 

controlled by placing Teflon spacers and by applying constant pressure during polyurea 

curing. Polyurea samples were initially cured under ambient conditions for 24 hours and 

were then cured for an additional 24 hours in an oven maintained at 80˚C. Before curing, 
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the Teflon and of the microscope slides were removed. Figure 7.3 shows the steps taken 

after the polyurea columns is cured. The waterglass is coated on top of the Al layer and 

then the column is placed on top of the water glass before it solidifies. 

 

Figure 7.3. 2-Step column sample construction. 

The polyurea were loaded at increasing stress wave amplitudes by increasing the laser 

fluence. To avoid potential fatigue effects each column was shoot once. The columns were 

examined in a FEI Nova Nano 230 scanning electron microscope (SEM) in low vacuum. 

 

7.3. Results 

A SEM micrograph depicting the failure in a column 2.2 mm tall and 3.0 mm diameter at 

-60°C caused by a stress wave generated at a laser fluence of 512kJ/m2 is given in Figure 

7.4. This micrograph includes the side and top view of a column that was completely 

crushed by the stress wave generated on top of the column. This type of failure has been 

observed previously in brittle materials when they are being subjected to compression 

loads. As it was discussed before, to observe this phenomenon, it was necessary to have 
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geometrical imperfections in the glassy polymer which allow the local stress to elevate at 

levels necessary to make the cracks grow. It appears that the ultrahigh strain rate loading 

allows very high stresses to build up uniformly throughout the volume of the polyurea.  

 

 

Figure 7.4. (a) Side view of a Polyurea column, 2.2 mm tall. (b) Top View of the crushed 
column, 3 mm in diameter. 

 
 
A similar crushing failure is evident in Figure 7.5. The column is 1.9 mm tall and 2.7 in 

diameter was loaded at -60°C. The image indicates a big part of the column missing, almost 

1/6 of the total column. The material completely detached from the main column when the 

stress reached a critical level. The sample shows multiple imperfections, in form of 

bubbles, acting as local stress intensity factors. These increase the local stress dramatically, 

however, not all the samples present these big bubbles therefore they were not considered 

in the FEM model. Figure 7.5 also shows wing cracks on the column. Figure 7.6 is an optical 

image of the Figure 7.5 displaying the change in color of polyurea. 

(a)                                                                          (b) 
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Figure 7.5. Column crushed under a high-strain rate compression wave 

 
Figure 7.6. Microscope image of sample in Figure 7.5 polyurea turns milky in color due 

to all the micro cracks generated by the compression load. 

 
Figure 7.7 illustrates the failure of a slenderer column than the sample in Figure 7.4. The 

slander ratio of the first column is l/d= 1.38, where l is the length and d is the diameter, and 

the second one is l/d=0.633. The column of 1.892mm tall and 1.374mm diameter (see 

Figure 7.7) was loaded at -70°C with a fluence of 512kJ/m2. The damage in the column 

can be seen around its circumference and on the top of the column. The material missing 

from the walls of the column detached from it when the wing cracks fully formed. The area 

near to the wall and closer to the top of the column corresponds to the location of maximum 
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compression and shear. According to the FEM and the loading conditions, the combination 

of the stress at this location is 1.38 GPa in compression and 52 MPa in shear when the 

compression value is at its maximum. The stress state when the shear stress is at its 

maximum is 106 MPa in comprssion and 171MPa in shear. The FEM predicts that the 

Shear stress of the material increases when it is closer to the free surface of the column. 

The maximum shear stress is located near the walls of the column and it is at its minimum 

at the center of the column.  

 

 
Figure 7.7.  Failure of a column 1.892 mm tall and 1.374 mm in diameter loaded at -

70°C with 2.13 J on a 2.3 mm spot size (512.6kJ/m2). (a) Top view. (b) Side view. 

 
For this case, the peak of the stress input wave was calculated to be 2.9 GPa using 

interferometry. This input wave was used in the Abaqus model to get the stress state of the 

elements close to the wall of the column. Figure 7.8 lays out the main components of the 

simulation and the different location of elements along the length of the column near the 

wall. They represent the location where the failure occurs. Figure 7.9 outlines the evolution 

(b) (a) 
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of the waves over time and Figure 7.10-Figure 7.12 plot the stress state of 5 elements 

close to the wall.  

 

Figure 7.8. Location of five different elements close to the wall of the column. 

 
Figure 7.9. Propagation of the waves on the column sample. 

 

Glass Stress 
Wave 

Elements 5 
Elements 1  

Polyurea 
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Figure 7.10. Stress history in the X1 direction of 5 elements near the wall of the column 

with an input stress of 2.9GPa. 

 
 

 
Figure 7.11. Stress history in the X2 direction of 5 elements near the wall of the column 

with an input stress of 2.9GPa. 
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Figure 7.12. Shear stress history of 5 elements near the wall of the column with an input 

stress of 2.9GPa. 

 
The sample shown in Figure 7.13 also includes the failure in the wall of the column. Wing 

cracks are responsible for the detachment of polyurea from the main column. It has the 

same failure characteristics as the sample in Figure 7.7 but at lower laser fluence of 

426.0kJ/m2 with less imperfection in form of bubbles. The cracks seem to appear only on 

one side of the column. Different factors can affect the location of this failure pattern; the 

alignment between the polyurea column and the region where the stress wave is generated, 

in addition to the location/amount of imperfection on the column.  
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Figure 7.13. Failure of a polyurea column 2.11mm tall and 1.457 mm in diameter, loaded 
at -60°C with 1.77 J on a 2.3 mm spot size (426kJ/m2). (a) Top view. (b) Side View. 

 
For this case, the peak of the stress input wave was calculated to be 2.45 GPa using 

interferometry. This input wave was used in the Abaqus model to get the stress state of the 

elements close to the wall of the column. Figure 7.14 portrays the main components of the 

simulation and the different location of elements. Figure 7.10-Figure 7.17 graph the stress 

history of all 5 elements. 

(b) (a) 
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Figure 7.14. Location of three different elements close to the wall of the column. 

 

 
Figure 7.15. Stress history in the X1 direction of 3 elements near the wall of the column 

with an input stress of 2.45GPa. 

Glass Stress 
Wave 

Elements 1 Element 3 

Polyurea 
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Figure 7.16. Stress history in the X2 direction of 3 elements near the wall of the column 

with an input stress of 2.45GPa. 

 

 
Figure 7.17. Shear stress history of 3 elements near the wall of the column with an input 

stress of 2.45GPa. 

 
Other column dimensions were also tested using the same setup. For columns with 

diameters larger than the laser spot size, any kind of failure was difficult to reproduce. For 
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slenderer columns, with diameters ranging from 1.9 to 2.11, a different failure was 

observed. For columns with l/d>2.52 loaded with a fluence of 512kJ/m2 the failure in the 

sample was different. Columns with l/d=2.52, l/d=6.28, l/d=10.74 and l/d= 21.11 loaded at 

-85°C, -100°C, -60°C and -70°C respectively, sheared off from the base of the column. 

The failure seen in these samples originated at the bottom of the column leaving the rest of 

the column almost perfectly intact. The slender ratio and the ratio between the laser hitting 

spot and the column are related to the failure of the column. Table 7-1 summarizes the type 

of failure for different slender ratios columns shock-loaded with a fluence 512-426kJ/m2 

and temperatures ranging from -60°C to -100°C. Table 7-1 also includes the type of failure 

for different slender ratios using 426-512kJ/m2 fluence and -60°C to -100°C. 

Table 7-1. Type of failure for different slender ratios. 

Column 

l/d ratio 

Fluence, 

kJ/m2 

Temperature, 

°C 

Failure 

0.633 512 -60 Crushed. The column has multiple cracks 

0.703 512 -60 Crushed. The column has multiple cracks 

1.377 512 -60 
Cracks close to the loaded area an material 

missing from the calls of the column 

1.448 426 -60 
Cracks close to the loaded area an material 

missing from the calls of the column 

2.52 512 -85 Column Sheared off from the base 

6.28 512 -100 Column Sheared off from the base 

10.74 512 -60 Column Sheared off from the base 

21.11 512 -70 Column Sheared off from the base 
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Polyurea columns were also loaded at room temperate conditions. Figure 7.18 displays the 

side and top view of a column 1.62 mm tall and 2.26 mm diameter loaded at room 

temperature and 2.13 J upon a spot size of 2.3 mm (512.6kJ/m2). The column presents the 

same surface imperfections as the samples analyzed at the beginning of the results section, 

however in this case no failure was observed after the sample was loaded. The high strain 

rate and the stress level is not high enough to reach the glassy face of polyurea. The wing 

cracks and crushing failure can only be seen when the polyurea is a -60°C. 

 
 
Figure 7.18. Room temperature results of a polyurea column with diameter 2.26 mm and 

height 1.62 mm.  
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8 Modified Punching Shear Test on Polyurea 

8.1. Introduction 

To arrest the penetration of projectiles different solutions have been proposed; the 

deformation or destruction of the projectile on the target strike face, the projectile 

deceleration with controlled momentum transfer, and some many others. To maximize the 

success of each mechanisms different materials can be considered: hard materials to 

deform and fragment projectiles, high strength but fracture resistance material for 

deceleration. Polyurea can be used in the latter category as a layer in a multilayer composite 

to arrest a projectile penetration by plastic dissipation [65].  To quantify the stress needed 

to shear polyurea at high strain rates a modified punching shear test is used in this section.  

Shear bands appear when certain conditions are met for localized plastic 

deformation under high strain rate loading. A large part of the plastic work conducted 

during deformation is converted in to heat. The deformation process itself is adiabatic, it 

occurs in a very short time making the heat conduction to its surroundings negligible [66]. 

The shear strength is an important material property for polymers that reach their glassy 

face due to a change in temperature and/or strain rate, it is used in many different material 

failure models. Different methods of quantification of the shear strength have been 

proposed under static loading condition, however, there is no such a method available to 

measure it under dynamic loading conditions [67]. 

Several methods for the quantification of shear strength of rocks, ceramics, and 

polymers are widely available today [68], [69], [70], [71]. Brittle solids, for instance, has 

two most common methods are:  direct shear-box test, and punch shear test. The punch 

shear stress test has been used to measure shear strength of different materials using a 
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simple punch apparatus with a thin disc [72]. To minimize the bending stress on the 

specimens to be tested during shear tests, a simple punch shear apparatus described in 

Figure 8.1 is used. The compressive load produces two parallel shear failure surfaces in 

the test sample.  

 

Figure 8.1. Generic punch test setup. 

 
Another common tool for dynamic testing is the split Hopkinson pressure bar (SHPB) 

developed by Kolsky. One of the straightforward application of the SHPB is dynamic 

compressive tests. It can be used to measure (this properties) with proper modification of 

the sample geometry and assembly [73], [74]. 
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Figure 8.2. Split Hopkinson Bar Setup for punch shear test. 

 

Li et al. utilized SHPB (see Figure 8.2) with punch system to conduct the dynamic fiber 

debonding and pushout experiment on model single fiber composite systems [75]. 

Dynamic punch tests are also used to investigate the mechanical properties of metals and 

other ductile materials [76], [77]. 

When the test is under dynamic force equilibrium condition (i.e., P1 = P2), the 

inertial effect in the dynamic test can be ignored [74], [78]. In this case, the punch shear 

stress in the sample can be calculated using the equation: 

𝜏𝜏 = 𝑃𝑃
𝜋𝜋𝜋𝜋𝜋𝜋

         (8.1) 

where τ is the punch shear stress; P = P1 = P2 is the loading force; D and B are the diameter 

of incident bar and the thickness of the specimen, respectively.  

These punching tests have limitations; the strain rate for the SHPB is limited to 105 

s-1. Motivated by the need from engineering applications and the existing studies, the laser 

spallation technique was modified to develop a dynamic punch shear device to quantify the 

dynamic shear properties at ultra-high strain rates. 
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8.2. Experimental Procedure 

The behavior of polyurea was studied under a pressure load by employing the experimental 

setup provided in Figure 8.3. This was performed in the laser spallation facility and 

optimized by Gupta et al. [16-23] to obtain stress pulses with the largest amplitude and 

shortest rise time. [16-23] In this study, the aluminum ablating layer was sputtered at 600 

nm onto a microscope slide, then a waterglass layer was spin coated to 100μm thick on top 

of the aluminum layer. Figure 8.4 shows a 0.4 mm thick polyurea layer that was casted on 

top of the solidified waterglass layer. This polymer layer was not constrained from the top. 

Next, a compressive stress wave was generated on the Al layer constrained by the 

microscope glass and the waterglass. This stress wave then propagated towards the 

polyurea layer as shown in Figure 8.3. Experiments were done at a constant laser fluence 

at different temperatures until a punching shear band was observed. To characterize the 

stress state inside the polyurea at failure, a finite element simulation was used. The FEM 

model was loaded by the stress wave generated inside the glass, which in turn was recorded 

interferometrically in a separate experiment, conducted without the polyurea layer. The 

shear stress, tensile stress, and the strain rate at the instant of failure were computed. A 

brief description of each step involved in the above experimental procedure and associated 

results are provided below.  



96 
 
 

 

 

The thin polyurea layer for the experiments was prepared by mixing four parts of Versalink 

P1000 (OligomericDiamine made by AirProducts) and one part of Isonate 143-L (modified 

Methylene DiphenylDiisocyanate made by DOW) by weight. The mixture was stirred well 

for 1 minute and casted between a microscope glass/Al/Waterglass and a microscope glass 

using a Teflon piece that would be removed prior to testing along with the microscope 

glass in the back. The thickness of the polyurea was controlled by placing Teflon spacers 

(0.4 mm) and by applying constant pressure during polyurea curing. Polyurea samples were 

initially cured under ambient conditions for 24 hours and were then cured for an additional 

24 hours in an oven maintained at 80˚C. 

Figure 8.3. Modified punch shear test for polyurea under ultra-high strain rate loading. 
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Figure 8.4. Polyurea sheet sample construction. 

 

The thin polyurea samples were loaded at increasing stress wave amplitudes by increasing 

the laser fluence. To avoid potential fatigue effects, each loading was performed on a 

separate spot. The samples were sectioned through the polyurea along a plane that 

contained the center of the laser heating spot. These polyurea cross-section were then 

examined in a FEI Nova Nano 230 scanning electron microscope (SEM) in low vacuum 

mode to locate failures within the thin polyurea layer at the shockwave influenced region. 

 

8.3. Discussion and Results  

In this experiment a punching shear band was produced in a 0.4 mm polyurea sheet. The 

introduction of high strain rate wave and lower temperatures brings the polyurea to its 

glassy face. Polyurea behaves as a brittle solid under these loading conditions and it is 

similar to the punching shear failure in other brittle solids, making it reasonable to use the 

background of punching shear test in brittle solids for this analysis. However, there are 
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differences between the classical punching test and experiment performed in this section. 

The strain rate applied to the polyurea is around 10-7 s-1, making it higher than the strain 

rate of the split Hopkinson bar test and does not require the use of a punching head. 

A SEM micrograph depicting the failure in a 0.5 mm thick polyurea layer caused 

by a stress wave generated with 2.3 J on a 2.3 mm diameter (512.6kJ/m2) is seen in Figure 

8.5. The sample was shot at -20°C. The shear band has a circular shape forming a cylinder 

around 2.8 mm in diameter (almost the same diameter of the hole of the back plate, 2.7 

mm) and 0.42 mm deep.  

 

Figure 8.5. Ultra-high strain-rate punch test SEM image. Polyurea sheet 0.5 mm thick 
with two shear bands 2.9 mm apart. Left and right shear bands are 0.45 mm and 0.367 

mm deep respectively.  

 
The temperature varied from 22°C to -30°C, there is was no visible failure until the 

temperature was around the -20°C. When the temperature went to -30°C, the sample failed 

in a way that is very similar to the Hertzian crack cone failure. Figure 8.6 displays the 

SEM image of a sample loaded at -30°C, with a 2.3 J of energy on a 2.3 mm spot diameter 

(512.6kJ/m2) In the SEM image, different failure mechanisms are present:  the Hertzian 

cone crack (almost fully developed) with an inner diameter of 1.4cm and at approximately 

48°, a punching shear band on the right hand side of the sample, going 0.24 mm deep, and 

spallation failure in the middle of the loaded section. 

Stress Wave 
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Figure 8.6. Punch test result at -30°C with 2.13 J on 2.3 mm spot (521.6kJ/m2). 

 
Lowering the temperature beyond the -20°C and having a misaligned laser spot size can 

make the polyurea sheet fail in these different mechanisms. The peak of the stress input 

wave was calculated to be 2.9 GPa using interferometry. This input wave was used in the 

Abaqus model to get the stress state of the element close to the location were the stress was 

applied. Figure 8.7 contains the main components of the simulation. Since the stress wave 

originates at glass/polyurea interface, the compressive wave propagates into the glass and 

the polyurea. The evolution of the waves over time is captured in Figure 8.8 and Figure 

8.9 shows the stress state of the element corresponding to the failure location. 

Stress Wave 
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Figure 8.7. Location of the element used to get the stress state. This location represent 
the region were the shear band start to develop. 

 
 

Figure 8.8. Snapshots of the stress wave propagating in the glass and polyurea at four 
different times. 
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Figure 8.9. Stress state of the element close to the region where the shear band starts 
growing. 

 
8.3.1 Conclusion  

A dynamic punch shear method has been developed to quantify the dynamic shear strength 

of polyurea. The dynamic load was applied by a modified laser spallation technique. A 

special sample holder was put in place to constrain the displacement of the polyurea after 

being load with an ultra-high strain rate stress pulse. This dynamic punch shear method 

can be readily applied to various materials, including brittle solids, in addition to the 

polyurea used in this experiment. 

 

9 Conclusions  

Dynamic shear strength of polyurea was measured at a strain rate of 2.8 x 107 s-1 by 

subjecting sandwiched thin polyurea layers between the hypotenuses of two N-BK7 glass 
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prisms to laser-driven stress waves of 1 ns rise-time. A shear strength of of 90±9.9 MPa 

under a pressure of only 119±13 MPa was measured.  Since the damage was limited only 

to the polyurea/glass interface and did not propagate throughout the sample thickenss it is 

reasonable to copmpare the measured shear strength with the onset of inelastic damage in 

previous experiments conducted by Jiao et al. [32]. As shown in Figure 3.1, the onset of 

inelastic behavior starts around 50 MPa at the highest pressure of 3 GPa. The strain rate in 

their experiment was 2.4 x 105 s-1. These observations show that polyurea displays a strong 

strain rate effect.  The failure mechanisms in our experiments confirm that polyurea still 

deforms in its viscoelastic regime through formation of voids and crazing at these ultrahigh 

strain rates. We are presently limited by the level of pressures that can be genearted using 

the present setup where pressures are genearted by use of dilatational waves. An alternate 

strategy using cylindrically focussed shockwaves where pressures up to 10 to 20 GPa can 

be generated is in progress [43], [44]. It is of interest to see if at such pressures the strain 

rate effect still persists or not and whether the previously measured shear stength of 1.7 

GPa at a strain rate of 7 x 105 s-1 can be exceeded.  

The phenomenon of intrnsic crazing was observed in thin polurea samples that were 

loaded dynamically by a laser-genearted stress wave. The fully dense sample was 

converted instantly into a foam-like microstructure with voids ranging from 15 to 30 µm. 

This ocurred when the sample was subjected to a combined shear stress and mean normal 

stress of  27.71 ± 2.43 MPa and 57.13 ± 5.02 MPa, respectively. Since substantial energy 

is consumed by this deformation process, it therefore presents a very exciting shockwave 

energy absorbing mechanism at ultrahigh strain rates where most material deform in a 

brittle fashion. 
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 The failure mechanism of polyurea depends on how the sample is loaded with the 

stress wave and how the stress wave is generated. For this reason, the conventional laser 

spallation technique was modified to produce a spall failure on the free surface of the 

polyurea sample Spallation failure on a polyurea was observed on a sheet when is loaded 

loaded at -70°C with 1.5 J over a 2.2 mm spot size (394.6J/m2). 

To generate a Hertzian cone crack failure the displacement constraints and how the 

stress wave is generated has to be modified. A microscope slide has to be introduce as a 

constraining layer to produce a stronger and longer temporal stress wav and provide a 

displacement constraint of the polyurea sheet. Different combinations of fluence and 

temperature initiate failure in form of a cone cracks in polyurea. Polyurea starts the cone 

crack at -10°C with a fluence of 512.6kJ/m2 When the temperature of polyurea goes below 

-130°C, the sample cracks without introducing the stress wave. The cracks run normal to 

surface of the sample. Polyurea loaded at 0°C at a maximum energy (2.13J) with a fluence 

of 512.6kJ/m2 of did not show any sign of failure.  

A bi product of the polyurea experiments analyzed in this section was the failure of 

the microscope glass slide that works a constraining layer. The glass failure mirrors the 

polyurea Hertzian cone crack. In the case of the microscope slide however, the necessary 

stress level and temperature that is needed to get the cone crack is different than the stress 

and temperature needed for polyurea. The Hertzian cone crack in the slide can be formed 

at room temperature with 2.13J of energy over a 2.3mm diameter (512.6kJ/m2). 

Polyuera columns, 2.11mm tall and 1.457 mm in diameter, present wing cracks as 

a form of failure when they are loaded at -60°C with 1.77 J on a 2.3 mm spot size 

(426kJ/m2). Other column dimensions were also tested using the same setup. For columns 
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with diameters larger than the laser hitting spot size, any kind of failure was difficult to 

reproduce. For slenderer columns, l/d>2.525, loaded with a fluence of 0.512J/mm2 the 

failure in the sample was different. Columns with l/d=2.52, l/d=6.28, l/d=10.74 and l/d= 

21.11 loaded at -85°C, -100°C, -60°C and -70°C respectively, sheared off from the base of 

the column. The failure seen in these samples originated at the bottom of the column 

leaving the rest of the column almost intact. The slender ration and the ratio between the 

laser hitting spot and the column are related to the failure of the column. 

A dynamic punch shear method has been developed to quantify the dynamic shear 

strength of polyurea. The dynamic load was applied by a modified laser spallation 

technique. A special sample holder was put in place to constrain the displacement of the 

polyurea after being load with an ultra-high strain rate stress pulse. Punching shear band 

appear when the sample is shot at -20°C with a fluence of 512kJ/m2. The shear band has a 

circular shape forming a cylinder around 2.8 mm in diameter (almost the same diameter of 

the hole of the back plate, 2.7 mm) and 0.42 mm deep when the polyurea sheet is .5mm 

thick. 
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A. Appendix 

TABLE 1: Coefficients determined by the full trust region method and by the simplified 
trust region method done by Knauss and Zhao [26]. 
 

i Simplified trust region method Trust Region Method 
ζi Seconds E∞ MPa ζi Seconds E∞ MPa 

1 10-13 40 4.481x10-12 90 
2 5x10-13 40 9.725x10-12 651.8 
3 10-12 40 4.581X10-11 19.81 
4 10-11 4.438x10-14 9.41510-11 207 
5 10-10 241.5 4.479x10-10 43.83 
6 10-9 191 8.558x10-10 143 
7 10-8 126.5 6.978x10-9 136.4 
8 10-7 100.4 2.912x10-8 22.45 
9 10-6 68.39 1.18x10-7 103.4 
10 10-5 46.48 1.44x10-6 66.25 
11 10-4 40.5 1.184x10-5 38.46 
12 10-3 20.69 10-4 42.14 
13 10-2 17.48 1.266x10-3 20.77 
14 10-1 10.88 0.01071 16.95 
15 1 9.009 0.1657 13.45 
16 10 5.388 3.278 10.01 
17 102 5.975 91.77 6.876 
18 103 10 929.3 10.26 
  E∞ =69  E∞ =69.13 

 
Abaqus Code 
** Job name: SampleCode Model name: Model-1 
** Generated by: Abaqus/CAE 6.14-2 
*Preprint, echo=NO, model=NO, history=NO, contact=NO 
** 
** PARTS 
** 
*Part, name="PU 0-5mm" 
*Node 
      1,  0.449499995,  0.493649989 
      2,  0.449999988,  0.493649989 
      3,  0.449999988,          0.5 
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      4,  0.449499995,          0.5 
      5,  0.449499995,  0.482950002 
      6,  0.449999988,  0.482950002 
      7,  0.449499995,  0.481950015 
      8,  0.449999988,  0.481950015 
      9,  0.449499995,  0.480949998 
*Element, type=CPS3 
1, 1, 2, 3 
2, 3, 4, 1 
3, 2, 1, 5 
4, 5, 6, 2 
5, 7, 8, 6 
6, 6, 5, 7 
7,  9, 10,  8 
8,  8,  7,  9 
*Nset, nset=PU, generate 
  1,  18,   1 
*Elset, elset=PU, generate 
  1,  16,   1 
*Nset, nset=Encastre 
  1,  2,  3,  4, 15, 16, 17, 18 
*Elset, elset=Encastre 
  1,  2, 13, 14 
*Nset, nset=Load, generate 
  7,  12,   1 
*Elset, elset=Load, generate 
  7,  10,   1 
*Nset, nset=Free 
  5,  6,  7,  8, 11, 12, 13, 14 
*Elset, elset=Free 
  5,  6, 11, 12 
*Nset, nset=Explosion, generate 
  7,  11,   2 
*Elset, elset=Explosion 
  8, 10 
*Elset, elset="PU Center Elements" 
 8, 
** Section: PU-Section 
*Solid Section, elset=PU, material=PU 
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, 
*End Part 
**   
** 
** ASSEMBLY 
** 
*Assembly, name=Assembly 
**   
*Instance, name="PU 0-5mm-1", part="PU 0-5mm" 
     -0.4495,    -0.466325,           0. 
*End Instance 
**   
*Nset, nset=Set-2, instance="PU 0-5mm-1" 
  1,  2,  3,  4, 15, 16, 17, 18 
*Elset, elset=Set-2, instance="PU 0-5mm-1" 
  1,  2, 13, 14 
*Elset, elset="_Load surface_S2", internal, instance="PU 0-5mm-1" 
  8, 10 
*Surface, type=ELEMENT, name="Load surface" 
"_Load surface_S2", S2 
*End Assembly 
*Amplitude, name=Pulse 
             0.,              0.,           1e-10,     124397601.3,           2e-10,     
243231307.1,           3e-10,     356712081.3 
          4e-10,     465043146.6,           5e-10,     568420266.7,           6e-10,     
667032018.3,           7e-10,     761060052.2 
          8e-10,     850679346.7,           9e-10,     936058448.9,           1e-09,     
1017359712.,         1.1e-09,     1094739517. 
        1.2e-09,     1168348496.,         1.3e-09,     1238331733.,         1.4e-09,     
1304828977.,         1.5e-09,     1367974827. 
        1.6e-09,     1427898926.,         1.7e-09,     1484726137.,         1.8e-09,     
1538576723.,         1.9e-09,     1589566507. 
          2e-09,     1637807043.,         2.1e-09,     1683405763.,         2.2e-09,     
1726466133.,         2.3e-09,     1767087797. 
        2.4e-09,     1805366712.,         2.5e-09,     1841395291.,         2.6e-09,     
1875262523.,         2.7e-09,     1907054103. 
        2.8e-09,     1936852554.,         2.9e-09,     1964737338.,           3e-09,     
1990784970.,         3.1e-09,     2015069127. 
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        3.2e-09,     2037660748.,         3.3e-09,     2058628140.,         3.4e-09,     
2078037066.,         3.5e-09,     2095950846. 
        3.6e-09,     2112430439.,         3.7e-09,     2127534537.,         3.8e-09,     
2141319642.,         3.9e-09,     2153840146. 
          4e-09,     2165148412.,         4.1e-09,     2175294846.,         4.2e-09,     
2184327968.,         4.3e-09,     2192294484. 
**  
** MATERIALS 
**  
** Soda Lime material properties 
**  
*Material, name=Glass 
*Conductivity 
 0.937, 
*Density 
2525., 
*Elastic 
 7.3e+10, 0.22 
*Expansion 
 8.3e-06, 
*Specific Heat 
880., 
**  BOROSILICATE GLASS 
*Material, name="N-BK7 Glass" 
*Conductivity 
 1.114, 
*Density 
2510.,0. 
*Elastic 
 8.2e+10, 0.206 
*Expansion 
 7.1e-06, 
*Specific Heat 
858., 
*Material, name=PU 
*Conductivity 
 0.223, 
*Density 
1071., 
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*Elastic, moduli=LONG TERM 
 1.08373e+09, 0.486 
*Expansion 
 8.5e-06, 
*Viscoelastic, time=PRONY 
   0.0369095,   0.0369095,       1e-13 
   0.0369095,   0.0369095,       5e-13 
   0.0369095,   0.0369095,       1e-12 
 4.09511e-17, 4.09511e-17,       1e-11 
    0.222841,    0.222841,       1e-10 
    0.176243,    0.176243,       1e-09 
    0.116726,    0.116726,       1e-08 
   0.0926428,   0.0926428,       1e-07 
    0.063106,    0.063106,       1e-06 
   0.0428888,   0.0428888,       1e-05 
   0.0373709,   0.0373709,      0.0001 
   0.0190914,   0.0190914,       0.001 
   0.0161294,   0.0161294,        0.01 
   0.0100394,   0.0100394,         0.1 
*Trs 
 273.15,  8.86, 101.6 
**  
** PREDEFINED FIELDS 
**  
** Name: Initial Temperature   Type: Temperature 
*Initial Conditions, type=TEMPERATURE 
"PU 0-5mm-1".PU, 200. 
** ---------------------------------------------------------------- 
**  
** STEP: Shock 
**  
*Step, name=Shock, nlgeom=YES 
*Dynamic, Explicit, direct user control 
2e-10, 2e-06 
*Bulk Viscosity 
0.06, 1.2 
**  
** BOUNDARY CONDITIONS 
**  
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** Name: Encastre Type: Symmetry/Antisymmetry/Encastre 
*Boundary 
Set-2, ENCASTRE 
**  
** LOADS 
**  
** Name: Pulse   Type: Pressure 
*Dsload, amplitude=Pulse 
"Load surface", P, 1. 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, number interval=1, time marks=NO 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, time interval=1e-100 
*Element Output, elset="PU 0-5mm-1"."PU Center Elements", 
directions=YES, variable=PRESELECT 
*Integrated Output, elset="PU 0-5mm-1"."PU Center Elements", 
variable=PRESELECT 
*Energy Output, elset="PU 0-5mm-1"."PU Center Elements", 
variable=PRESELECT 
*Incrementation Output, variable=PRESELECT 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history, time interval=2e-08 
*Element Output, elset="PU 0-5mm-1"."PU Center Elements", 
variable=PRESELECT 
*Integrated Output, elset="PU 0-5mm-1"."PU Center Elements", 
variable=PRESELECT 
*Energy Output, elset="PU 0-5mm-1"."PU Center Elements", 
variable=PRESELECT 
*Incrementation Output, variable=PRESELECT 
*End Step 
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