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The evolution of material strength within several dense particle suspensions impacted by a
projectile is investigated and shown to be strongly dependent on the particle material in
suspension. For stronger particles, such as silicon carbide, the shear strength of the ﬂuid is shown
to increase with the ballistic impact strength. For weaker particles, such as silica, the shear strength
of the suspension is found to be independent of impact strength in this dynamic range of tests. A
soft-capture technique is employed to collect ejecta samples of a silica-based shear thickening ﬂuid,
following a ballistic impact and penetration event. Ejecta samples that were collected from impacts
at three different velocities are observed and compared to the benchmark particles using a
Scanning Electron Microscope. The images show evidence of fractured and deformed silica
particles recovered among the nominally 1 lm diameter monodisperse spheres. There is also evidence of particle fragments that appear to be the result of interparticle grinding. The trends
observed in the shear strength estimates are interpreted with regards to the particle damage seen in
the ejecta recovery experiments to develop a concept of the impact response of these ﬂuids. The
results suggest that particle slip through deformation is likely the dominant factor in limiting the
transient impact strength of these ﬂuids. Particularly, particle strength is important in the formation
and collapse of dynamically jammed particle contact networks in the penetration process.
[http://dx.doi.org/10.1063/1.4990982]
I. INTRODUCTION

Armor applications of shear thickening ﬂuids (STFs)
have received considerable attention1–10 due to their ﬁeldresponsive nature,11,12 although ballistic performance limitations against steel projectiles remain a concern.1,4,13–15 Early
investigations on the ballistic performance of silica-based
STFs demonstrated that they were ineffective against steelcore or copper-jacketed lead rounds, despite their ability to
deform and stop lead projectiles.1,2 In recent years, similar
silica-based STFs have been used as an interstitial component
embedded in ballistic fabrics or composite panels to create
stimulus-responsive protective equipment for ballistic,3–6,16–19
stab,7,20–22 shock wave,23 and hypervelocity threats.8–10
Ballistic results with STF-fabric armor systems have demonstrated poor performance against steel projectiles at velocities
above 300 m/s.4,13 The source of this performance limitation
remains unclear, although recent work on ballistic penetration
of STFs suggests that it is caused by a strength limitation of
the particle sub-phase.14,15,24 Under transient high-strain-rate
loading, the response of STFs is strongly inﬂuenced by the
material properties of the suspended solid particle subphase,25,26 inﬂuencing the penetration response of the
STFs.14,15,27 A study of STF impact face ejecta suggested a
model of progressive particle damage at increasing impact
velocities that was linked to observed variations in ejecta
kinetic energy distributions and a diminishing role of interparticle friction at the impact face.24
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STFs typically consist of a dense particle sub-phase suspended in a Newtonian ﬂuid medium that exhibits a shear
strain-rate-dependent increase in viscosity, due to microstructure effects from its suspended particles.11,12 Competing
approaches to capture the dynamic response of STFs have
involved elastohydrodynamic models that couple lubrication
forces to the elastic deformation of the particles through
Hertzian contact mechanics28,29 and models that include
direct frictional contact deﬁnitions between particles.30–32
Under impact loading at intermediate strain rates, direct
interparticle interactions have been shown to inﬂuence the
response of STFs,33–35 with recent efforts focusing on direct
visualization of the transiently shear-jammed regions of particles.36–38 At higher strain rates, the strength of the particle
sub-phase was directly related to the dynamic stress transfer
within dense suspensions.25,26,39
Investigations into the effect of particle hardness on
STF-fabric systems measured higher ballistic limits among
single-layer fabrics when silica, as opposed to the softer polymethylmethacrylate particles, was embedded in the fabric.27 A similar link between particle strength and ballistic
performance was found in penetration studies of ﬂuid targets
containing cornstarch, silica, and silicon carbide particles.14,15 In testing above 300 m/s, the ballistic resistance of
the silica-based STF appears to converge to an inertial
response with minimal evidence of material strength
effects.14,15,40 It was suggested that the role of the particle
sub-phase in the STFs is diminished signiﬁcantly at increasing impact velocities, possibly due to deformation of the particles under the high stress load of the impacts.14,15,24 A
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computational investigation of ballistic impacts of steel projectiles on an STF-impregnated fabrics suggests peak impact
stresses on the order of 1 GPa.41 Given the role of particle
contacts in transient shear jamming within STFs36–38 and the
magnitude of stress ﬂuctuations seen at contact points within
granular media,42 the local stresses of particle contact sites
could exceed 1 GPa under ballistic loading. It is therefore not
surprising that particle deformation or even damage may be
an important factor in limiting the ballistic response of an
STF.
While grain crushing has been reported in packed-beds
of dry granular systems for ballistic impact velocities
exceeding 100 m/s,43,44 the prospect of grain crushing has
not received signiﬁcant attention in liquid-saturated particle
systems. During the penetration process of a granular bed,
grains are displaced to allow the projectile to penetrate the
medium. This process of rearrangement involves granular
rotation and translation; however, grain crushing becomes
increasingly important at higher strain rates.45 The limited
data available on the penetration of liquid-saturated particle
beds have demonstrated that the ﬂuid reduces the resistance
of the granular material to penetration.46,47 This change in
the dynamic response of the packed bed granular systems
may be due to soil liquefaction or the ﬂuid behaving as a
lubricant between frictional grain contacts during rearrangement.45 Both of these mechanisms would reduce the propensity for grain crushing during penetration within a saturated
particle system and may reduce its effective strength in
resisting penetration. These two mechanisms may not be as
relevant at elevated strain rates, increasing the likelihood of
particle deformation as a dominant penetration mechanism.
The prospect of STF particle damage limiting the strength
of the suspension during impact deserves further analysis. In
this study, a penetration model is used to estimate the resistive
shear strength of several STFs during projectile penetration.
The evolution of these resistive stresses with impact velocity
provides a basis of discussion with regards to particle deformation within STFs under extreme loading conditions. An
experimental ballistic ejecta recovery technique is used to
investigate deformation among particles recovered from the
impacted ﬂuids. The combined results from the model and
recovery experiments are presented in the context of previous
high-strain-rate experiments and ballistic results.

J. Appl. Phys. 122, 025108 (2017)

FIG. 1. Schematic of an STF suspension (a) in equilibrium prior to impact
and (b) a broken-out section view of the projectile penetrating the suspension. (c) Top and side views of a chisel-nosed FSP. Taken from Ref. 15.

decelerate the projectile. Mixture details of the suspensions
pertinent to this analysis are given in Table I and their rheological characterizations are shown in Fig. 2.
The model development starts with a statement of
energy conservation describing the complete penetration of
the target,48 assuming that the projectile drives a plug within
the target
1
1
1
Mfsp Vi2 ¼ Mfsp Vr2 þ Mp Vr2 þ Efn þ W;
2
2
2

where Mp is the mass of the plug formed from the target
material, Mfsp is the mass of the projectile, Efn is the energy
of the projectile lost to the inertial response of a perfectly
plastic impact, W is the work involved in the penetration process, and Vi and Vr are the incident and residual velocities of
the projectile, respectively. The perfectly plastic energy loss
term, which can also be seen as the inertial energy loss to the
ﬂuid assuming no material strength (Efn), results from conserving momentum for an impact involving a perfectly plastic plug formation48

II. PENETRATION MODEL

The ballistic penetration of suspensions has previously
been successfully modelled as an area-modiﬁed plugging
process.15 These experiments measured the impact and residual velocities of a fragment simulating projectile (FSP) penetrating suspensions with variations in particle materials and
volume fractions (see Fig. 1). The experimental deviations
from an inertial (hydrodynamic) response were measured for
several of the suspensions considered;15 however, that analysis did not determine the resistive shear strength of the suspensions or its variation during penetration, information
which would provide a more complete description of the
penetration process. The penetration model is extended to
estimate the average resistive shear stress acting to

(1)

Efn ¼

Mp
1
 Mfsp Vi2 :
Mfsp þ Mp 2

(2)

TABLE I. Summary of suspension properties.15 All suspensions used ethylene glycol as a suspending medium.

Mixture

Particle
material

21 SiC
Silicon carbide
41 SiC
Silicon carbide
48 SiC
Silicon carbide
54 CS
Cornstarch
Silica
61 SiO2
61 mix Silica and silicon carbide

Volume
fraction (%) q (kg/m3) b50 mm b64 mm
21.5
41.0
48.0
54.0
61.5
61.5

1560
1977
2120
1349
1560
1757

0.95
1.20
1.29
0.82
0.95
1.07

1.18
1.50
1.61
1.02
1.18
1.33
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FIG. 2. A rheological characterization of the various mixtures described in
Table I. Taken from Ref. 15.

The projectile used in the experiments was a chiselnosed FSP, as seen in Fig. 1. A shape correction factor (Ar)
is included in the plug mass term to account for the fact that
the ﬂat portion of the FSP nose is driving the plug. Hence,
the plastic work term can be expressed as



Mfsp
1
W¼
Vi2  ð1 þ bÞVr2 ;
(3)
1þb
2
b¼

qp Lp Ar
;
qfsp Lfsp

(4)

where b is the ratio of plug to projectile mass and approximated by the expression, Ar is the cross-sectional area ratio
between the plug formed and the projected area of the FSP,
L is the axial length, q is the density, and the subscripts “fsp”
and “p” refer to the projectile and plug, respectively.
At the limit of Ar equal to unity, the plug will have the
same diameter as the FSP, while the value of Ar for the
chisel-nosed FSP is given by the expression
1
Ar ¼ 1   ðh  sin hÞ;
p
 
w
h ¼ 2 cos1
;
D

(5)

FIG. 3. The average resistive shear stress as a function of impact velocity
for suspensions containing cornstarch.

Pfsp

 
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
w
þ 2 D2  w 2 :
¼ 2D  sin
D
1

(8)

Using the expression derived in Eq. (7) and published
residual velocity data,15 the average shear stress resisting the
penetration of the FSP can be compared for several mixtures
over a range of impact velocities. These results are presented
in Figs. 3–5, where suspensions containing cornstarch, silica,
and silicon carbide are plotted together in Figs. 3, 4, and 5,
respectively. The results for 61 mix are presented in both
Figs. 4 and 5, as this suspension contains both silicon carbide
and silica. Linear trendlines have been added to the data for
visualization purposes. Negative resistive shear stress values
are non-physical within the model, as such, negative values
are represented by a resistive stress of zero.
Two main trends are evident in the resistive shear stress
data presented in Figs. 3–5, a constant shear stress independent of impact strength and a shear strength that increases
with impact strength. These two trends highlight the differences in the impact responses of the particle sub-phases of
these suspensions. The result of plate impact experiments on
similar dense suspensions would suggest that the preferential

(6)

where w is the width and D is the major diameter deﬁning
the ﬂat nose region on the FSP, nominally 2.54 mm and
5.46 mm, respectively. Including this area ratio in the analysis of this dataset provides an accurate scaling of the residual
velocity data.15
Examining the plastic work term for the plug, a reasonable estimate of the average resistive shear strength of the
suspensions can be calculated using the expression
Mfsp
sav ¼
2Pfsp L2p





1
2
2
V  ð1 þ bÞVr ;
1þb i

(7)

where sav is the average resistive shear stress and Pfsp is the
perimeter of the ﬂat-nosed portion of the FSP, which is
given by

FIG. 4. The average resistive shear stress as a function of impact velocity
for suspensions containing silica.
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TABLE II. Summary of the bulk-material properties for the solid particle
materials.
Material
Cornstarch
Silica (amorph.)
Silicon carbide

FIG. 5. The average resistive shear stress as a function of impact velocity
for suspensions containing silicon carbide.

compression of the ﬂuid medium should result in an increasing particle volume fraction at increasing impact
strengths.25,49 Therefore, one would expect the strength of
every suspension tested to increase with loading strength;
however, this is not seen for every mixture. In fact, an
increase in shear strength is only seen for mixtures containing silicon carbide and only if they have sufﬁciently high
volume fractions. For instance, the shear thickening cornstarch mixture shows a nearly constant and non-zero value
of resistive shear stress (Fig. 3). A similar trend is seen for
the suspension with silica particles (61 SiO2), albeit with a
higher average shear stress (Fig. 4). In contrast, the suspension 61 mix exhibits a shear strength that increases under
increasing impact strengths (Fig. 4). This mixture is essentially based on 61 SiO2, although a portion of silica particles
are replaced with silicon carbide particles while maintaining
the same particle volume fraction of 61.5%.
The results for the silicon carbide suspensions (Fig. 5)
show elements of both trends. In the dilute silicon carbide
mixture (21 SiC), there is no evidence of a measurable shear
strength, as was to be expected. Increasing the volume fraction of the suspension to 41% or 48% results in non-zero
resistive shear stresses that are independent of impact
strength in the lower velocity range; however, the trend
changes above 600 m/s.
At these higher impact speeds, both mixtures appear to
exhibit a marked increase in resistive shear strength that
may be indicative of a microstructural effect within the suspensions. The response of the silicon carbide mixtures is
similar to the compression-induced stiffening seen in these
same mixtures in plate impact testing over the identical
velocity ranges.25 The onset of an increasing strength in the
silicon carbide mixtures of 41% and 48% volume fraction
appears to be indicative of a transient shear jamming-type
response,36 where the increased stress load of the higher
velocity impact brings the particles into closer contact,
although in this case it was driven in part by compression
of the ﬂuid phase.25,49 At low impact speeds, the compaction of the ﬂuid is not sufﬁcient to result in a jammed particle sub-phase,49 resulting in a constant shear strength
within the mixtures.

q (kg/m3)

E (GPa)

Hardness (GPa)

Refs.

1550
2200
3220

4.9
69.3
454.7

Not available
8.3
30.8

51
52
52

This bi-linear trend in the shear strength relationship is
not seen in the cornstarch and silica suspensions, despite
their considerably higher volume fractions. Based on plate
impact experiments with dense suspensions,25 one would
expect that the particles in these mixtures would be driven
into their jammed regime, given their initial volume fractions. For instance, at a volume fraction of 61.5%, such as in
the 61 SiO2 suspension, the mixture should reach its jamming limit at all of the impact strengths investigated; however, this is not apparent from the trends in Fig. 4. The only
suspensions that exhibit an increasing shear strength are
those incorporating silicon carbide, the stiffest of the three
particle materials (see material properties in Table II). The
contrasting trends between the two suspensions in Fig. 4
with identical particle volume fractions, but different compositions, demonstrates that an increasing resistive shear
strength with impact conditions is linked to the strength of
the particles.
For the ballistic penetration of monolithic metallic
plates, the resistive shear stress is a weak function of impact
strength, since the materials are undergoing plastic ﬂow.50
The trends in Figs. 3 and 4, where the shear strength is constant for both cornstarch and silica suspensions, may be
indicative of signiﬁcant particle deformation, similarly
resulting in a resistive shear strength independent of impact
strength. This possibility needs to be conﬁrmed experimentally, as the prospect of substantial particle deformation
under ballistic loading has signiﬁcant implications for the
design of ballistic protection involving STFs.
III. EXPERIMENTAL DETAILS

An experimental investigation was undertaken to
recover and examine ejecta particles from the backface of an
impacted silica-based particle suspension sample (61 SiO2).
This suspension contained monodisperse silica spheres with
a nominal diameter of 1 lm (obtained from Fiber Optic
Center) dispersed in ethylene glycol at a volume fraction of
61.5%. A polyvinylchloride capsule with an internal diameter of 8 mm and a thickness of 6 mm was used to conﬁne
samples, as seen in Fig. 6. The polymer capsule was chosen
in order to reduce the possible inﬂuence of lateral conﬁnement on the response of the particles. Mylar diaphragms
with a thickness of 0.1 mm were used to conﬁne the ﬂuid axially. A 17-grain NATO-standard chisel-nosed FSP was chosen for consistency with the data modelled in Sec. II.
Backface ejecta was recovered from samples impacted at
three velocities (258 m/s, 496 m/s, and 673 m/s).
A schematic of the experiment is given in Fig. 6. The
path of the projectile leads from the sample to a 25-mm-thick

025108-5

O. E. Petel and S. Ouellet

J. Appl. Phys. 122, 025108 (2017)

FIG. 6. A schematic of the experimental conﬁguration sequentially prior to
impact, during the projectile exit and
ejecta dispersal phase, and soft-capture
phase.

Sylgard 184 elastomer plug, which provided a soft-capture
medium for the ejecta. The elastomer plug was used to strip
particles from the passing FSP without damaging the particles further. Our analysis was limited to those particles that
were trapped within the internal fractures of the elastomer,
following the penetration of the projectile. The PVC capsule
was supported within a cylindrical stainless steel holder at a
distance of 150 mm from the front surface of the elastomer
plug. Immediately behind the elastomer plug, a hole was
drilled with sufﬁcient clearance to allow the projectile to exit
the holder.
Following each experiment, the elastomer plug was
recovered and processed to ensure that only those particles
trapped within the elastomer itself were investigated. The
recovery process involved several steps: (i) the ﬁrst 5 mm of
the impact face of the plug was cut and removed; (ii) a similar 5 mm thick portion on the backface of the plug was
removed to eliminate any contamination from the holder;
(iii) the central core of the elastomer plug including the complete perforation and fracture zone was extracted; and (iv)
the extracted portion of the plug was placed in a petri dish,
sectioned into three parts and rinsed thoroughly with ethanol
to recover the particles. The resulting solution of ethanol,

FIG. 7. SEM micrograph of the benchmark silica particles.

ethylene glycol, and recovered particles was moved to a
larger (25 ml) container and diluted further with additional
ethanol. The sealed container was placed in an ultrasonic
bath for 5 min and a sample of the solution was withdrawn
by pipette. The withdrawn samples were deposited on several aluminum stands, allowing the ethanol to evaporate
prior to imaging. All micrographs were taken using a Hitachi
SU8010 series scanning electron microscope.
The benchmark samples of the particles were similarly
withdrawn from the initial suspension (without being subjected to an impact) and subsequently processed for imaging
using ethanol as described previously. A scanning electron
microscope image of the benchmark particles is shown in
Fig. 7. The average particle size measured in the benchmark
suspension was 1.045 6 0.050 lm with a spherical morphology. There was no evidence of deformed or fragmented particles within the benchmark samples.
IV. RESULTS

A series of SEM micrographs are presented of the silica
particles that were recovered from the impact experiments.
Although many images were taken, these images represent
the most severe damage seen among the particles imaged.
Among these images, there appears to be a progression of
damage evidence that correlates with impact velocity. At the
lowest impact velocity investigated, 258 m/s, the recovered
particles did not show evidence of fractured or permanently
deformed particles. At the intermediate impact velocity of
496 m/s, the images contained evidence of silica particle
fragments (Fig. 8). The irregular morphology of these fragments as well as the appearance of their fracture surfaces
suggest that they resulted from interparticle frictional grinding from tangential contact between particles.
At the highest impact velocity investigated, 673 m/s, the
damage to the recovered silica particles was far more dramatic
(Fig. 9). These images show evidence of fractured particles as
well as particle fragments. In the center of Fig. 9(a), a particle
appears to have been signiﬁcantly deformed under a compressive load. A similar observation is made in Fig. 9(b), where a
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material ahead of it, the majority of the particles in this plug
and recovered in the elastomer were not located along the
plug periphery, where the highest shear stresses are present.
Another aspect to consider is that deformation of a jammed
structure requires particles to slip past one another; however,
this does not necessitate large scale deformation of the particles to enable slip, as suggested by the recovered particle
fragments in Figs. 8 and 9. Evidence of silica particle fragments were collected at the two higher impact velocities,
indicating signiﬁcant inelastic deformation of the particles
under these impact conditions.
V. DISCUSSION
FIG. 8. Micrograph of recovered particles from an impact at 496 m/s.

particle at the center of the micrograph appears to have fractured under shear. Signiﬁcant concentrations of particle fragments suspended within the interstitial regions between
particles are also present in these images.
The number of particles observed with the level of
deformation seen in Fig. 9 was quite limited, several out of
the thousands of particles observed. There are a couple of
immediate explanations for the low number of deformed particles observed. The projectile drives a signiﬁcant plug of

FIG. 9. Micrographs of recovered particles from an impact at 673 m/s.

Ballistic penetration of an STF is driven by the continual
formation and destruction of force chains between contacting
particles that resist the penetration. While STFs are typically
used as an interstitial within ballistic fabrics, integrated particles are subjected to stress levels that are equivalent to this
direct impact scenario on the ﬂuid itself. Therefore, if particle fracture is a concern in an STF impact conﬁguration, it
should be considered as a potential concern in any ballistic
or high-strain-rate application. The analysis of ballistic data
with the penetration model illustrates that there are signiﬁcant loads being carried between the particles in an STF during a ballistic impact event. While the average resistive
shear stresses involved in the penetration process are seemingly quite low, this is due to averaging the stresses at contact sites over the full perimetral area of the plug. When
concentrated over the area at the particle contact sites, these
stresses can be quite signiﬁcant. This is evident from the particle recovery experiments, where fragments of silica particles as well as particles exhibiting large deformations were
recovered. A progression of damage with increasing impact
velocities, from ground fragments to signiﬁcantly deformed
particles, should be expected as the imposed strain rate
increases, reducing the available timescales for lateral particle mobility and reorganization during compaction. The ﬁner
fragments observed among the recovered ejecta particles
provide evidence of fracture surfaces that were the result of
tangential slip at frictional contact sites within the jammed
structure, leading to ﬁne-scale fragmentation.
In a dilute suspension, 21 SiC, particles do not come
into contact to form jammed structures as the volume fraction is quite low. At elevated volume fractions, the particles
must slip past one another to allow the passage of the FSP.
These particle interactions may be elastic in nature involving
rotation and translation of the particles or result in permanent
particle deformation. In either scenario, the jammed particle
structures are formed and destroyed to allow the penetration
of the FSP. At increasing impact velocities, the proportion
and extent of inelastic interactions between particles can be
expected to increase. As the mean stress of the impact
increases, the yield strength of a particle provides an upper
limit on the stress necessary to destroy the jammed structures
within the STF. The recovery experiments indicate that this
limit is between 258 m/s and 496 m/s for silica particles
impacted by a steel projectile, which is consistent with ballistic tests on STFs.4,13 Any signiﬁcant level of deformation
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would limit the ability of the particles to maintain their resistance to penetration, rearranging the transiently jammed
microstructure of particles to the detriment of their penetration resistance.
This yield limit is evident from the analysis of the penetration model, where STFs containing weaker particles (54
CS and 61 SiO2) exhibit a shear strength independent of
impact strength (Figs. 3 and 4). This suggests that the silicaand cornstarch-based suspensions are being limited by the
material strength of the particles themselves. There is a statistical distribution of stresses within the contact sites of
jammed structure,42 resulting in particle deformations within
the jammed particle microstructure. While most contact sites
may be elastic between contacting particles, the largest contact stresses at elevated impact velocities results in a proportion of particles grinding past each other or even
signiﬁcantly deforming, as shown by the ejecta recovery
results. A comparison of the 61 mix and 61 SiO2 suspensions
demonstrates that the addition of silicon carbide particles
into the silica suspension at an identical volume fraction
appeared to have stabilized the microstructure under
dynamic loading. This is evident from the increasing resistive shear strength of 61 mix as a function of impact strength
(Fig. 4). The presence of the stronger silicon carbide particle
dominates the response of the mixture at high strain rates,
buffering the deformation of the silica to increase its resistance to penetration.
The 61 mix and 61 SiO2 suspensions allow a comparison of two material systems with identical volume fractions
and similar rheological responses, where the only variation
is the material properties and morphology of the particles.
Based on the previous ballistic results pertaining to STFfabric systems containing particles with varying morphology, from spherical to elongated ellipsoidal, the spherical
particles were shown to absorb more energy at elevated volume fractions.53 Based on those previous observations, particle morphology was not be considered to have had a
dominant contribution to the result of the present study, since
the mixture containing irregular silicon carbide particles outperformed the mixture with spherical silica particles.
In suspensions containing silicon carbide particles at
lower volume fractions (41% and 48%), the shear strengths of
the suspensions show both trends of behavior (Fig. 5). For
these mixtures, the silicon carbide particles maintain mobility
at low impact strengths, allowing reorganization of the microstructure with limited interparticle contact sites. As the impact
strength is increased, the relative compressibility of the ethylene glycol medium leads to an effective increase in the particle volume fraction, as seen in plate impact testing.25 The
compression of the ﬂuid brings the particle microstructure
into a dynamically jammed state. It is expected that this
compaction-induced transiently jammed system should be
more stable with increasing impacting strength, resulting in
increased coordination among particles due to the increased
local volume fraction.49 The expectation for increased coordination among particles is an increase to the resistive shear
stress (as seen in 41 SiC, 48 SiC, and 61 mix results in Fig. 5),
unless the material strength of the particles does not allow for
it. For instance, the expected trend is not seen among the

J. Appl. Phys. 122, 025108 (2017)

cornstarch (Fig. 3) and silica (Fig. 4) particle suspensions, due
to particle deformation or fracture. In contrast, the silicon carbide particles are less susceptible to deformation and thus the
microstructural reorganization that leads away from the
jammed structures, resulting in the observed trend of increasing shear strength (Fig. 5). The critical impact strength at
which this occurs in the 41 SiC and 48 SiC mixtures is identical to the impact strength for which it was measured in previous plate impact experiments, a material velocity above
500 m/s.25 All of the suspensions containing silicon carbide
undergo a strengthening due increasing impact strength conditions, so as long as they have a sufﬁcient initial volume fraction to form a jammed structure. This result demonstrates that
the compression-induced stiffening of the suspensions, a
mechanism proposed in previous work,25,49 may be of more
relevance at these stress states and strain rates than classical
rheological behaviour, particularly given the impact conditions of the present study.
The leading mechanism for the destruction of the particle chain microstructures within an STF is localized deformation or frictional particle grinding, enabling particle slip.
Although particle fracture is occurring among silica and
cornstarch particles at the higher impact velocities, the
expectation of added energy absorption required to fracture
these particles does not appear to have signiﬁcantly factored
into the amount of plastic work done by the FSP, the
dynamic strength of those STFs, or the ballistic resistance of
the suspensions. In other words, if the destruction of particle
contact networks is necessary as the projectile penetrates,
whether the microstructure is reorganized through particle
frictional surface grinding and deformation or a combination
of these mechanisms coupled with occasional particle fracture, there is no appreciable difference in the resistive shear
strength of the STF. In ballistic experiments on STF ﬂuids,
Gates reasoned that the instantaneous hardness of the ﬂuid
must surpassed that of the projectile, ﬁnding that this was the
case for lead bullets, but not for steel or copper, explaining
the disparity in the performance against various munitions.1,2
The results of this study concerning the deformation of silica
particles under impact provides further support of this statement, given that the strength of the particles themselves
were exceeded by steel projectiles at relevant impact velocities. These results similarly provide an explanation for the
bounds on the ballistic performance of STF-integrated ballistic fabrics that has been seen experimentally.4,13
VI. CONCLUSIONS

Using an extended penetration model for STFs, we were
able to determine the evolution of the resistive shear strength
of various particle suspensions to penetration. The trends of
the data provided insight into the particle-level response
within these ﬂuids during impact, particularly the role of particle material strength and deformation on the impactresisting microstructure within a dynamically jammed suspension. For silicon carbide particle suspensions, the shear
strength of the ﬂuid is shown to increase with the impact
strength. For weaker particles, such as silica, the shear
strength of the suspension is independent of the impact
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strength in the range of ballistic impacts studied, suggesting
that particle slip through deformation and fracture is likely
the dominant factor in limiting the transient impact strength
of these ﬂuids and that a yield limit is reached within the
bounds of interest for ballistic protections.
The backface ejecta from a ballistic impact into a silicabased STF was successfully collected using a soft-capture
technique to further investigate the possibility of particle
deformation. Evidence of particle fragments was found in the
collected ejecta at the two higher impact velocities examined,
although completely fractured or signiﬁcantly deformed particles were only seen within the ejecta collected at the highest
impact velocity. The smaller particle fragments are due to
interparticle grinding, although further investigation is merited. The observation of particle fracture within an STF during
a ballistic impact event illustrates the importance of particle
deformation under high-strain-rate loading. We have used
these results to describe a conceptual interpretation of the
dynamic behavior of STFs under ballistic impact. Our particular focus was the importance of particle strength and the role
of the formation and collapse of dynamically jammed particle
contact networks in the penetration process.
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