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ABSTRACT: Using the laser-induced projectile impact testing (LIPIT), the extreme plastic and adhesive responses of polystyrene-
polydimethylsiloxane block copolymer (BCP) microparticles are investigated to provide the ultra-high-strain-rate behavior of
individual BCP feedstock powders during their collisions with a stationary substrate in the cold spray additive manufacturing process.
The onset of BCP microparticle adhesion to the substrate is precisely predicted by the maximum coefficient of dynamic friction,
quantified from the angled collisions, and by the spectra of the coeflicients of restitution. This finding confirms the direct correlation
between friction and adhesion mechanisms in the ultra-high-strain rate regime and its significance in the consolidation process of
BCP feedstock powders. Furthermore, the impact-induced adiabatic shear flows create structural ordering of initially disordered
nanostructures of the block copolymers consisting of glassy and rubbery domains while generating a temperature rise beyond their
glass transition temperatures. In addition to the conventional strain-hardening effect in homopolymers, nanoscale morphological
ordering can provide another strain-hardening mechanism of BCP feedstock microparticles in the cold spray of additive
manufacturing,

KEYWORDS: Ultra-high-rate mechanics, laser-induced projectile impact test, adiabatic dynamic nonlinearity, energy dissipation,
collision-induced nanostructures, nanosecond tribology

1. INTRODUCTION

Materials under excessive stress suffer plastic deformation
accompanying irreversible structural changes at nano- and
microscales.” As plastic deformation becomes more extreme in
terms of strain and strain rate, the molecular randomness of the
structural changes increases, and the temperature of the
material rises nonlinearly.”” Under such circumstances, low
thermal diffusivity materials are expected to experience highly
adiabatic and spatially localized thermal processes. Therefore,
polymers” extremely rapid plastic deformations are intricate,
since the temperature-dependent rheological properties incur
complex interactions that change the mechanical properties.”
An additive manufacturing method, cold spray (CS), is
recently being highlighted, as it can realize solid-state and
solvent-free consolidation via high-velocity collisions (300—
1200 m/s) of feedstock powders or ductile microparticles
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(uPs) for coating of polymers.” However, the CS of polymers
requires more extensive insights into the dynamic plasticity and
interfacial response of polymers during the consolidation
process.””® Because the collisions of high-velocity individual
UPs last less than 1 us,” the temperature profile inside each P
will have an exceptional gradient within the 1 us Iength scale
due to the polymer’s low thermal diffusivity.'"” Thus,
understanding the extreme plastic response of polymers
under an ultra-high-rate (UHR) regime is crucial for rate-
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and temperature-dependent material properties inducing
brittle-to-ductile failure-mode transitions during the UHR
collisions.' !> Moreover, gaining an adequate understanding of
the UHR plasticity of polymers is essential for the applications
of polymers expanding in defense and automotive fields,
among others."”"*

Laser-induced projectile impact testing (LIPIT) has been
recognized as one of the most effective methods to explore the
extreme dynamic behavior of materials during UHR collision
and is used for diverse collision-based research topics.'>'® In
particular, the deposition response of functional polymeric
projectiles for CS was investigated to explore the critical impact
velocity (v.) for adhesion, which is determined by the material
composition of the yPs and the substrates.'” The molecular-
weight-dependent mechanical and rheological behavior of
polystyrene uPs and substrates were also explored through
LIPIT, and the results showed the collision-induced plastic
shear flow and thermal softening resulting from viscoplastic
work.'® However, the UHR plastic response, the resultant
interfacial rheological characteristics, and the irreversibly
produced nanostructural changes of polymeric yPs have not
been sufficiently understood, and the material diversity is
limited to homopolymers. The rate-dependent mechanical and
temperature-dependent rheological properties causing the
collision-induced extreme plastic behavior and morphologies
are determined by the composition of the monomers and the
configurations of their domains, such as their molecular weight,
entanglement density, and nanostructure.'””’ In particular,
block copolymers (BCPs) consisting of multidomains with
mechanically distinctive material properties are intriguing, as
the rate- and temperature-dependent properties can be
optimized for polymeric armor materials'> and CS feedstock
powders”' by tailoring the nanostructures. Collision-induced
nanostructural changes, such as kink bands, segmental mixing,
and orientation-dependent characteristics, were demonstrated
via the supersonic collision of silica microspheres onto long-
range-ordered BCP structures in the first LIPIT study.'” The
interfacial interactions between polymeric yPs and rigid
ceramic substrates were systematically studied through
LIPIT, and the results explained the extreme rate-dependent
rheological response during collision.”” In a recent study, the
characteristic energy dissipation mechanisms of both glassy
and rubbery domains of BCP uPs, such as viscoplastic shear,
tensile delamination, and frictional deposition under UHR
conditions, were investigated with varying collision angles.**
However, previous research did not directly connect the
interfacial physics and the applicability of BCPs in CS by
exploring the extreme plastic characteristics, interfacial
response, and adhesion.

In order to understand the extremely dynamic and
morphological response of polymer uPs, the uPs were
fabricated by an ultrasonic atomization process and tested
via the advanced laser-induced projectile impact testing (a-
LIPIT)">** with a perpendicular collision angle onto stationary
rigid silicon substrates to simplify complex collision physics by
excluding viscoplastic deformation on the target side.
Furthermore, because silicon’s mechanical and thermal proper-
ties are well-known, the numerical modeling of collision
physics can be more accurate. Compared to the experiment
using actual CS equipment, @-LIPIT allowed us to investigate
the dynamic behavior of BCP feedstock uPs at the single
particle level. Although particles’ collisions against the
predeposited polymer particles are also essential in under-

standing the consolidation mechanisms of real cold spray, the
findings from the simplified collision study utilizing LIPIT will
still help us understand more complex dynamics between a
particle and predeposited particles.

In addition, the effective coefficients of dynamic friction of
the BCP and PS uPs, measured via 45° collisions,** were used
to explore the relationship between the interfacial response and
the critical velocity (v.) for adhesion. Moreover, the collision-
induced morphological changes of the polymer nanostructures
were investigated by comparing the nanostructural variations
during collision using a 2D fast Fourier transform (2D FFT).
The experimental data were used to develop a continuum
model for finite element analysis and to estimate thermal and
material parameters for the BCPs during the collision. A
collision-induced nanostructural reordering in this study
predicts that CS can be an additive manufacturing method
enabling nanoscale-engineered materials through the extreme
plastic deformation of the feedstock powers.

2. MATERIALS AND METHODS

2.1. Preparation and Characteristics of Polymer uPs. The
model materials used in this research were polystyrene homopolymer
(denoted as PS84) and two polystyrene-block-polydimethylsiloxane
(PS-b-PDMS) BCPs (denoted as PS87-PDMS40 and PS83-
PDMS83). The numbers of the designated polymer labels indicate
the number-average molecular weight (M,) of each polymer in kg
mol™". For example, PS87-PDMS40 is a BCP with PS of 87 in kg-
mol™ and PDMS of 40 kg:mol™'. The three polymers and their
respective PS and PDMS blocks were sufficiently large in terms of M,
to expect an entanglement effect. Moreover, by selecting an M, of PS
that is nearly the same for all three polymers, the dynamic responses
could be evaluated as a function of the volume fraction of the PDMS
domain. Spherical polymer uPs were produced using ultrasonic
atomization of a polymer solution with a weight ratio of 1:10
(polymer:toluene). The collected yPs were placed in a lab fume hood
for at least 24 to eliminate residual solvent, and uPs’ diameters were
within a range between 10 and 30 gm (Ds, = 16.8 gm).”>** A more
detailed experimental setup and procedure are described in Figure S1.
The BCP pPs underwent microphase separations, yielding character-
istic nanostructures during solvent evaporation due to the covalently
bonded immiscible PS and PDMS chains. The morphologies of the
nanostructures were randomly oriented with short-range ordering due
to the high molecular weights% and fast fabrication time, regardless of
particle sizes.”” The volume fractions of glassy (fps) and rubbery
(frpms) domains determined the nanostructures of the uPs with
cylindrical (fppys ~ 30%) and lamellar (fppys ~ 50%)
morphologies,” as shown in the scanning electron microscopic
(SEM) images of BCP uPs, cross-sectioned by focused ion beam
milling (FIB) (Figure la,c). The randomly oriented phase-separated
nanostructures were assumed to generate isotropic material character-
istics of the uPs, confirmed by 2D FFT of the SEM images in Figure
1b,d. The near-circular pattern in 2D FFT indicated the isotropic
nature of the structure and the existence of characteristic length scales
of approximately S0 nm, corresponding to the average distance
between cylinders or lamellae.

2.2. Microscopic Collision Experiment. During the perform-
ance of the a-LIPIT (Figure 2a), a single Nd:YAG laser pulse ablated
a thin gold layer within a launching pad, and a uP on it was
accelerated toward a stationary substrate by the rapid inflation of an
elastomer film (PDMS) of the launching pad. The UHR kinetic
parameters of the polymer pPs during supersonic collisions were
calculated with the inter-uP distance in an ultrafast stroboscopic
image (Figure 2b) and a designated time lag (At) of the a-LIPIT.**
As the entire trajectory of a P was recorded in a single image during
impact, the UHR dynamic response from the image was used not only
for kinetic parameters but also for the real-time deformation analysis
of a yP during impact.
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Figure 1. Structural characteristics of produced BCP uPs. (a) Cross-
sectional SEM image and (b) FFT image of a PS87-PDMS40. (c)
Cross-sectional SEM image and (d) FFT image of a PS83-PDMS83.

3. RESULTS AND DISCUSSION

3.1. Collision Kinetics and Adhesion. The range of the
uP’s impact velocity (v;), in which the polymer uPs adhere to
the substrate, is defined as the adhesion window (AW) as
shown in Figure 3. As the results do not present particle-size
dependency within the size range which was used in this study,
the figures are not visualized based on the particle sizes. The
target substrates were silicon wafers (P-type) with thermal
conductivity of 159 W-m™-°C™".*’ The substrates were
considered rigid surfaces, and no signs of damage on the
substrates were observed. The AW is one of the most

important indicators to determine whether a material is
capable of the CS method,®” since v, out of this range will
result in a significantly lower deposition efficiency. Typically,
the lowest v; value within the AW is v.. Moreover, a broad AW
is advantageous for higher deposition efficiency and flexible
spray conditions. The AW of PS84 started at 594 m/s, while
that of PS87-PDMSA40 shifted to a significantly lower range
(400—587 m/s). PS83-PDMS83 having a higher fppys and
total M, than PS87-PDMS40 showed an AW at the lowest
range of v,. The AW of PS84 is expected to have an upper limit
higher than the velocity range tested in this study, and an
enormous thermal effect from plastic work is anticipated at the
upper limit of the AW resulting in a partial-rubbery domain
near the collision interface. The continuous morphology of the
PS glassy domain of PS87-PDMS40 was supposed to limit
shear motions of the PDMS rubbery domain,” and the
resultant plastic deformations of uPs were also limited. In
other words, the interconnected rubbery domain of PS83-
PDMS83 allowed further plastic deformation and promoted
adhesion.

3.2. Coefficient of Restitution. The dynamic behaviors of
BCPs were analyzed with a quantitative framework using an
empirical model for the coefficient of restitution (CoR), which
is a ratio of the residual momentum of the BCP uPs. Since
there was a negligible mass change of uP caused by the
collision, CoR was simply defined by v,/v. The collision
response was assessed with the CoR spectra (Figure 4a—c), as
they could convey the residual kinetic energy ratio before and
after the collision of a P impacting on a rigid substrate.’!
Furthermore, the CoR spectra allowed indirect assessment of
thermal softening resulting from extreme viscoplastic deforma-
tions. The CoR trends prior to reaching v, were quantified by
an empirical fitting model to explain the nonlinear inelastic
characteristics by analyzing the material’s plasticity and
interfacial rate-dependent viscosity change. The UHR dynamic
behavior of polymers is principally determined not only by the
viscoplastic characteristics but also by the rate-dependent
interfacial dynamic viscosity. Therefore, the exponential decay
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Figure 4. CoR spectra (dots) and the fitting curves (red lines) for (a) PS84, (b) PS87-PDMS40, and (c) PS83-PDMS83.

model physically originated from the Arrhenius equation,
quantifying a degree of the dynamic thermal effects on
polymers, including the impact-induced viscosity changes of a
uP near the collision interface.®”*® This led to the
exponentially decaying CoR model during collision onto a
rigid substrate, which was also demonstrated in the previous
LIPIT study:'®

CoR = exp(~1/a) 1)
, where a is a single fitting parameter representing a
characteristic velocity of the impact-induced thermal softening
effect on the rheology of yPs during the collisions. This CoR
model assumes that yP’s collision becomes entirely elastic as v;
approaches zero, which is suitable if uP’s interfacial adhesion
with the substrate is negligible compared with yP’s volumetric
viscoelastic response. Due to the technical difficulty in
achieving v; less than 100 m/s, the validity of this model was
not confirmed for the low v; regime, while this range is not very
relevant for the typical CS process. The CoR fitting function
only models the nonlinear plasticity when v; is less than v,
where a primary inelasticity is driven by volumetric shear
deformation. The exponentially reduced inelasticity expressed
by eq 1 suggests that the yP’s temperature was elevated with
increasing v, creating a more adhesive force of yP on the
substrate and overcoming the elastic recoiling when v; > v..
However, the existence of the upper bound of AW (especially
in Figure 4b,c) implies that the actual process was non-

monotonic. One possible explanation is a transition from
interfacial heating to volumetric heating, which will be
discussed in the following section of the numerical simulations.
When v; was higher than AW, fluctuating CoR behavior of
BCP uPs was observed due to the two major instabilities, the
interfacial shear instability’* in the viscoplastic flows of 4P and
another instability in the separation of yP-substrate adhesive
interfaces, influenced by the impact-induced thermal softening
at the collision interface.”> The decay parameter @ for each
polymer indicated that lower activation energy is required for
the interfacial thermal effect inducing low dynamic viscosity as
froms of a polymer increased. Note that although the upper
limit of AW was not confirmed for PS84 in this study, we
expect it can exist near 1000 m/s according to our recent
study.'®

3.3. Numerically Modeled Temperature Profiles. The
collision-induced localized thermal response of the uPs was
computed through a continuum model using the commercially
available finite element software package ABAQUS/Explicit
version 2020 (Simulia, Pawtucket, RI, US) as shown in Figure
S. The simulations demonstrated that the maximum local
temperature near the impact interface reached the glass-
transition temperature of PS83-PDMS83 (103.6 °C; see SI for
more experimental details) when v, > 300 m/s. Furthermore,
the maximum temperature zone near the periphery of the uPs
indicated that the localized temperature increase resulted from
the plastic shear flow propagating radially near the collision
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Figure S. Computational simulation results show the temperature profiles at the impact face along the xy plane and the cross-sectional plane along
the yz plane for (a) v, = 100 m/s, (b) v; = 200 m/s, (c) v, = 300 m/s, (d) v; = 400 m/s, and (e) v, = 500 m/s when yP’s center of mass reaches zero.
The white arrows and dashed lines indicate the impact direction along the z-direction and the surface of a substrate. (f) SEM image of a partially
rebounded PS83-PDMS83 with v, = 451 m/s exhibiting filaments at the periphery of the collision interface.
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Figure 6. (a) Coefficients of dynamic friction reproduced from ref 22. (b) Correlation of v, with . (c) Correlation of v, with fppys.

interface during impact. The SEM image in Figure Sf
qualitatively verified the simulation results. As the primary
collision-induced deformation occurred in an extremely short
duration (~20 ns), the increased chain mobility of the glassy
domain was expected to be localized near the contact interface
along the direction of propagation of the thermal effect without
a phase transition. The model results supported the conclusion
that the tribological response depends on collision-induced
thermal softening and plastic flow near the collision interface.
Interestingly, the maximum temperature at the adhesion
interface was not monotonically increased but reduced at
500 m/s, while more heat was generated through the internal
volume. This observation of more internal heat generation
suggests that the yP became globally more flexible during its
deformation and susceptible to localized bending (see Figures
Sf and S4), reducing interfacial shear/heat. Consequently, the
reduced interface temperature due to shifting the primary

energy dissipation region from the collision surface to the
internal volume reduced the yP’s adhesion force and thus
caused debonding/rebounding of a uP at the upper limit of
AW.

3.4. Tribological and Compositional Effects on
Adhesion Threshold. The collision-induced coefficients of
dynamic friction (pj*) of PS and PS-b-PDMS were excerpted
from ref 22, which were systemically investigated by perform-
ing 45° angled LIPIT experiments, and transformed into
Figure 6a. In the 45° tilted collisions of yPs, two CoRs (CoR,
and CoR,) along the normal and tangential directions were
measured, and pj was calculated by (v;,/v;,)(1 — CoR,)/(1 —
CoR,), where v, and v, are the tangential and normal
components of uP’s initial velocity.”” i was used to
demonstrate the interplay between yff and fppys for adhesion.
Higher fppys increased uf because the M, -dependent
entanglement effect®° strengthened the interchain resistance
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Figure 7. (a) Cross-sectional SEM image of a PS83-PDMS83 with v; = 586 m/s and 2° incidence angle. (b1) Cross-sectional SEM image and (b2)
FFT image of box 1 in (a). (c1) cross-sectional SEM image and (c2) FFT image of box 2 in (a). (d) Standard deviation map of domain isotropy.

during shear motion®” along with the impact-induced rubbery
transition of the PS chains near the collision interface.
Although the number of entanglements per PS segment of
all three samples is controlled around 6,* the number of
PDMS-segment increases from 0 (PS84), to 4 (PS87-
PDMS40), to 8 (PS83-PDMS83).”® Consequently, the
rubbery-PDMS domain leads the uPs to adhere to the
substrate by hindering the elasticity of the yPs and enhancing
interfacial adhesion during the collision. The nonlinear
correlations of v, with the maximum values of the yjf spectra
(Figure 6b) and with fppys (Figure 6¢) were expressed by the
equations below:

oo (uF ) )

13
Ve X Uppms ) (3)

As the correlation of adhesion-friction in soft materials has
been investigated in a broad range of fields with fundamental
questions,” eq 2 demonstrates the UHR correlation in the
extreme circumstance between critical velocity for adhesion
and the rheological responses of resulting in interfacial friction.
Adhesion was not observed at the collision angle of 45°, and
the collision-induced shear was anisotropic along the
propagation direction of the uPs, which amplifies shear-
induced interfacial responses.””> On the contrary, radial-
directional shear was generated during the perpendicular
collisions by compression stress flow within a limited interface,
especially near the periphery of a yP with maximized thermal
responses. Nonetheless, it is notable that the shear-induced
rheological changes that were investigated at the angled LIPIT
results can explain the adhesion onset condition, v, at the
perpendicular collision. In the application aspect, eq 3 is
beneficial because it implies that AW can effectively be
engineered by altering a rubbery portion of the BCP polymers.

3.5. Shear-Induced Nanostructural Ordering. As
revealed in Figure 1, the BCP uPs were fabricated with
short-range ordered nanostructures distinguishable from
amorphous polymers like PS84. Due to the mechanical
heterogeneity, postimpact nanostructures of bonded uP were
investigated by the 2D FFT of the cross-sectioned images after
FIB milling, as shown in Figure 7a. The impact-induced plastic
deformations of a PS83-PDMS83 uP were observed using
high-resolution SEM and image processing. The FIB milling
was conducted after the formation of a platinum or carbon
protective layer via an electron beam (1 keV, 0.27 nA) and an
ion beam (30 keV, 7.7 pA). The postimpact nanostructures
presented significantly compressed and quenched interlamellar
spacing (Figure 7b,c), compared to the isotropic nanostruc-
tures before impact shown in Figure 1. Due to the excessive
flow stress resulting in inter-brush slip™ followed by a rapid
temperature rise during the short deformation time (<20 ns),
segmental realignment occurred locally without the phase
transition of the entire uP. This effect is accentuated further as
the domain spacing becomes narrower near the collision
interface, and the characteristic length scale decreases nearly
50% (25 nm) along the vertical direction to the contact
surface, as shown in Figure 7d. This extensively compressed
and horizontally ordered regions were produced by horizontal
shear flows during the overall compressive deformation.

Furthermore, the mechanical properties of the ordered BCP,
created by comgressive shear flows, must be modified from the
original ones;"”*' one can expect in situ nanomechanical
strengthening during the CS process.

4. CONCLUSIONS

In this study, the extreme plastic and adhesive response of BCP
uPs with the fppys-dependent configurations of domains are
explored under the UHR collision conditions via LIPIT. The
rubbery-PDMS domain of BCPs with high chain mobility
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promotes plastic deformations and enhances the tribological
response at the collision interface, which is preferable for
adhesion during extreme plastic deformation. Furthermore, the
interfacial thermal conditions and the rate-dependent rheo-
logical change resulting from the localized adiabatic shear
softening near the collision interface determine the UHR
dynamic behavior of BCPs. The collision-induced localized
thermal effect increases the interfacial instability, weakening
adhesion and incurring unsteady rebounding due to the
temperature-dependent rheological changes near the collision
interface. A sufficient volume fraction of the rubbery domain
and the resultant effective coefficient of friction at the collision
interface are advantageous to achieve a favorable AW with a
high deposition efliciency and a feasible v, of BCP uPs. In
addition, the empirical fitting model of the CoR grounded on
the rate-dependent interfacial viscosity change suggests criteria
for the dynamic rheological response of multidomain BCPs.
Moreover, the quantifications of v.’s using uf and fppys are
used and verified by predicting AWs of puPs. Therefore, the
fitting parameters for the quantifications of CoR and v,
representing the UHR dynamic and interfacial responses of
polymers are expected to be utilized to determine the
applicability and compatibility of polymers for CS products.
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