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Abstract

Background: Impact experiments, routinely performed at the macroscale, have long been used to study
mechanical properties of materials. Microscale high-velocity impact, relevant to applications such as ballistic
drug delivery has remained largely unexplored at the level of a single impact event. Objective: In this work,
we study the mechanical behavior of polymer gels subjected to high-velocity microparticle impact, with strain
rates up to 10" s, through direct visualization of the impact dynamics. Methods: In an all-optical laser-
induced particle impact test, 10-24 um diameter steel microparticles are accelerated through a laser ablation
process to velocities ranging from 50 to 1000 m/s. Impact events are monitored using a high-speed multi-
frame camera with nanosecond time resolution. Results: We measure microparticle trajectories and extract
both maximum and final penetration depths for a range of particle sizes, velocities, and gel concentrations. We
propose a modified Clift-Gauvin model and demonstrate that it adequately describes both individual
trajectories and penetration depths. The model parameters, namely, the apparent viscosity and impact
resistance, are extracted for a range of polymer concentrations. Conclusions: Laser-induced microparticle
impact test makes it possible to perform reproducible measurements of the single particle impact dynamics on
gels and provides a quantitative basis for understanding these dynamics. We show that the modified Clift-
Gauvin model, which accounts for the velocity dependence of the drag coefficient, offers a better agreement

with the experimental data than the more commonly-used Poncelet model. Microscale ballistic impact
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imaging performed with high temporal and spatial resolution can serve as direct input for simulations of high-

velocity impact responses and high strain rate deformation in gels and other soft materials.

Keywords: viscoelastic gels; high strain rate; high-velocity impact; penetration; high-speed imaging.

Introduction

Understanding the high-strain-rate behavior of materials under microscale impact is important for many
engineering applications, such as the spacecraft protection against micro-meteorites [1, 2], sand erosion of
pipelines [3] and helicopter rotor blades [4, 5], impact bonding for additive manufacturing [6], and needle-free
drug delivery [7]. Many materials involved in these applications possess rate-dependent properties that need to
be understood for effective engineering use. The knowledge of rate-dependent mechanical properties of soft
materials, such as hydrogels and biological tissues, will help interpret impact injuries [8-10] and predict the
collateral tissue damage that may occur during lithotripsy [11] or other ultrasound- and laser-based surgical
procedures [12, 13], where strain rates above 10° s can be reached. However, quantitative characterization

remains a challenge as few experimental tools can probe soft material behaviors beyond strain rates of 10° s™.

The most common technique used for high-strain-rate measurements of materials, the Split-Hopkinson
Pressure Bar (SHPB), faces difficulties in testing soft materials because of low material strength, stiffness and
impedance, and has difficulty in reaching stress equilibrium owing to low wave velocity [14-16]. Plate impact
experiments, despite their wide use for metallic, ceramic, polymeric or composite materials, have rarely been
employed to study the high-rate behavior of gels [17]. A more recent technique, the laser-induced cavitation
(LIC) method, tailored for soft materials, allows non-contact, local, micro-rheology measurements at ultra-
high strain rates [18]. In a typical LIC experiment, a laser pulse is focused inside a transparent soft material,
e.g., a hydrogel, causing a bubble to nucleate and quickly expand thus straining the surrounding material at
strain rates up to 10° s™. The bubble dynamics can be observed in real-time using, for instance, high-speed
photography and viscoelastic properties can be inferred from the bubble dynamics. This method is particularly
appropriate for studying traumatic brain injuries, where tissue damage has been suggested to result from

shock-induced cavitation [19]. This technique nonetheless requires the sample to absorb the laser radiation
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while being transparent to the imaging light and does not isolate the laser-induced thermal response from the
purely mechanical response [20]. In contrast, the laser-induced particle impact test (LIPIT) [21, 22], which
can launch microparticles to supersonic velocities, is well suited for studying high-rate deformations relevant
to micro-impacts applications. For instance, the LIPIT apparatus has recently been used to investigate a
variety of impact behaviors including impact bonding and impact erosion of metals [23-27], dynamic

stiffening of elastomers [22, 28-31], perforation of thin films [32-34], and penetration in gelatin [35].

In this work, we use LIPIT to study high-velocity microparticle impact on synthetic polymer gels
containing a non-aqueous solvent. We accelerate steel microparticles to velocities ranging from 50 to 1000
m/s, corresponding to characteristic strain rates, estimated as v/D [36], up to ~10" s™ and observe particle
penetration and gel deformation in real time via ultra-high-speed imaging. We analyze a large number of
individual microparticle trajectories and obtain the penetration depth as a function of the impact velocity for a
range of the gel concentration. The results are analyzed with the help of the Clift-Gauvin model [37] modified

for yield-stress fluids.
Materials and methods

Sample preparation

Polymer gels were prepared as previously reported [38]. Poly(styrene-b-ethylene-co-butylene-b-ethylene)
(G1652; Kraton Polymers LLC) powder was mixed with light mineral oil (obtained from McMaster Carr) at
the ratios required to obtain 15, 20, 25, 30, and 40 vol% polymer, respectively. The mixture was heated to 120
°C for 8 h stirring intermittently to melt and dissolve the polymer in the mineral oil. The melts were cast into
glass petri dishes and held at 120 °C for 8 h to remove the air bubbles incorporated during mixing. The molds
were cooled to room temperature, resulting in phase separation and aggregation of the polystyrene chain ends

to form a physically cross-linked polymer network. The obtained gel densities are listed in Table 1.

Table 1. Gel sample densities.

Polymer concentration C (vol%) 15 20 25 30 40

Density ps (kg/m?) 861 864 867 870 875
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Microparticle impact test

Figure 1 shows a schematic of the LIPIT apparatus. The assembly from which particles were launched
(hereafter referred to as the launch pad) consists of a glass substrate (25-mm diameter, 210-pm thickness), a
gold layer (60-nm thickness) and a polyurea film (30-um thickness). Details regarding the fabrication of the
launch pad can be found in Refs [23, 39]. Steel particles (Cospheric, diameters D varying from 10 to 24 pm,
density p, = 7800 kg/m®) were sparsely spread on the launch pad using a lens-cleaning paper and a drop of
ethanol. Particles were accelerated following ablation of the gold film by a laser pulse (Nd-YAG, 532-nm
wavelength, 10-ns duration, 50-pum focal spot size). A charge-coupled device (CCD) camera was used to view
the launch pad, select a particle, measure its size, and position it at the focus of the laser beam before launch.
A microscope objective (10x) and a tube lens (40-cm focal length) imaged the impact plane onto a high-speed
camera (SIMX16, Specialised Imaging), with a field of view of 400x300 pm and a resolution of 1280x960
pixels. The camera provides 16 frames with a maximum frame rate of 300 million fps. A diode laser pulse
(532-nm wavelength, 30-us duration, Cavilux Smart, Cavitar) was used for illumination. The gel samples
were cut to yield 15-mm tall, 15-mm wide, and 2-mm thick targets. The specimens were positioned so that the
impacts occurred 300 um from the edge facing the microscope objective, a distance greatly exceeding the

particle diameter. We therefore assume that the target can be effectively considered semi-infinite.

Two representative image sequences of steel particle impacts are shown in Fig. 2. The particles were
imaged in air before impact to measure the impact velocity, with a 2% uncertainty. In both cases, the particle
fully penetrated.in the gel after impact. A cavity behind the particle rapidly evolved into a conical shape for
the first impact at 215 m/s and into a “carrot” shape for the second impact at 630 m/s. Subsequently, the cavity
closed and the particle was pushed back toward the surface to its final residual penetration depth (P.s) after

reaching a maximum penetration depth (Pmax)-

Results and discussion
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Impact trajectories and maximum penetrations

Figure 3a shows particle penetration trajectories for three representative impacts on the 40% gel, including
both impacts shown in Fig. 2. Normalized maximum (P.a/D) and residual (P.s/D) penetration depths
obtained from 45 individual trajectories are plotted in Fig. 3b versus the impact velocity. The penetration
depth was measured as the distance between the target surface before impact and the particle position plus the
particle radius (the “nose contribution™) at the maximum penetration as well as in the final state (the residual
penetration). The particle size is indicated by the color of the data points in Fig. 3b, with smaller particles
generally yielding higher impact velocities. The error in the particle diameter measurements was the same (+ 1

um) for all particles; therefore larger normalized penetration depth errors are reported for smaller particles.

The rich information contained in the cavity dynamics imaged with high temporal and spatial resolutions
in addition to particle trajectories can be used to calibrate materials. models for high-rate deformations [40,
41]. The elastic recoil has been observed previously for macroscale particle impact on viscoelastic gels [42].
The elastic recoil, arising from the solid character of the gel, and the sample recovery (or healing) occurring at
longer time scales are not the subject of the present work as we here are interested in the high strain rate

response. This behavior is worthy of future investigation as the recoil motion is not yet fully understood [42].

Modified Clift-Gauvin model for particle penetration

To model the trajectories and calculate the maximum penetration depth, we assume our materials to behave
as yield-stress fluids. Under the Bingham plastic assumption, when mechanical stresses exceed a yield
strength, the material transitions from a solid-like behavior to a Newtonian fluid-like behavior [43]. The yield-
stress model has been used to describe particle motion in viscoelastic fluids such as aqueous foams, clay
suspensions, granular media, gelatin, or polymer gels [36, 44-47]. Under this assumption, the total drag force
F acting on the particle as it penetrates the gel can be represented as a sum of three components: inertial (F;)
and viscous (F,) forces related to the Newtonian behavior and an additional yield resistance (F,) force. The
drag coefficient, defined as C, = F/(Av?/2) where A the cross-sectional area of the particle, depends on the

Reynolds number, with Re = p,vL /1, where ps is the density of the medium, v is the velocity of the particle,
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L is the characteristic dimension of the particle (taken as the particle diameter D), and # is the dynamic
viscosity. For Newtonian fluids, the drag coefficient is relatively constant at high Reynolds numbers
(10°<Re<10°, also called Newton’s regime) wWhere inertial stresses dominate with Cp inertiar = Fi/(Av?/2) =
0.5 [37]. At lower Reynolds number (Re<100), where viscous stresses dominate over inertial stresses, the drag
coefficient is determined by the Stokes’ law with Cp yiscous = F,/(Av?/2) = 24/Re. As the velocity of the
particle further decreases, the yield resistance force F, finally dominates. This force decomposition approach
has been recently used by Liu et al. to describe projectile penetration in gelatin, assuming a strain-rate-

dependent yield resistance force [36].
Furthermore, between the Stokes’ and Newton’s regimes lies a transitional regime (10°<Re<10%). Taking
into account the transitional regime, Clift and Gauvin proposed the following empirical form for Cp [37],

0.42 1)
1+4.25x104Re"116 '

C5™¢ === (1+ 0.15Re®87) +

accounting for the inertial and viscous forces and has proven valid for fluids for Reynolds numbers up to
10° [48]. This drag form reduces, as expected, to Cb.iscous @t low Re and Cp jreriiar @t high Re. Assuming a priori
that Reynolds numbers in our experiments are lower than 10°, we opted to use this drag description for the
combined contribution of F; and F,. In our modified Clift-Gauvin model, the total force is therefore expressed

as:
F =>C5¢p,Av? + AR, )

The validity of this assumption (Re<10°) will be verified a posteriori. In addition, we assumed a constant
viscosity and a constant yield resistance termed R. In our experiments, the contributions of surface tension and
gravity to the drag force can be neglected. The characteristic Weber number, We = p,v2L/0o, where ¢ is the
surface tension, indicates the relative importance of inertia and surface tension. Taking an approximate
surface tension of 10 N/m, typical for soft gels [49, 50], and with p,~1000 kg/m®, v~1000 m/s, L~10 um, the
Weber number is our experimental conditions is about 10°. The Froude number, Fr = v2 /gL, where g is the

standard gravity, which indicates the ratio of the inertial force to the gravity force, is about 10

© 2020 Society for Experimental Mechanics



By numerically solving the equation of motion using Eq. 2, we simulate the trajectories and find the
maximum penetration depth. The apparent viscosity # and resistance R are treated as fitting parameters whose
values are determined from the best fit to the maximal penetration data shown in Fig. 4. Details regarding the
fitting procedure can be found in the supplementary information (Figs. S1-2). The viscosity was found to be
4.5%10? Pa.s (+1.0x10 Pa.s) and the resistance 25 MPa (+5 MPa). Based on the obtained viscosity value, the
maximum Reynolds number in our experiments is of the order of 500, well within the validity range of Eq.
(1). Above 200 m/s, we note a good agreement in the calculated maximum penetrations up to the maximum
tested velocity of ~800 m/s, which supports the modified Clift-Gauvin model. We verified that the model also
reproduces the individual trajectories, as shown in Fig. 3a. At lower velocities, below 200 m/s, the model
deviates from the experimental data, underpredicting the penetration depth by about one particle radius (see
Fig. S3 for percent deviation). This can be explained by the fact that the model ignores surface effects, which
become increasingly important at low velacities (as the Weber number approaches unity) where the particle

does not penetrate deeply into the gel.

Comparison with the Poncelet model

High-velocity penetration trajectories in-gel materials have also been described using a Poncelet model,
often for high-velocity impact on gelatins, with reasonable success [35, 40, 51, 52]. In this model, the
expression for the force acting on the particle consists of only two terms, the inertial drag term and the

resistance term, neglecting the viscous term contribution [53-55]:
1
Fponcetet = 2 CDPSAUZ + AR, (3)

where Cp is taken as a constant, in contrast to the modified Clift-Gauvin model where Cp is velocity
dependent. Importantly, the Poncelet model implicitly assumes the Reynolds number to be above ~10° In
macroscale ballistic impact studies, the Reynolds number is typically larger than 10°, hence the assumption of
a constant drag coefficient Cp, is reasonable. The Poncelet model yields the following analytical solution for

the maximum penetration,
2 ppDh psCpvo*
Pmax,Poncelet = -——In (S—Do + 1)- (4)

EPSCD 2R
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In Fig. 4, a fit to the experimental data with Eq. 4 is shown alongside the fit by the modified Clift-Gauvin
model. The best fit parameters in Eq. 4 are Cp = 1.5 (¥0.1) and R = 21 MPa (5 MPa). While the value for R
is similar to what was obtained with Eqg. 2 (within the fit error), the value for Cp would correspond to a
Reynolds number of ~50 for Newtonian fluids, indicating that the viscosity cannot be neglected.
Consequently, the Poncelet model assumption (Re>10%) is not valid, which explains a poorer model fit in Fig.
4 compared to that of the modified Clift-Gauvin model. It should be noted that both models have the same
number of the fitting parameters. This further demonstrates the importance of viscosity under our

experimental conditions and justifies the use of the modified Clift-Gauvin model.

In our previous work [35], where gelatin samples were used as targets, the maximum penetration was
measured with a reproducibility of about 30%. With such amount of scatter inthe data, attributed to possible
sample inhomogeneity and drying, the Poncelet model showed a reasonable agreement with the experiment.
In the present study, drying was not an issue for the mineral-oil based gels and the scatter in the penetration

data has been greatly reduced, which made it possible to distinguish between different models.

Effect of gel concentration

The maximum and residual penetration depth data shown in Fig. 5 reveal that, similar to the macroscale
observations [38], gels with higher polymer content resisted penetration better. For instance, for an impact
velocity of about 500 m/s, steel particles penetrated to a normalized depth of 10 into the 40-%vol gel versus
15 for the 20-vol% gel. The data were analyzed following the same procedure as for the 40-vol% gel;
viscosities and resistances were extracted from the penetration depths for each concentration. As one can see
in Fig. 5, the modified Clift-Gauvin model offers a good agreement for all concentrations with a deviation at
low velocities below ~200 m/s, similarly to the 40% gel data shown in Fig. 4. Figure 6 shows the resistance
and viscosity values. While the resistance varies linearly with polymer content, the viscosity follows a power
law with an exponent of 1.8. The viscosity values can be compared to rheological measurements performed by
Mrozek et al. at 1 Hz frequency and 1% strain [38]. In those measurements, the viscosity ranges from 2 to 10
kPa/s for 15% to 40% polymer content (see Fig. S4). These values are greater than the apparent impact

viscosity at high strain rates, which is characteristic of shear-thinning fluids [56]. It is difficult to compare the
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absolute values of the viscosity because of the great disparity in the strain rate between our experiment and the
rheological measurements [38]; however, it is noteworthy that the low-rate viscosity follows a similar power

law, with an exponent of 1.6.

Conclusions

We have investigated the penetration dynamics of steel microparticles into non-aqueous polymer gels
under high-velocity impact. Particles were launched using a laser-induced particle impact test platform and
penetration dynamics were captured in real time using high-speed imaging, yielding trajectories of individual
particles as well as maximum and residual penetration depths. We have found that the Clift-Gauvin drag
model for Newtonian fluids, modified by adding a resistance term, provides a good fit to experimental data for
a range of particle sizes and impact velocities. We have also shown that the modified Clift-Gauvin model
agrees better with the experimental data than the Poncelet model over a large velocity range. The model
parameters, i.e., the resistance and viscosity values, were obtained for five polymer concentrations with a
power-law concentration dependence observed for both parameters. We believe that our methodology may
lead to a better understanding of the behavior of viscosity in gels on the microscale at extreme strain rates.
Another avenue for future research would be to find out if the same model can describe both macro- and
microscale impact experiments with the same gel. Several aspects of our experiment left outside the scope of
the present work such as the elastic recoil of the gel and cavity dynamics open additional prospects for future
studies. The observation of the cavity dynamics with high temporal and spatial resolution will guide numerical

simulations of the complex behavior of gels under high-velocity impacts.
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Figure captions

Fig. 1 Laser-induced particle impact test platform. A laser pulse ablates a thin gold film, which causes

expansion of a polyurea film and particle acceleration toward the gel target. The impact events are observed

using a microscope and a high-speed camera.

Fig. 2 Image sequences showing particle impacts, with different particle diameters ((a) 20 and (b)13 um),

on 40-vol% sample at (a) 215 m/s and (b) 630 m/s. The time delay relative to the first frame is shown at the

top of the image. The exposure time for all images is 5 ns. Images are cropped from the original size.

Fig. 3 (a) Penetration trajectories for three impact velocities on a 40-vol% sample. The modeled

trajectories are represented by solid lines. (b) Normalized penetration depths as a function of impact velocity.

The colors reflect the particle diameters.
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Fig. 4 Experimental and fitted normalized maximum penetrations as a function on impact velocity for the

40-vol% sample, showing a better fit for the modified Clift-Gauvin model compared to the Poncelet model.

Fig. 5 Experimental and fitted (modified Clift-Gauvin model) normalized maximum and residual
penetration as a function of impact velocity for different polymer contents. The 40-vol%-sample data and fits

are shown in Fig. 4.

Fig. 6 (a) Fitted yield resistance and (b) fitted viscosity as a function of polymer concentration C. The

resistance and viscosity dependences on concentration were fitted with a power law (dotted line).
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