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Abstract 23 

The nonlinear mechanical properties, deformation and failure mechanisms of polyurea aerogels 24 

(PUAs) were investigated using a multi-scale approach that combines nanoindentation, analytical 25 

and computational modeling. The atomistic structure of primary particles of PUAs and their 26 

mechanical interactions were investigated with molecular dynamics simulations. From 27 

nanoindentation we identified four deformation and failure modes: free ligament buckling, cell 28 

ligament bending, stable cell collapsing, and ligament crush induced strain hardening. The 29 

corresponding structural evolution during indentation and strain hardening were analyzed and 30 

modeled. The material scaling properties were found to be dependent on both the relative density 31 

and the secondary particle size of PUAs. Using a porosity-dependent material constitutive model, 32 

a linear relationship was found between the strain hardening index and secondary particle size 33 

instead the conventional power-law relationship.  Finally, the structural efficiency of PUAs with 34 

respect to the capability for energy absorption is evaluated as a function of structural parameters 35 

and base polymeric material properties. 36 

1. Introduction 37 

Aerogels are highly-porous (>80%), low-density (typically <0.5 g cm
-3

) solids with an 38 

inorganic ceramic (oxide, carbide nitride) or a polymer framework [1-3]. They were first 39 

introduced in the 1930’s as a means to study the framework of sol-gel-derived wet-gels 40 

[2], and prepared by converting the pore-filling solvent of wet gels into a supercritical 41 

fluid that was vented off like a gas. In the recent years, aerogels are emerging as strong 42 

lightweight materials for applications that range from thermal insulation [4,5], to neural 43 

scaffolds [6], to environmental remediation (oil-spill clean-up) [7,8]. In most applications, 44 

high porosity is desirable but it adversely affects the mechanical properties of the 45 
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materials. A good trade-off between porosity and mechanical properties is reached when 46 

aerogels possess a bird-nest-like nanostructure of entangled fibers [4]. However, the 47 

constitutive law of such nanostructures is not well-understood or developed, rendering 48 

optimal aerogel design difficult. 49 

With notable exceptions [5], most microstructures of polyurea (PUA) aerogels are 50 

hierarchical assemblies of elementary primary and secondary particles [30]. The 51 

nanoscopic assembly of those elementary particles depends on kinetics (monomer 52 

concentration) and solvent polarity during gelation [7]. Among various parameters of 53 

their nanostructures, the particle size, skeletal and bulk densities and their ratios can all be 54 

used to describe important features of the nanostructures. Although it does not affect the 55 

structural configurations of microstructures, they describe different perspectives of the 56 

mechanical properties of PUAs. How these parameters are related to the elastic and 57 

plastic behaviour of PUAs is addressed in this article. 58 

Characterization of the elastic and plastic behaviour of porous materials has recently 59 

attracted significant amount of attention in research community. In macro-scale, the 60 

elastic modulus and Poisson’s ratio of porous materials such as gas-injection-61 

manufactured polymer foams with millimetre pores are usually determined from uniaxial 62 

compression experiments. However, the end frictions in this experiment often induces 63 

over-constrains. The resulting local stress variation makes the extraction of nano-scale 64 

properties of PUAs inaccurate, if not invalid [12]. To reduce the boundary effect of 65 

specimens and the requirements for surface preparation, nanoindentation has been widely 66 

used to characterize nanostructured solids [13-15]. In this case, the nonlinear tip effect 67 

must be accounted for. The elasticity, viscoelasticity, and porosity-dependent strain-68 
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hardening law must be known in order to characterize the mechanical behaviour of 69 

nanoporous polymeric materials.  70 

For example, the relaxation modulus extraction method [16] and the hardness 71 

interpretation approach [19] has been adopted to extract the effective elastic modulus, 72 

relaxation modulus, and the yield strength, respectively. In addition, determining the 73 

scaling properties failure mechanism of porous and cellular materials is also critical for 74 

current material system [20-30]. The scaling properties are referred to varying elastic 75 

modulus and yield strength as the relative density of the material changes. For 76 

macrocellular foams, both open- and closed-cell scaling equations were proposed by 77 

Gibson and Ashby [20] based on the mechanics of deformation on a representative cell 78 

geometry. This cell geometry was “idealized” from the results of the mechanical 79 

experiments on foams with macro pores. These equations, however, cannot be directly 80 

applied to PUAs due to the absence of any representative cell geometry and size effect 81 

[29, 30]. The effective shape coefficients need to be determined from the experimental 82 

data. 83 

In this study, we discovered a progressive failure mechanism, which shows different 84 

responses at critical indentation depths. These critical indentation depths are associated 85 

with the varying failure mechanism. The scaling equation describing the change of 86 

effective elastic modulus with varying relative density was determined. The porosity-87 

dependent strain hardening constitutive law was proposed and implemented to extract the 88 

hardening index. A contact mechanism was then found between secondary particles to 89 

explain the correlation between the hardening index and particle size. 90 

2. PUA Materials  91 
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PUA wet-gels were prepared at room temperature in dry acetone from an aliphatic 92 

triisocyanate (Desmodur N3300A, courtesy of Bayer Corporation) 3× the stoichiometric 93 

amount of water and triethylamine (catalyst) as described in Eq. (1) [6]. Pore-filling 94 

acetone was extracted with liquid CO2 in an autoclave, and aerogels were obtained by 95 

taking CO2 out as a supercritical fluid. Three different formulations were considered with 96 

11.0 g, 16.5 g and 24.0 g of Desmodur N3300A in a fixed amount of solvent (94 mL). 97 

The corresponding aerogels are referred to as PUA-11, PUA-16 and PUA-24, 98 

respectively. These three types of aerogels were selected since they provided different 99 

spatial structures, due to their different particle size and relative densities. These 100 

parameters will be linked to the mechanical properties providing the structure-property 101 

relationship for the Nanofibrous PUA materials. 102 

(1) 103 

3. Research Methods 104 

3.1 Nanostructure Characterization The bulk density (�� ) of PUA is determined by the 105 

geometric dimensions and weight of each specimen. The skeletal density (��), which is the solid 106 

density of the ligament, was determined using helium pycnometer with a Micrometrics AccuPyc 107 

II 1340 instrument. Porosities, �, was determined by � = ��� × (
� − 

)/
� . The particle 108 

sizes were determined using ultra-small angle and small angle neutron diffraction 109 

(USANS/SANS). More detailed information about SANS can be found in the work by Leventis 110 

et al [6]. The scanning electron microscopy (SEM) was used to image the cellular structures of 111 
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PUA. The atomic force microscopy (AFM) was used to image the deformation field after 112 

indentations. 113 

3.2 Molecular Dynamic (MD) Modelling All atoms optimized potential for liquid 114 

simulation (OPLS- AA) is applied in our MD simulation since it was found in close 115 

agreement with the density functional theory [32-34]. For any atom type in the polyurea 116 

structure, force field parameters were chosen by matching the atom type with its 117 

corresponding atom defined in the OPLS parameter database. All MD simulations in this 118 

study are performed with LAMMPS in NVT ensemble at 300 K using the Nose–Hoover 119 

thermostat with an integration time step of 1 fs. More modelling details are listed in the 120 

supplementary information (Note1, SI). 121 

3.3 Nanoindentation Experiments Nanoindentation was conducted using the Hysitron TI 122 

950 TriboIndenter
TM

 equipped with a Berkovich diamond tip. Quasi-static indentations 123 

were performed on each sample under a triangular displacement over time profile with a 124 

loading/unloading rate of 1 nm/sec at various depths. At least 20 indents were performed 125 

on a freshly cleaved surface of each specimen for each depth. During each test, loading 126 

and unloading cycles were performed with holding for approximately 1 sec, and full 127 

unloading.  128 

Elastic and Relaxation Modulus Based on the polymeric nature of the PUA, the 129 

viscoelastic and plastic behaviour were assumed. Following the approached proposed by 130 

Huang and Lu [16], Lu et al. [17], Du et al. [18]. The elastic and relaxation modulus were 131 

extracted. More extraction details are presented in the Note 2, SI.  132 

Hardness and yield strength The hardness (�) of PUA is defined by the peak force (�) 133 

divided over the projected contact area (�� ). The yield strength (�� ) can be linearly 134 
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related to the hardness with a coefficient (��). For dense bulk material, �� is usually close 135 

to 2.5~3 due to the confinement effect from adjacent materials. For PUAs, the absence of 136 

confinement gives �� = 1, which is similar as other highly porous materials such as nanoporous 137 

gold [19].  138 

3.4 Finite element modelling Both of the extracted elastic and relaxation modulus was 139 

taken into account before PUA exceeds the yield strength. The strain-hardening 140 

phenomenon observed from force-displacement responses were also considered the finite 141 

element modelling. By treating the PUA as continuum materials, a J2-flow based 142 

plasticity model was then implemented using ABAQUS® with Subroutine UMAT. This 143 

model is based on the Desphande and Fleck’s self-similar concept [23], and has a 144 

modified shape of yield surface from the conventional von Mises criterion. More details 145 

of this model are shown in Note 3, SI.  146 

A self-similar strain hardening relationship was assumed incorporating porosity changes 147 

[23]. In the uniaxial compression setting, the post-yielding stress-strain relationship is, 148 

���� = 1 + ������� ����+ γln $ %%&'������/� ����()*. (2) 149 

Where σ- is yield strength, ε/��� is the uniaxial plastic strain. Assuming the porosity change 150 

comes from the volume reduction, the relationship between the current porosity strain 151 

( ε0��� ) and plastic strain can be obtained as, ε0��� = 1�&������%&������ . Where γ  and β  are material 152 

constants, f- is the initial porosity of aerogels. As the stress rises, the plastic strain rises 153 

nonlinearly following an inverse power-law relationship as shown in Eq. (6).  154 

To extract the strain-hardening properties, the parameter β is assumed to be constant as it 155 

has small impact on the shape of the strain-hardening law. The parameter γ , which 156 
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contributes directly to the hardening behaviour, is then obtained by fitting the 157 

experimental data. 158 

4. Results and Discussion 159 

4.1 Nanostructures The SEM images of various PUAs are shown in Fig. 1, the overall cellular 160 

structural features were observed. Based on the SANS data, the average diameters of the 161 

ligament are 24, 22, and 17, respectively. The particle size difference, through small, was found 162 

to contribute significantly to the strain hardening behaviour as described later in this section. 163 

4.2 Force Displacement and Depth Profile The representative load-displacement responses are 164 

presented in Fig. 2. Significant plastic deformations were observed upon fully unloading. SEM 165 

images of the indentation site after different depths of indentation for PUA-11 are also shown in 166 

Fig. 3a-d. The cellular nanostructure showed distinctive bending of ligaments after 500 nm of 167 

indentation. However, most of the pores were slightly deformed underneath the contact surface. 168 

As the indentation progresses, the pores start to collapse. We observed significant contacting and 169 

crushing of the ligaments as they were pressed against each other under compression. Therefore, 170 

it is suggested that prior to the 500 nm of indentation depth, most of the pores remained open 171 

with ligaments slightly bent under compression. When the indentation depth approaches to 1500 172 

nm, the ligaments show clear contact which gives rise to hardening behaviour. These evidences 173 

indicate different stress bearing mechanisms at various indentation depths. The post-indentation 174 

AFM scanning was also conducted to characterize the deformation profiles which are used to 175 

calibrate the finite element modeming. More details of AFM scans are provided in the Note 4, SI. 176 

4.3 Progressive Failure Mechanism and Critical Indentation Depths The calculated elastic 177 

modulus (45) and yield strengths (��) at different indentation depths are presented in Fig. 178 

4a-b, respectively. The results showed four stages of depth(δ)-dependent behaviour of 179 
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these properties. In stages ○1 , where 0 < δ < 200	nm, both properties increase almost 180 

linearly proportional to δ. In stage ○2 , where 200	 < δ < 600	nm, the properties showed 181 

drastic drop with respect to the increase of δ. In stage ○3 , where 600	 < δ < 900	nm, 182 

both the Elastic modulus and yield strength enters a short plateau at constant values. In 183 

stage ○4 , where δ > 900	nm , the Elastic modulus show less increase for PUA-24 184 

comparing to PUA-11 and 16. The yield strengths of all PUAs increased significantly, 185 

which are nonlinearly proportional to the increase of δ. These critical depths (200, 600, 186 

and 900 nm) are then determined to differentiate the corresponding stages as the 187 

nanostructure deforms progressively. The physics behind each stage can be explained as 188 

illustrated in Fig. 5. In the first stage, there exist independent ligaments unconnected to 189 

cells. When pressing, the independent ligaments act as end-supported columns. The low 190 

elastic modulus and yield strength could result from the buckling of these columns. As the 191 

indentation depth enters the second stage, the connected ligaments (cell structure) started 192 

to bend under compression. The excessive bending caused configurational changes to the 193 

cell structure that leads to changed effective elastic modulus and yield strengths. After the 194 

stress through ligaments exceeds the yield strengths of base materials, the cell show stable 195 

collapsing stage ○3 .After the deformations exceed certain level, the ligament contact 196 

initiated causing the strain hardening behavior, which gives rise to increased effective 197 

elastic modulus and yield strengths in stage ○4 .  198 

4.4 Scaling Properties The average moduli of (20 indents for each sample) are 15.2, 31, 199 

and 60 MPa for PUA-11, 16, and 24, respectively. Their corresponding standard 200 

deviations are 2.1, 1.8, and 2.3 MPa. The average yield strengths obtained at stage ○3  are 201 
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2.35, 4.7, and 6.36 MPa for PUA-11, 16, and 24, respectively. Their corresponding 202 

standard deviations are 0.15, 0.15, and 0.2 MPa. These yield strength values are much 203 

higher than obtained from uniaxial compression test at larger scale (with a cylindrical 204 

specimen’s size of 25 mm in diameter and 50 mm in height) [21].  205 

For porous materials, the scaling rules refer to the relationship between the relative 206 

density ratio and material properties. The backbone of this rule is that the PUA shares the 207 

same base material and structural features, which was demonstrated from MD and SANS 208 

results. According to these scaling rules, the effective elastic modulus and yield strength 209 

of general cellular solids are proportional to the powers of their relative density 210 

(bulk/skeletal) [19, 20, 21].  211 

As shown in the SEM images (Fig. 1) of PUA with different densities, when density 212 

increases, the secondary particle size reduces leading to an increased slenderness ratio. 213 

Under compression, the bending deformation of the ligaments determines the 214 

macroscopic strains [19, 23-24]. The scaling equations for bending-dominant cellular 215 

materials have been proposed by previous studies [19, 20, 25], and can be written as, 216 

	?@AB , �D�DB = 'CF, CG( HIJIBK'LM,LD( (3) 217 

where 45, σG are effective elastic modulus and yield strength, ρO is the bulk density. EQ 218 

and σGQ are base material’s elastic modulus and yield strength, ρQ is the skeleton density. 219 

The proposed equations can linearly fit the mean experimental data in the logarithm plot 220 

as shown in Fig. 6. The fitting parameters are obtained as 	CF = 0.87 , 	CG = 1.63 , 221 

αF = 1.9, αG = 1.8 with the least square errors of 0.013 and 0.01. The properties of the 222 

base materials are then determined as 	EQ = 1.6	GPa  and 	σGQ = 38	MPa . From the 223 
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bending dominant deformation mechanics, αF  and αG  are 2 and 1.5 [24, 30, 37-39] 224 

respectively. These values are slightly lower than the ones obtained in this work. The 225 

difference comes from the random cell geometry. Table 2 summarizes the extracted 226 

properties and scaling parameters. These results showed significant reductions in effective 227 

elastic modulus (approximately 1/100 times of the base material modulus) and effective 228 

yield strengths (approximately 1/10 of the base material yield strength).  229 

4.5 Porosity-dependent Strain Hardening The strain-hardening properties exhibited in 230 

stage ○4  can be extracted using the finite element modelling approach described in section 231 

3.4. More details of the finite element modeling can be found in the Note 5, SI.  232 

The effective elastic and relaxation modulus obtained previously are used. The numerical 233 

load versus depth response are then compared with experimental data. By iteratively 234 

varying the strain hardening power index Z , the numerical results converge to the 235 

experimental values as shown in Fig. 2. It should be noted that the slight disagreement in 236 

depth range of 0-500 nm is due to the less prominent hardening effect. We also compared 237 

the AFM scanned displacement profiles of the post-indentation sites with the numerical 238 

results and found close agreement as shown in Fig. 7a. The extracted Z values for PUA-239 

11, 16, and 24 are 7, 5, and 3. [ was set to be 6 for all PUA. The normalized stress versus 240 

plastic strain response in Fig. 7b shows that PUA-11 has more rapid increase comparing 241 

to PUA-16 and 24, especially when plastic strain exceeds 0.3.  242 

4.6 Strain Hardening and Particle Size To link the strain hardening behavior to the 243 

microstructure and deformation process. We analyzed the stress versus plastic strain response 244 

after yielding as shown in Fig. 7b. The structure enters a short stress plateau (plastic strain 245 

from 0-0.3) followed by a sharp rising part. This plateau corresponds to the structural 246 
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collapsing during compression. Beyond the plateau, the excessive bending of the 247 

ligaments causes compressive interactions among ligaments, which has been confirmed 248 

by SEM images taken after the tip retraction as shown in Fig. 8a-d. In the highly densified 249 

region under indentation, secondary particles were deformed and then compressed into 250 

each other as shown in the insert of Fig. 8e. During this process, the primary particles are 251 

pressed against each other causing densification. 252 

As shown in Table 2, the strain hardening index γ reduces as the secondary particle size 253 

reduces. We can explain these findings use the Herzian contact theory [31]. Given the 254 

same volume and applied uniaxial force at full compaction as illustrated in Fig. 8e, we 255 

know that the contact stress ( �� = H\]K /(^_`abc	de	fd^ghfgi^j	kdi^gl) ) is 256 

proportional to the second order of the radius of secondary particle (Rn), i.e., �� ∝ (Rn)	n. 257 

From Herzian contact solution [31], the contact stiffness (K) of the particle is proportional 258 

to the third order of the product of contact stress and the radius of secondary particle, i.e., 259 

q ∝ (��Rn)	%/r. Since the strain hardening index is linearly proportional to the contact 260 

stiffness K, we have γ ∝ K ∝ Rn, which means the strain hardening index reduces when 261 

particle size reduces. This linear relationship is demonstrated from our experiments as 262 

shown in Fig. 15e. The standard deviation away from the average strain hardening ratio 263 

(
st ≈ 2.233) is about 0.05. This deviation comes from the plastic contact and physical 264 

fusion explained earlier. 265 

4.7 Structural Efficiency Based on the scaling rules, we can identify the relationship 266 

between the increased density and increased impact resistance. The energy absorption is 267 
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defined as the area underneath the equivalent plastic strength versus plastic strain curve. 268 

The energy absorbed during the uniaxial crushing process is then, 269 

W = σ- w ������- d'ε/���/ε0���( = σ- yε- + ��zn� + γ'R/( w ln $ %%&'������/� ����()*��- d'ε/���/ε0���({270 

 (3) 271 

Where ε- is the level of strain that the energy was accounted for, R/ is the secondary 272 

particle size. Based on this definition, we have two design approaches, one is to directly 273 

increase the yield strength of the base material. The second is to change the secondary 274 

particle size giving different γ. To evaluate the efficiency of both approaches, we define a 275 

structural efficiency index SF. It is a ratio between the energy enhancements through the 276 

change of yield strength and the change of particle size, relative to PUA-11. 277 

SF = }(~�)}(~�) = ~�
~�� ������zz� �(����)

�� w ��� ���'������/� �����()�
��� �'������/� �����(�������zz� �

 (4) 278 

Where r� = ����,��, r/ = t�t�,��, σ-,%%, γ-, R/,%% are the yield strength, hardening index, and 279 

particle size of PUA-11. We plotted SF with practical range of r� and r/ with reference 280 

plane of SF = 1 in Fig. 9.  281 

SF can then be divided into the yielding favored zone (SF ≥ 1) and hardening favoured 282 

zone (SF < 1). In the yielding favoured zone, the enhancement of yield strength of base 283 

materials gives higher energy absorption. In the latter, reducing hardening index (i.e., 284 

reducing particle size), gives higher energy absorption.  285 
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The SF surfaces with ε- = 0.25, and	0.75 are also compared in Fig. 9. The two surfaces 286 

intersect at the plane of r/ = 1. The results show, when r/ ≥ 1, the hardening-favored 287 

zone increases as ε- increases. This means it is more efficient to increase particle size to 288 

achieve higher energy absorption associated with large compressive strains. When r/ < 1, 289 

as ε-  increases, the yielding-favored zone increases. It means higher efficiency of 290 

increasing yield strength to achieve higher energy absorption with large strains. 291 

5. Conclusions 292 

Based on particle analyses, nanoindentation, and multi-scale modelling, the following 293 

conclusions can be drawn: 294 

(1) Primary particles were identified as the basic building elements of PUA structures that 295 

determined base material properties. A compound of approximately ten primary particles 296 

form the basis of a secondary particle. 297 

(2) Nanofibrous PUA can be characterized by an effective unit cell as widely used in 298 

cellular structures. This feature allows a reliable prediction of crushing process of the 299 

PUA based on indentation experiments. 300 

(3) The nonlinear response of PUA samples resulted from various deformation 301 

mechanisms of nanocellular structures. This shows the nanostructures of PUA are highly 302 

stress-sensitive, which makes PUA a potential candidate for the development of pressure 303 

sensing devices. 304 

(4) The smaller the particle size, the less significant the strain hardening effect through 305 

particle contact and the slender the ligament between particles. Smaller particles 306 

contribute to lower effective yield strength but higher PUA porosity as desired in some 307 
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applications. Hence, controlling both particle size and ligament length independently is a 308 

future research direction to achieve the optimum properties of PUA in various 309 

applications. 310 

(5) Due to interrelation between the secondary particle size and the base material yield 311 

strength, high energy absorption can be achieved only by taking into account their 312 

coupling effect. 313 
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Fig. 1 SEM images showing: (a) bulk PUA-11, and nanostructures of (b) PUA-11, (c) 

PUA-16, (d) PUA-24. (Scale bar represents 1 µm, inserts are 5-time zoomed). 
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Fig. 2 Typical force displacement response  
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Fig. 3 Deformation progression of PUA-11 at different depths: (a) indentation location, (b) 

prior-to indentation, (c) after 500 nm indent and full unloading, (d) after 1500 nm indent 

and full unloading. 
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(a) 

  

(b) 

 

Fig. 4 (a) Elastic modulus and (b) yield strength versus indentation depth.  
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Fig. 5 Illustration of deformation stages (dashed lines show previous configuration) 
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Fig. 6 Scaling properties of PUA: log-log plot of relative elastic modulus, and yield 

strength versus relative density. 
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Fig. 7 Finite element modelling results: (a) deformation profiles, (b) extracted hardening 

relations. 
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Fig. 8 Strain hardening mechanism due to contact: (a) densified nanostructures after 

indentation, fused particles for (b) PUA-11, (c) PUA-16, (d) PUA-24, (e) strain hardening 

index versus secondary particle size.  
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Fig. 9 Material design of PUA: structure efficiency with varying yield strength and 

particle size ratios. 
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Table 1 SANS Data of Polyurea Aerogels 
 
Sample ρb (g cm

-3
) ρs (g cm

-3
) ∏ (%) R1 (nm)

a
  R2 (nm)

a
  

PUA-11 0.123±0.004 1.197±0.007 89.7 7.03±0.48 23.7±0.83 

PUA-16 0.173±0.002 1.199±0.002 85.5 8.09±0.47 21.9±0.1.34 

PUA-24 0.244±0.016 1.200±0.002 79.7 6.8±0.30 17.0±3.92 
a
R1, R2 : radii of primary and secondary particles, respectively; Calculated from the 

corresponding SANS radii of gyration, RG, via R= RG/0.77. 
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Table 2 Scaling Properties of Polyurea Aerogels 

Sample E (MPa) σy�(MPa) γ β 
Es  

(MPa) 

σs 

(MPa) 
Ce Cy �� �� 

PUA-11 15.2±2.1 2.35±0.15 7.1 6 

1600 35 0.87 1.63 1.9 1.8 PUA-16 31±1.8 4.7±0.15 5.04 6 

PUA-24 60±2.3 6.36±0.2 3.02 6 
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Multi-scale Progressive Failure Mechanism and Mechanical Properties of Nanofibrous 

Polyurea Aerogels 
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Research Highlights 

The nonlinear mechanical properties, deformation and failure mechanisms of polyurea aerogels 

(PUAs) were investigated using a multi-scale approach that combines nanoindentation, analytical 

and computational modeling. 
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