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Abstract 

 The dynamic deformation response of select model poly(urethane urea) elastomers (PUU) at high 

strain rates is investigated via an all-optical laser-induced projectile impact test (LIPIT). LIPIT 

measurements allow the direct visualization of the impact of micro-projectiles (silica spheres) on 

substrates and in-situ characterization, including depth of penetration and the extent of rebound of the 

micro-projectiles. PUUs are proven to be robust and the silica spheres are observed to rebound from them 

upon impact. In addition, for PUUs a strong correlation was noted between the coefficient of restitution 

and the maximum depth of penetration. Also, the coefficient of restitution data is comparable to that of 

glassy polycarbonate (PC), which is in great contrast to the comparison of the corresponding ambient 

storage modulus data obtained via dynamic mechanical analysis at 1 Hz. We hypothesize that high-rate 

deformation-induced glass transition is a plausible molecular relaxation mechanism towards macroscopic, 

dynamic stiffening/strengthening in PUUs. 
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1. Introduction 

 

 Better understanding of the deformation of materials in extreme dynamic environments remains a 

great challenge among the research community across the Department of Defense (DoD) and academia. 

Recently, the development of a novel laser-induced particle impact platform has shown the capability of 

providing real-time in-situ visualization of the deformation response in a broad range of materials, from 

polystyrene-polydimethylsiloxane diblock copolymers (PS-b-PDMS) to graphene [1–4]. Upon impact, it 

was shown that PS-b-PDMS, consisting of a 40 nm periodic glassy-rubbery layered nanostructure, 

exhibited penetration and embedment of micro-spheres of silica particles, along with distinct 

microstructural changes, where the dissipation of impact energy was attributed to plausible pathways 

including layer kinking, layer compression, extreme chain conformational flattening, domain 

fragmentation, and segmental mixing [1]. Meanwhile, work on LIPIT measurements of multilayer 

graphene revealed the presence of strong delocalization behavior and correspondingly, the potential of 

enhanced specific delocalized penetration energy, about eight to ten times higher than that of steel [2]. In 

addition, recent observations further highlighted the capability of LIPIT to enable differentiation with 

respect to the influence of molecular mechanism on the high strain-rate impact deformation response 

between select model poly(urethane urea), PUU, and polydimethylsiloxane (PDMS) elastomers [3].  

 

 PUUs are composed of urethane and urea linkages; the versatile chemistry and intrinsic 

intermolecular hydrogen bonding in these segmented PUUs like in segmented polyurethane and polyurea 

elastomers give rise to complex microstructure and a broad range of physical and mechanical properties 

[5–13]. The motivation towards hierarchical elastomers was derived from a novel molecular mechanism 

 high-rate deformation-induced glass transition, revealed by Bogoslovov et al. [14], which was 

successfully used to explain why a thin layer of polyurea coating on a steel plate was capable of providing 

ballistic protection against penetration by a 50 cal. bullet [15]. These elastomeric materials have regained 

significant interest particularly for their potential in the areas of enhanced ballistic impact protection and 

shock wave mitigation capability [8,12–19]. However, challenges remain to fully understand the efficacy 

of molecular attributes that would provide guidance to enable better selection of the proper high 

performance elastomers required for the overall dynamic impact deformation optimization. For example, 

Hsieh et al. successfully characterized ultrahigh molecular weight polyethylene (UHMWPE) prepreg and 

composite materials, and found a strong correlation between the molecular dynamics of matrix elastomers 
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used in the prepregs and the macroscale back-face-deformation (BFD) response of the corresponding 

composites observed upon ballistic impact. In practice, ballistic helmets are produced through 

consolidation of prepreg materials, where the UHMWPE prepregs of interest are composite materials 

consisting of UHMWPE fibers in the form of unidirectional, 0/90/0/90, wherein each fiber is impregnated 

with either polyurethane-based or Kraton-based matrix elastomers. These prepreg materials are in the 

form of sheets, where the role of matrix elastomers is to bond the fibers. It was shown that UHMWPE 

prepreg composites composed of polyurethane matrix elastomers out-performed in the BFD reduction 

compared to those composed of Kraton® based matrix elastomers [20]. These results are of critical 

importance when the performance requirements for helmets are considered; it is noteworthy that the extent 

of BFD upon impact is detrimental if the deformation exceeds the helmet standoff (distance from helmet 

to head) as it can transfer large forces to the skull, thus potentially causing great concern towards blunt 

impact trauma [21,22].  

 

 With respect to the molecular attributes that are important towards energy absorption and 

dissipation, it is envisioned that for hierarchical elastomers multiple time constants for energy relaxation 

and dissipation are required, which could be associated with various relaxation modes within either 

microphase-separated or a co-continuous phase domains. Thus, a full multiscale characterization approach 

is required for building a better scale-bridging understanding of the segmental dynamics in order to 

provide a full picture of the dynamic response, particularly when these hierarchical elastomers are exposed 

to a broad range of external stimuli, ranging from ballistic impact, shock and other extreme dynamic 

environments, regardless of being in the bulk or as matrix elastomers in composites.  

 

 Segmental relaxation dynamics can be characterized in dielectric measurements, in the case where 

absorption maximum occur when dipole relaxation time, , (due to molecular relaxation) matches the 

inverse frequency (1/) of the alternating electric field impulse, i.e. when  =1 [23]. Broadband dielectric 

spectroscopy measurements revealed a drastic difference in dielectric relaxation and the corresponding 

segmental mobility among three select PUUs, which consist of 4,4’-dicyclohexylmethane diisocyanate 

(HMDI), diethyltoluenediamine (DETA), and poly(tetramethylene oxide) (PTMO), having the same 

stoichiometric ratio, 2:1:1 of [HMDI]:[DETA]:[PTMO] but varying in the molecular weight of PTMO 

(650, 1,000 and 2,000 g/mol), namely 211-650, 211-1000, and 211-2000, respectively [8]. The 211-650 

PUU exhibited a strong relaxation at ~ 8 Hz along with a second loss maximum at ~ 4,600 Hz. The former 
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presumably corresponds to the most phase-mixed regions, where the formation of co-continuous, highly 

intermolecular hydrogen bonded hard segment (HS) / soft segment (SS) networks could be a plausible 

attribute. For 211-1000, a strong relaxation occurred at ~21,200 Hz, and additionally there was a small 

shoulder at ~ 8-10 Hz, though the latter was found to be less significant than the strong relaxation seen in 

211-650 [8]. However, for 211-2000, it was not until ~ 106 Hz that an apparent relaxation was noted. The 

segmental mobility calculated based on broadband dielectric analysis varied over five orders of magnitude 

among these three PUUs, where the segmental relaxation time  at 298 K was determined to be ~ 0.02 s, 

7.5 × 10-6 s and 5 × 10-8 s for 211-650, 211-1000 and 211-2000, respectively [8]. Additionally, the trend 

in segmental dynamics associated with the glass transition of soft segments, determined from the dielectric 

measurements, appears to correspond very well with the phase-mixed relaxation data obtained from 

dynamic mechanical analysis (DMA) [8]. 

 

 Furthermore, studies from solid-state nuclear magnetic resonance (ssNMR) spectroscopy 

measurements revealed new insight into the dynamics on the molecular level among the three select PUUs, 

211-650, 211-1000, and 211-2000 [24,25]. In ssNMR, the time-domain wideline separation (TD-WISE) 

data clearly elucidated that segmental dynamics associated with soft segments in the phase-mixed regions 

were at least an order of magnitude slower than those obtained for the mobile, soft-segment-rich regions 

in these PUU elastomers [8,25]. Thus, when considering dynamic strengthening in a temporal scale on the 

order of microsecond at ambient temperature, it would most likely be dominated by the molecular motion 

associated with soft segments within the phase-mixed regions [8,24,25]. 

 

 Impulsive stimulated scattering (ISS) measurements, on the other hand, allow for characterization 

of relaxation behavior at the nanoscale, where absorption of two laser excitation pulses, which are crossed 

in the sample, results in localized sample heating and fast thermal expansion, which subsequently 

generates a coherent acoustic wave with oscillation on the order of 300 MHz frequency (~ 108/s) [26]. In 

ISS, the speed of sound can be obtained based on the acoustic wave oscillation measurements, where the 

frequency of impulse is roughly on the same order of the segmental mobility (1/) of PUU 211-2000 but 

much greater than that of PUU 211-1000 and 211-650. Thus, it is expected that high-rate deformation-

induced glass transition would occur in these PUUs. This was validated from the apparent (frequency-

dependent) modulus measurements, which was calculated based on the respective speed of sound derived 

from the 300 MHz acoustic wave oscillation measurements in ISS. For example, the apparent modulus of 
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PUU 211-650 from ISS was only about 60% larger than that of PUU 211-2000, whereas for the former 

the ambient storage modulus measured at 1 Hz in DMA was about 17 times larger than that of the latter. 

Additionally, in ISS all of these PUUs exhibit about the same decay time ~ 8 ns, regardless of their 

compositions. It is noteworthy that even for the most rubbery PUU 211-2000 the calculated speed of 

sound, 1770 m/s, was still faster than that of PDMS, 1074 m/s, presumably due to the fact that PUU 211-

2000 exhibits a greater dynamic stiffening response than PDMS. This is consistent to the aforementioned 

molecular influence upon high strain-rate impact response observed under LIPIT [3]. 

 

 To further validate our hypothesis with respect to the influence of molecular mechanism upon 

dynamic deformation response of hierarchical elastomers at large strains and at the nano-second timescale, 

a better choice of in-situ experimental techniques is needed. In this work, we exploit LIPIT for a 

comprehensive investigation of the supersonic microparticle impact response of PUU elastomers, where 

real-time characterization of mode of deformation, including the extent of depth of penetration and extent 

of projectile rebound, will be used to determine the coefficient of restitution with respect to the PUU 

molecular composition and projectile impact velocity.  

 

2. Experimental 

2.1. Materials 

 

 Select model PUU elastomers composed of 4,4’-dicyclohexylmethane diisocyanate (HMDI), 

diethyltoluenediamine (DETA), and poly(tetramethylene oxide) (PTMO), with three different molecular 

weight (MW) of the PTMO soft segment (SS), 650, 1,000 and 2,000 g/mol, prepared via a two-step, pre-

polymer synthesis [5], were chosen for this study. In the sample nomenclature, the numerals ‘xyz’ refer to 

the molar ratio of HMDI:DETA:PTMO, and the succeeding ‘650’, ‘1000’, and ‘2000’ refer to the MW of 

PTMO as 650, 1,000, and 2,000 g/mol, respectively. In this work, 211-650, 532-1000, 431-2000, 211-

1000, 321-2000, and 211-2000 were chosen for study, and Table 1 lists the composition along with the 

weight percentage (wt.%) values for both HSu and HSuu for the select PUUs. The hard segment content 

HSu corresponds to the calculation based on the Flory’s formula and only accounts for the portion of 

diisocyanate that reacts with diamine, whereas the HSuu calculation also accounts for the additional portion 

of diisocyanate that reacts with the polyether diol [27]. These hard segment wt.% values will be 

differentiated when used to interpret the molecular influence on the dynamic material response. The 
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impact response of PUUs is also compared with a ductile glassy polycarbonate (Lexan® PC). 

 

Table 1. Composition and the calculated values of hard segment content of select model PUUs. 

Materials Molar Ratio of 
[HMDI]: [DETA]: [PTMO] MW(g/mol) of PTMO 

Wt.% of hard segment 
HSu HSuu 

211-650 2:1:1 650 33 52 
532-1000 5:3:2 1,000 34 48 
431-2000 4:3:1 2,000 37 44 
211-1000 2:1:1 1,000 26 41 
321-2000 3:2:1 2,000 28 36 
211-2000 2:1:1 2,000 16 26 

 

2.2. Laser-induced Projectile Impact Test (LIPIT)  

 

 The high-strain-rate deformation response of selected elastomers and glassy polymeric materials 

was investigated by using the laser-induced projectile impact test (LIPIT) developed by Lee et al. [1] and 

recently upgraded with real-time observation capabilities by Veysset et al. [3]. With respect to high-strain-

rate deformation, most of the conventional characterization techniques, such as the split-Hopkinson 

pressure bar impact [28] or macro-ballistic test, require large scale samples, whereas LIPIT enables the 

investigation of micro-scale deformations at nanosecond timescales for much smaller samples [1,2]. Here, 

we observed the dynamic response in-situ of 211-650, 532-1000, 431-2000, 211-1000, 321-2000, and 211-

2000 samples under high strain-rate micro-sphere impact at speeds varying from approximately 200 m/s 

to 800 m/s. 

 

 The launching pad assembly consists of a 210 micron thick glass substrate, a 60 nm gold film for 

laser absorption, a 5 micron cross-linked PDMS layer, and a sub-monolayer of silica micro-spheres (D = 

7.38 μm  0.24 μm) deposited on top of the assembly as described in Refs [2,3]. Upon laser ablation of 

the gold film using a 300-picosecond duration, 800-nm wavelength laser pulse focused in a region of about 

50-micron diameter, the PDMS layer expands and propels the particles into free space. The particle speed 

can be adjusted from 200 m/s to 800 m/s by varying the laser pulse energy from 0.15 to 0.30 mJ (Fig. 1). 

Using a high-speed camera (SIMX16, Specialized Imaging), that consists of 16 CCDs independently 

triggerable with exposure times as short as 5 ns and variable inter-frame times, we visualized the micro-

spheres as they impacted the surface of the samples and subsequently rebounded, providing insight into 
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the high strain rate deformation response of these selected polymeric materials. Both impact and rebound 

trajectories as well as their corresponding velocities and penetration depth were extracted directly from 

the 16-image videos. A more detailed description of the imaging setup and image analysis can be found 

in Ref. [3]. 

 
Fig. 1. Schematic illustration of the laser-induced particle impact test. A single 300 picosecond duration, 

800 nm wavelength laser pulse with variable energy (up to 0.30 mJ) is focused onto a laser absorbing 

polymer layer with a laser exposed area of 50 μm in diameter. Silica particles (D = 7.38 μm  0.24 μm) 

deposited as a sub-monolayer on top of the PDMS layer are accelerated upon rapid expansion of the gas 

produced by laser ablation of the gold film. The projectiles are ejected into free space with controllable 

speeds, depending on laser energy, after which they impact a target sample at near-normal incidence (± 

5º). The distance between the glass assembly or launching pad and the target is approximately 1.0 mm. 

 

2.3. Dynamic Mechanical Analysis (DMA) 

 

 The DMA measurements were performed on a TA Instruments Q800 Dynamic Mechanical 

Analyzer. Both PUU and PC specimens were tested in an oscillatory tensile mode at a heating rate of 

2 °C/min and a frequency of 1 Hz.  
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3. Results 

3.1. High strain-rate impact  

 

 Fig. 2 displays a representative sequence of images showing the dynamic impact of micro-spheres 

upon 211-650 and 321-2000 PUU samples, where a distinct difference in material response was noted. On 

one hand, the 211-650 sample, the most rigid PUU at ambient temperature, exhibited a shallow particle 

penetration (about 4 μm) upon impact at 790 m/s and a fast projectile rebound of 195 m/s. On the other 

hand, the 321-2000 sample, a more flexible PUU at ambient temperature, showed a deeper penetration of 

particle to about 9 µm upon impact at 730 m/s and a slower particle rebound of 80 m/s. The strain-rates 

associated with these impacts were estimated as v/h [29], where v is the impact velocity and h the depth 

of penetration, to be on the order of 2.0 x 108/s and 8.1 x 107/s for 211-650 and 321-2000, respectively. It 

was also noted that microparticles with speeds ranging from 600 m/s to 800 m/s impacting 211-2000 

samples penetrated deeper than in 321-2000 samples and thereafter were expelled to the surface of the 

target where they eventually remained (see Ref. [3] and Fig 3a).  

 For PUU 211-2000, the most rubber-like among the select PUU elastomers, rebound of micro-

spheres also occurs when impacted at relatively low speeds below 430 m/s. This clearly validates our 

hypothesis that PUU 211-2000 with ambient segmental relaxation time on the order of 10-8 s could 

presumably undergo high-rate deformation-induced glass transition upon impact via LIPIT at strain rates 

~ 108/s. For illustration, we include the representative broadband dielectric relaxation data for PUU 211-

2000 and 211-1000 as shown in Fig. 4a, reproduced from Ref. [3], to further elucidate the role of dynamic 

Tg, in comparison to the corresponding DMA data (Fig. 4b, reproduced from Ref. [5]), particularly with 

respect to the dynamic strengthening characteristics observed among these PUUs. It is noteworthy that 

the trend in the composition dependence of segmental relaxation based on the dielectric relaxation 

measurements corroborates very well with the corresponding phase-mixed soft segment Tg data observed 

in DMA. Additionally, for PUU 211-2000 the dynamic Tg corresponding to the segmental mobility ~108/s 

is indeed very close to ambient temperature determined based on the broadband dielectric spectroscopy 

relaxation data. 
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Fig. 2. Typical sequence of images recorded using a high-speed camera with 3-ns exposure time showing 

particle impact on (a) a 211-650 sample and (b) a 321-2000 sample. 11 out of 16 images recorded in real-

time by the high-speed camera are presented here cropped from their initial size for the ease of comparison. 

The time stamps, shown at the top of the frames, indicate the delay in acquisition time relative to the first 

frame of the sequence. (a) A particle impacts a 211-650 sample with a speed of 790 m/s and almost 

instantaneously rebounds from the material surface with a speed of 195 m/s and with minimum 

penetration. (b) Unlike in 211-650, the particle impacting the 321-2000 sample at a speed of 730 m/s 

penetrates deeper in the sample and rebounds with a slower speed of 80 m/s. The images recorded about 

10 seconds after impact show the sample surfaces with no apparent in-depth sample damage in both cases. 

The white dashed lines mark the approximate trajectories of the projectiles.  

 

 For comparison, LIPIT was also performed on a ductile glassy thermoplastic, polycarbonate (PC). 

Rebound of the micro-spheres from the PC sample surface occurs at relatively high velocities, similar to 

what was observed for 211-650. However, a drastic difference in the post-mortem surface morphologies 

was observed. No signs of post-mortem damage were observed after impacts on PUUs, including 211-

650, 532-1000, 431-1000, 211-1000, 321-2000, and 211-2000; for the latter, the projectile sits on the 

sample’s surface (Fig. 3a), whereas plastic deformation is predominant in PC (Fig. 3b). It is envisioned 

that material deformation upon microparticle impact could be very complex, where the influence of local 
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heating induced upon supersonic impact could be an important attribute and subsequently, the resultant 

thermal softening could also be a plausible pathway towards mitigating the formation of micro-cracks and 

permanent damage in PUUs and PC. Meanwhile, post-mortem observations of sample surfaces via SEM 

and confocal microscope did not reveal any sign of melting, which could otherwise be characterized by 

drawn fibril-like features. Having local temperature probes in-situ is beyond current experimental 

capabilities. However, it is our interest and goal to better discern with respect to the extent of impact 

induced heating locally or globally. Work towards numerical simulation of LIPIT impact events is 

currently pursued through collaboration with another group and this will be discussed in following 

publications. Even so, these observations suggest that upon impact even the most rubber-like 211-2000 

appears to be much more robust and exhibits greater dynamic stiffening than the glassy PC.  

 

 
Fig. 3. Scanning electron microscope images reveal a great contrast in the mode of deformation between 

impacted materials under impact velocity range of 600-800 m/s. (a) For 211-2000, particles remain at the 

sample surface, and no permanent damage was evidenced after impact. (b) Permanent indent is observed 

on the surface of PC, indicative of plastic deformation.  
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Fig. 4. (a) Arrhenius plot of segmental mobility (1/) data obtained from broadband dielectric 

spectroscopy for PUU 211-1000 (red) and PUU 211-2000 (grey), reproduced from Ref. [3], and (b) Loss 

modulus vs. temperature data obtained for PUU 211-1000 (red) and PUU 211-2000 (grey) at 1 Hz in 

DMA, adapted from Ref. [5]. 

 

3.2. Composition effect 

 

 The dynamic Tg data from broadband dielectric relaxation measurements clearly reveal that PUU 

211-2000 when impacted at strain rates ~ 108/s would presumably become glass-like and close to the same 

physical state as PUU 211-1000, 532-1000 and 211-650, in contrast to the great disparity when comparing 

the corresponding ambient storage modulus measured at 1 Hz in DMA [5,6] or ambient flow stress under 

quasi-static tension/compression measurements [8]. Thus, we carry out a comprehensive investigation via 

LIPIT to enable better discern and differentiation with respect to the influence of composition. Herein, we 

considered the coefficient of restitution. The coefficient of restitution, e, defined as the ratio between the 

rebound velocity ݒ and the impact velocity ݒ, or the reciprocal of the square root of the ratio of the 

corresponding kinetic energies, is widely used as an empirical parameter that measures the energy 

dissipation for collisional events involving rebound [30–36]. During projectile penetration, deceleration 

occurs and the kinetic energy of the incident projectile is converted to reversible elastic material 
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deformation and/or irreversible energy dissipation through stress waves generation, viscoelastic effects, 

and/or plastic deformation. The coefficient of restitution has been found to be particularly useful in 

studying glass transition in polymers and their pronounced viscoelastic nature in the transition [33,35–

37]. In the case of a perfectly elastic collision, e is equal to one; however, it will decrease as the extent of 

energy dissipation increases. In the absence of rebound, as in the case of 211-2000 over the select range 

of impact velocity 500-800 m/s, the coefficient of restitution is equal to zero. It is noteworthy that the 

work of adhesion is inherently taken into account when calculating the coefficient of restitution. Adhesion 

contributes in reducing the particle rebound velocity as the particle exits from beneath the sample surface 

after impact. In the case of particle adhesion shown in Fig. 3a for PUU 211-2000, the adhesion presumably 

overcomes the elastic restoring forces that push the particle upward. As a result, the particle as shown 

remains at the surface of the sample. 

 For each impact event, particle trajectories before and after impact were extracted from the images 

sequences. Impact and rebound velocities were then directly derived from the trajectories. Fig. 5a depicts 

the extracted trajectories for the impact on 211-650 that is shown in Fig. 2a. The coefficient of restitution 

in this case is 0.25 for an impact velocity of 790 m/s. Fig. 5b shows the calculated coefficient of restitution 

for 211-650 as a function of particle impact speed. For relatively low speed impacts (about 200 m/s), the 

coefficient of restitution is less than unity attesting for inelastic collision. As the impact speed increases, 

the coefficient of restitution decreases further revealing the rate-dependent response of the PUU and 

therefore its viscoelastic and/or viscoplastic behavior. For the ease of visualization, the data was fitted 

with a three-parameter power law of the form: 

  ݁ = ܿଵ + ܿଶݒయ  (1) 
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Fig. 5. (a) Particle trajectories pre- and post-impact extracted for the impact shown in Fig. 2a on 211-650. 

Impact and rebound speeds are determined through linear regression of the trajectories. The calculated 

coefficient of restitution of 0.25 is reported as a black dot in (b). (b) Coefficient of restitution vs. impact 

speed for 211-650. The data was fitted using Equation (1). The result of the fit is shown as a solid orange 

line.  

 

 We compare the coefficient of restitution as a function of impact speed for the select model PUUs, 

along with PC (Fig. 6). On one hand, PC, having the highest coefficient of restitution, dissipates, partly 

through plastic deformation (see Fig. 3b), the least amount of impact energy among all the tested samples. 

On the other hand, for the PUUs, the coefficient of restitution reflects a strong composition dependence 

and is determined as the following trend: 211-650 > 532-1000 > 431-2000 > 211-1000 > 321-2000 > 211-

2000. For 211-650, rebound upon impact is consistent over the entire impact velocity test range. However, 

rebound of micro-spheres from 211-2000 occurs when impacted at relatively low speeds, but not at impact 

speeds higher than 430 m/s, where particles instead remained on the impacted surface (see Fig. 3a). 

Furthermore, it is noteworthy that these coefficient of restitution data strongly reflect the dynamic 

stiffening characteristics observed in PUUs, in comparison to PC, as the ambient storage modulus 

determined via DMA at 1 Hz is about ~0.35 GPa for 211-650, ~0.11 GPa for 211-1000 and 0.02 GPa for 

211-2000, which are significantly lower than that of ~2 GPa for PC [8]. We attribute this dynamic 
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stiffening response of PUUs to the presence of a high-rate deformation-induced glass transition 

mechanism, which could presumably render even the most rubber-like PUU, 211-2000, to be prone to 

transition from rubbery towards leathery or close to glassy at strain rates on the order of 108 s-1, as the 

segmental mobility of 211-2000 is reported to be about 107 s-1 at room temperature [3,8]. It is envisioned 

that the presence of multiple segmental relaxation modes associated with soft segments is key to the robust 

deformation response in these hierarchical PUU elastomers. This was revealed, as stated above, via 

ssNMR TD-WISE measurements, where dynamics at the molecular level of the phase-mixed rigid-SS was 

found at least an order of magnitude slower than that of the corresponding mobile-SS (those located in the 

SS-rich regions), regardless of the molecular weight of SS among the select model PUUs. As a result, we 

hypothesize that upon impact via LIPIT the rigid-SS of slower dynamics could enable dynamic stiffening 

while the mobile-SS would still accommodate dynamic relaxation. Meanwhile, supersonic-impact-

induced heating could also promote self-healing presumably facilitated by the presence of intermolecular 

hydrogen bonding in PUUs. 

 

 
Fig. 6. Coefficient of restitution as a function of impact speed for select model PUU elastomers and PC.  

 

 The maximum penetration depth in PUUs was measured and averaged over the range of the highest 

impact speeds studied (600 to 800 m/s), which is shown in Fig. 7 as a function of HSuu. Likewise, the 

coefficient of restitution data averaged over the same speed range are presented in Fig. 7. Both the trends 

in penetration depth and coefficient of restitution highlight a better corroboration with the effective hard 

segment content HSuu than HSu (see Supplementary Information) among these select model PUUs 
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impacted at high strain rates. This is consistent as the bidentate urea-urethane hydrogen bonding that 

contributes to greater phase mixing would presumably also undergo high-rate deformation-induced glass 

transition. As a result, HMDI moieties that are associated with the isolated hard segments dispersed among 

the soft domain matrix, yet not considered in the calculation of HSu, would need to be taken into account 

with respect to their effective population. HSuu aforementioned includes HMDI that reacts with PTMO to 

form the urethane linkages in addition to those reacted with the chain extender DETA to form the urea 

linkages [8]. Additionally, we note that the longitudinal speed of sound and apparent modulus of these 

PUUs, calculated based on ISS measurements at 300 MHz, showed the same trend with respect to HSuu 

[38].  

 

 
Fig. 7. Maximum penetration depth (solid-circles) and coefficient of restitution (open-circles) averaged 

for impact speeds between 600 m/s to 800 m/s as a function of HSuu. 

 

4. Discussion 

 

 To better discern and differentiate the molecular influence on the dynamic response over the 

temporal scale on the order of nanoseconds under LIPIT, we attempt to take into account the respective 

characteristics among the plausible molecular relaxation mechanisms between PUUs and PC. 

 For PUUs, we noted the influence of microstructure-mediated segmental dynamics strongly 

affecting the corresponding dynamic strain-rate hardening characteristics over a broad range of temporal 

scale ms  μs [8], where the molecular motion associated with the soft segments was aforementioned 

characterized via DMA [5,6,8], broadband dielectric spectroscopy analysis [8] as well as ssNMR 
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[8,24,25]. In DMA, these PUUs exhibit multiple relaxation peaks which are associated with the soft 

segment glass transition temperatures, Tg,s, over the temperature range from -60°C to 50°C, dependent on 

the extent of phase mixing between soft and hard segments (representative loss modulus vs. temperature 

data for PUU 211-1000 and PUU 211-2000 are shown in Fig. 4b). Furthermore, broadband dielectric 

relaxation data clearly revealed the shift of Tg,s as a function of frequency and, correspondingly, the 

aforementioned composition-dependent segmental dynamics (representative data for PUU 211-1000 and 

PUU 211-2000 are shown in Fig. 4a). We hypothesize that the presence of this segmental relaxation along 

with its strong frequency dependence are the key attributes where high-rate deformation-induced glass 

transition mechanism can be realized in PUUs. This could presumably be facilitated by the presence of an 

intermolecular hydrogen bonding, where a cooperative molecular relaxation throughout the physically-

crosslinked network could be a plausible pathway. In contrast, PC despite its toughness does not exhibit a 

similar relaxation over the same temperature range in DMA as shown in Fig.8.  

 

 
Fig. 8. Comparison of loss modulus vs temperature data obtained for PC (black) at 1 Hz in DMA with 

data for PUU 211–1000 (red) shown in Fig. 4b; arrows pointing to the respective -relaxations in PC and 

211-1000.  

 

 For PC, a strong secondary -relaxation occurs at around -100C at 1 Hz, which was reported to 

be the result of a cooperative molecular motion associated with several repeating units along the chain, 

where one of the dominant modes of relaxation was reported presumably the result of -flips about the 
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aromatic-ring C2 symmetry axis [39]. These flips were observed by dipolar rotational spin-echo 13C 

ssNMR measurements that occurred over a broad range of frequencies centered about 300 kHz at room 

temperature [39]. For PUUs, there is also a -relaxation at about -150C, regardless of compositions, 

which is presumably due to the crankshaft-like motion associated with the butylene spacer groups of 

PTMO. For the latter, recent ssNMR measurements showed that the 13C T1 relaxation data obtained for 

the internal methylene moieties (27 ppm) of PTMO revealed the presence of predominantly fast-dynamics 

components about 0.2–0.3 s at ambient temperature under a Larmor frequency of 75 MHz, strongly 

indicative of local motion involving only the rotation of a few backbone bonds [25].  

 

 It is envisioned that for PUUs dynamic strain-rate hardening is predominantly facilitated by the 

presence of slow-dynamics components associated with the phase-mixed soft segments. Hence, even the 

most rubber-like 211-2000 would presumably undergo high-rate deformation-induced glass transition 

upon impact under LIPIT. These slow-dynamics components, on the other hand, are not readily available 

in PC, where energy absorption partly in the form of plastic deformation (as shown in Fig. 2b) is most 

likely accommodated by a cooperative, local molecular motion. These observations strongly suggest that 

PUUs, exhibiting rebound upon microparticle impact, are capable of greater dissipation of impact energy, 

in contrast to plastic deformation observed in the glassy PC, where supersonic-impact-induced softening 

could also be a factor for both PUUs and PC under the LIPIT. Meanwhile, the high-rate deformation-

induced glass transition mechanism could be an important molecular pathway that can enable the design 

of robust hierarchical elastomers particularly towards dynamic strengthening and strain-rate hardening 

characteristics, which are of relevance to the materials performance optimization required for the extreme 

dynamic environments.  

 

5. Conclusions 

 

 The molecular influence on dynamic deformation response of select model responsive hierarchical 

poly(urethane urea) elastomers and a glassy PC was investigated via a novel laser-induced particle impact 

test (LIPIT). This includes the evaluation of depth of penetration, projectile rebound and mode of 

deformation with respect to the influence of composition and impact speed. PUUs regardless of 

composition did not exhibit apparent plastic deformation like in PC, over a broad range of impact 

velocities under LIPIT. Results also indicated a strong correlation between the coefficient of restitution 
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and the maximum depth of penetration, both were strongly correlated with the hard segment content HSuu 

at high strain rates, where the coefficient of restitution was determined to be on the following trend: 211-

650 > 532-1000 > 431-2000 > 211-1000 > 321-2000 > 211-2000. These coefficients of restitution data are 

comparable to that of glassy PC, which is in great contrast to the corresponding ambient storage modulus 

data obtained via DMA at 1 Hz. These observations clearly demonstrate the significance of segmental 

dynamics, where PUUs appear to be robust with a dynamic stiffening response causing the projectile to 

rebound, presumably facilitated by undergoing high-rate deformation-induced glass transition. In addition, 

the LIPIT is a viable multiscale characterization technique that can provide not only in-situ visualization 

of high strain-rate impact response, but also scale-bridging capability for better discern and validation 

with respect to the molecular dynamics on the temporal scale of ns for responsive hierarchical elastomers.  
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 The maximum penetration depth in PUUs was measured and averaged over the range of the highest 

impact speeds studied (600 to 800 m/s), so as the coefficient of restitution data averaged over the same 

speed range. Both the trends in penetration depth and coefficient of restitution highlight a better 

corroboration with the effective hard segment content HSuu (shown in Fig. 7) than HSu (Fig. S1) among 

these select model PUUs impacted at high strain rates. This is consistent as the bidentate urea-urethane 

hydrogen bonding that contributes to greater phase mixing would presumably also undergo high-rate 

deformation-induced glass transition. As a result, HMDI moieties that are associated with the isolated hard 

segments dispersed among the soft domain matrix, yet not considered in the calculation of HSu, would 

need to be taken into account with respect to their effective population. HSuu aforementioned includes 

HMDI that reacts with PTMO to form the urethane linkages in addition to those reacted with the chain 

extender DETA to form the urea linkages [8]. 

 

 
Fig. S1. Maximum penetration depth (solid-circles) and coefficient of restitution (open-circles) averaged 

for impact speeds between 600 m/s to 800 m/s as a function of HSu.  

 


