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bstract

Dynamic compression experiments were performed on a pressed PTFE/Al/W mixture to understand the composite behavior at high-strain and
igh-strain rate. The high-strain-rate tests were carried out in a drop-weight apparatus at impact velocities of 3.5 and 5 m/s, providing strain rates of
pproximately 4 × 102 s−1. Aluminum jackets of varying thickness were used to ensure that specimens underwent confined deformation but did not
eparate into fragments. Failure was preceded by extensive plastic deformation concentrated primarily in the PTFE component. W particle–PTFE
nterface separation provided initiation and propagation of cracks. In extensively deformed specimens (strains of up to −0.875), PTFE nanofibers

ormed along cracks as a result of shear localization and significant softening caused by plastic deformation. The Zerilli–Armstrong constitutive
quation for polymeric solids was used to simulate the response of the composite. Its use is justified by the fact that the majority of plastic strain
s concentrated in the PTFE polymer.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Non-detonating reactive materials are being intensively stud-
ed for projectile applications in military operations in urban
errain (MOUT). The requirements are a high density and
xothermic reaction initiation upon impact. This paper is con-
erned with PTFE/Al/W granular materials that underwent
igh-strain, high-strain-rate deformation in drop-weight tests.
he primary function of W is to increase the density of the
ixture and for low collateral damage, although it may also

articipate in the exothermic reactions with Al. Al and PTFE
re known to react exothermically [1]. While granular materials
re widespread, extensive research on their physics just started
few decades and the properties of complex granular materials

emain unexplored so far. The considerable interest in granu-
ar materials is due to phenomena they exhibit in applications:

egregation, fluidization, stress propagation, etc. [2–4]. For gran-
lar powder mixtures, the primary focus is on the kinetics of
hemical reactions. Two classes of reactions were proposed by
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hadhani [5] to explain the dynamic effects: shock-assisted reac-
ions have been defined as those occurring in the time scale of
hermal equilibration (tens of microseconds to milliseconds),
hile shock-induced reactions are those occurring in the time

cale of pressure equilibration (nano- to micro-second dura-
ion) in shock-loading. Meyers et al. [6] and Vecchio et al. [7]
nvestigated Mo–Si and Nb–Si mixtures subjected to shock com-
ression and proposed a mechanism for reaction initiation. This
hock reaction was modeled by Eakins et al. [8].

The dynamic properties and shock behavior of a few poly-
ers, such as PTFE, EstaneTM, Kel-F-800TM, polychloroprene,
MMA and epoxy resin, have been investigated to serve as

he binder materials [9–12]. PTFE and Kel-F-800TM exhibited
onstant shear strength behind the shock front, while other poly-
eric systems showed increased shear strength, a characteristic

ttributed to the viscoelastic/viscoplastic properties. The shear
trengths of PTFE and estaneTM increased with the increase of
mpact stress, while that of Kel-F-800TM had a constant strength.
eflon (PTFE) was also studied as an inert granular material

nder dynamic compaction [13] and explosive loading [14,15].

PTFE is an outstanding candidate as the binder material due
o a favorable combination of properties: low friction coef-
cient, high thermal stability, high electrical resistance, high
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hemical inertness, high melting point (327 ◦C), high thermal
nergy release when decomposed, and the easiness to deform.
xperiments show that the addition of PTFE into Ti/Si mixture
nd Fe2O3/Al mixture increased the magnitude of reaction and
ecreased the reaction time [16].

The purpose of this research is to investigate mechanical
esponse, including fracture mechanism, of a PTFE/Al/W mix-
ure under high-strain and high-strain-rate flow. Therefore, the
rop-weight technique was adopted, since the weight has suf-
cient energy to subject the specimens to large strains. This

echnique was used in the investigation of high-strain-rate defor-
ation behavior of polymers [17] and thermites [18], and in the

ensitivity testing of explosive substances [19].

. Experimental techniques

The PTFE/Al/W composite was fabricated by cold uniaxial
ressing at a pressure of 100 MPa. The initial powders had the
ollowing average sizes: Al: 2 and 95 �m (ValimeH-2 and H-
5); W: 44 �m (Teledyne, −325 mesh); PTFE: 100 nm (DuPont,
TFE 9002-84-0, type MP 1500J).

The mixture had the following weight content of components:
7 wt% W, 17.5 wt% PTFE, and 5.5 wt% Al. The final density
f the pressed mixture was 95% of the theoretical density. Due
o the large difference in density between the constituents, PTFE
as the major component on a volume fraction, 56%, followed
y Al, 23% and W, 21%.

The drop-weight test apparatus at the Physics of Solids
roup, Cavendish Laboratory [17,20], was used. The schematic

f the apparatus is shown in Fig. 1; the specimen was mounted
n a sample holder that ensured the parallelism of impact. The
elocity of the drop-weight decreases as a function of time after
mpact.

ig. 1. Schematic drawing of the experimental set-up for drop-weight test. ,
TFE/Al/W mixture specimen; , confinement Al ring; , sample holder for
ptimum alignment; , drop weight; �, strain gage.

F
t
t

c
7
A
t

c
d
(
a
g
f
s
s
r
i
i
r
s

s
a

ig. 2. Effects of confinement on drop-weight velocity and composite deforma-
ion strain rate: (a) velocity as a function of time after impact; (b) strain rate as
he function of strain.

The specimens were tested in the unconfined and confined
onditions. The use of confinement rings of an aluminum alloy
075-T6 enabled arrest of the experiment at different strains.
luminum rings with the same height as the specimens and

hicknesses of 0.5, 1, 1.5, and 2 mm were used.
The impact velocities were 3.5 and 5 m/s; these two velocities

orrespond to the drop-weight being released from the stan-
ard height of 0.6 m or from the top (1 m high) of the apparatus
Fig. 1). Fig. 2(a) shows the velocities of the drop-weight as
function of time for the 0.6 m set-up; it can be seen that the

reater the load, due to the presence of the confinement ring, the
aster the velocity decreases. The corresponding strain rates are
hown in Fig. 2(b) as a function of strain. For the unconfined
pecimen and specimen confined with a 0.5 mm ring, the strain
ate actually increased slightly from an initial value of approx-
mately 400 s−1. As the Al alloy confinement ring thickness
ncreased, the strain rate decreased. For the 2 mm confinement
ing, the strain rate reached zero at a strain of 0.25. This corre-

ponds to the arrest of sample deformation.

The voltage-time trace obtained from the gage below the
pecimen (Fig. 1) can be converted into a stress by applying
conversion coefficient. The velocity of the drop-weight was
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easured and this was used for the determination of the strain.
n this manner it was possible to obtain the stress-strain response
f the specimen/confinement ring assembly. The procedures are
tandard and therefore will not be presented here.

For photography, an AWRE C4 rotating-mirror camera was
sed [21]. It has 140 framing lenses, giving a total recording
ime of approximately 1 ms. The records were used to probe the
ocalization of failure in unconfined specimens.

. Results and discussion

.1. Initial microstructure
The initial microstructure of the composite is shown in Fig. 3.
he backscattered image shows the W particles as bright features
ecause of their high atomic number. The Al and PTFE cannot
e distinguished in the low-magnification SEM micrograph of

ig. 3. Backscattered SEM images of initial compact configuration at: (a) lower
agnification; (b) higher magnification.
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ig. 3(a) but (b) resolves the features. Medium grey spherical
eatures represent Al agglomerates. The individual Al particles
2 �m diameter) can only be faintly resolved. Observation of a
racture surface shows the three constituents in a clearer fash-
on (Fig. 4(a)). The larger W particles, which have a spheroidal
hape, are surrounded by PTFE (the majority volume fraction)
nd Al. The PTFE forms the continuous matrix in which the W
nd Al particles are discretely distributed. Elemental analysis
Fig. 4(b,c, and d)) for three particles is attached.

.2. Mechanical testing

The different specimens after deformation are shown in
ig. 5. The specimen and an Al confinement ring are shown
n top, and the post-deformation configurations at the bottom.
s the confinement ring thickness increased the total defor-
ation undergone by specimens decreased, in accordance with

he strain rate versus strain plot of Fig. 3(b). The 0.5 mm ring
nderwent total buckling and folding, whereas the 1mm ring
nderwent barreling and lateral cracking. On the other hand,
he 1.5 and 2 mm rings retained their cylindrical shape. The
luminum ring (2 mm thick) was tested separately both qua-
istatically and dynamically. The results are shown in Fig. 6.
y comparison, the quasistatic compression curve (10−3 s−1) is
uch more smooth and accurate. The results in Fig. 6 indi-

ate that the dynamic strength of the aluminum alloy used
s approximately 400 MPa, whereas the quasistatic strength is
pproximately 300 MPa. It can be assumed that the strength of
he material reaches a saturation level where work hardening
s absent. This strain-rate sensitivity is expected in aluminum
lloys [22–24]. This value was used in estimating the corrected
ow stresses of the specimen-confinement assemblies.

It should be mentioned that the Al rings only provide limited
onfinement since the internal diameter of the rings increases
ith strain. In the absence of frictional stresses at the platens,

he volume inside the orifice is constant. Thus, the principal
ffects of the Al rings are (a) to allow the specimen to deform
ithout fragment, and (b) to provide a limited confinement.
The results of the dynamic tests under different confinement

onditions are shown in Fig. 7. In the absence of confinement
he stress rises to 60 MPa and rapidly drops (Fig. 7(a)). This
s due to fracture and fragmentation of the specimen under the
nvil. This occurs at a low strain of 0.035. The confinement sig-
ificantly increases the range of plastic strain that the specimens
an undergo, as shown in Fig. 7(b–d). The fluctuations in stress
re very high. For the 0.5 mm Al ring, the flow stress is approx-
mately 80 MPa, slightly higher than the unconfined specimen.
owever, the specimen retains its load-carrying ability up to a

train of 0.5. As the thickness of the confinement ring increases
o 1 and 1.5 mm, the strength of the composite increases corre-
pondingly. This is evidence of confinement, which is actually
on-existent if one assumes that frictional effects at the platens
o not exist.
The calculated stress–strain response obtained from the
erilli–Armstrong constitutive equation [25] for polymeric
aterials is shown in Fig. 8. The equation was inspired in the

wo Z–A equations for metals [26,27]. The constitutive model
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Fig. 4. Identification of three components by secondary

as the form:

= Be−βT + B0

√
(1 − e−ωε)

ωe−αT

here
= β0 − β1 ln ε̇, α = α0 − α1 ln ε̇,

ω = ωa + ωb ln ε̇ + ωpp, B = Bpa(1 + Bpbp)Bpm ,

B0 = B0pa(1 + B0pbp)B0pm

1
o
r
o

Fig. 5. Configuration of samples before
and EDS: (a) fracture surface; (b) W; (c) Al; (d) PTFE.

here T is the temperature, P the pressure, ε̇ the strain rate and
he other symbols are parameters listed in Table 1. Fig. 8(a)
hows the calculated stress–strain response for PTFE compared
o the experimental results by Walley et al. [17]. Fig. 8(b) shows
he predicted values of the flow stress (for strain = 0.04) as well
s the experimental values for the PTFE/Al/W mixture. The cal-
ulated flow stress of PTFE at a strain of 0.1 at the strain rate of

0−3 s−1 is approximately 10 MPa. This value is approximately
ne half of the value of the strength of the composite sample sur-
ounded by 1.5 mm Al ring (Fig. 9), suggesting that the majority
f the deformation takes place in the continuous PTFE matrix.

(top) and after (bottom) testing.
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Fig. 8. (a) Experimental and computed compressive stress–strain curves of
ig. 6. Quasistatic and dynamic (drop-weight test) response of aluminum alloy
sed in sample confinement.

he addition of metal increased the flow stress (dashed curve in
ig. 8(b)). However, the strain-rate sensitivity is not changed. It

s seen that the PTFE/Al/W mixture parallels the Z-A equation
t low strains. Flow stresses of composites tested via the drop-
eight apparatus are higher because of the confinement effect

nd the drop-weight technique itself.
The parameters for PTFE that were used in Z–A equation are

hown in Table 1. Please note the values of ωa and ωp and the
nits of Bpb and B0pb are different from Zerilli–Armstrong’s. It

an be seen that PTFE exhibits very high-strain-rate and tem-
erature sensitivity (much higher than metals). This is a defining
eature of polymers.

PTFE at different strain rates. (Experimental data adopted from Ref. [17]); (b)
Comparison of composite PTFE/Al/W and PTFE on compressive strength at the
same strain. (Hopkinson Bar data for composite were provided by Vecchio and
Jiang [29]).

Fig. 7. Compressive response of samples subjected to various confinement conditions: (a) no confinement; (b) 0.5 mm Al; (c) 1 mm Al; (d) 1.5 mm Al.
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Table 1
Parameters in Zerilli–Armstrong equation for the visco-plastic deformation of
PTFE

β0 (K−1) 2.01 × 10−2

β1 (K−1) 2.64 × 10−4

α0 (K−1) 4.78 × 10−3

α1 (K−1) 5.02 × 10−5

ωa −2
ωb −0.625
ωp (MPa−1) −3.1 × 10−2

Bpa (MPa) 4016
Bpb (MPa−1) 2.0 × 10−2

Bpn 0.714
B0pa (MPa) 72.4
B0pb (MPa−1) 2.2 × 10−2
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could be seen, and their observation enables the conclusion that
failure starts at the W–PTFE/Al interfaces. Three areas where
separation has started are indicated by arrows in Fig. 11. The
0pn

.3. High-speed photography

This technique was used on an unconfined specimen to estab-
ish the degree of uniformity of deformation. The results are
hown in the sequence of Fig. 10. This is a negative, i.e. the dark
egions correspond to the outside and the light to the specimen
nd compression platens. The specimen position is marked SP. in
ig. 10. The initial height of the specimen, h0, was equal to 8 mm.
our snapshots are shown, at decreasing heights, h: 7, 6, 5, and
mm; they correspond to true compressive strains of −0.133,
0.288, −0.470, and −0.693. One of two lateral surfaces of the

pecimen (left surface) is shown. For h = 7 mm, the surface is
airly smooth. As the strain increases, irregularities at the sur-
ace initiate and grow. They are marked with arrows in Fig. 10(d).
hese irregularities are due to shear localization/cracking. It can
e concluded that, in the absence of confinement, the deforma-
ion becomes highly heterogeneous. These results are consistent
ith the stress collapse measured in the unconfined compressive
est (Fig. 7(a)).

ig. 9. Quasistatic compression response (ε̇ ∼ 10−2 s−1) of composite sample
urrounded by 1.5 mm Al ring (force on ring subtracted from the total force).

F
P

ig. 10. Snapshots from high-speed photography of compression of uncon-
ned specimen: (a) height = 7 mm, ε = −0.133; (b) height = 6 mm, ε = −0.288;
c) height = 5 mm, ε = −0.470; (d) height = 4 mm, ε = −0.693.

.4. Microstructural evolution in plastic deformation

Specimens after different levels of plastic deformation were
haracterized by scanning electron microscopy to identify the
ailure mechanisms. Fig. 11 shows the top surface of a speci-
en deformed with the 2 mm Al ring confinement. A few cracks
ig. 11. Crack propagation through composite showing separation of W and
TFE interface (indicated by arrows).
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ig. 12. PTFE fibers formed by opening crack: (a) overall view; (b) detail.

mall (2 �m) Al particles are more clearly visible in Fig. 11
han in Fig. 3(b). Observation of a fracture surface (Fig. 4(a))
eveals three features: undeformed W particles, undeformed Al
articles and highly deformed PTFE forming long strings in
ome places. In areas where large localized separation occurred,
hese strings form a dense network (Fig. 12(a)). A detailed view

f one of these fibers is shown in Fig. 12(b). Their diameter is as
ow as 60–100 nm. In this sense, they can be termed nanofibers.

network of these PTFE nanofibers is also shown in Fig. 13.
hey are evidence of crazing. It has been observed by Brown et

Fig. 13. Network of PTFE nanofibers formed along crack.
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l. [28] that PTFE forms fibers when it is deformed at tempera-
ure above 30 ◦C. The formation of these nanofibers is connected
ith the crazing phenomenon, with fibers providing additional

esistance for a propagating crack. They are most likely the result
f the heating of PTFE due to adiabatic deformation. This PTFE
s bonded to the W particles in places and, upon fracture and
eparation of the W particles, is stretched in the same manner
s chewing gum glued to two fingers that are pulled apart. The
ressed but not sintered PTFE in the investigated composites
eformed in a different fashion than the sintered PTFE when
t was tested in Mode I fracture (tension specimens) [28]. The
TFE in our specimens was deformed with sparse fibers for-
ation and considerable cleavage. The similar behavior was

xhibited in Mode II (shear loading) fracture testing by Brown
t al. [28]. It should be noticed that the PTFE fibers in our spec-
mens are much thinner (60–100 nm) than the fibers (∼1 �m)
n the experiments by Brown et al. [28]. It is possible that good
hermal conduction of metal particles (W and Al) leads to faster
ooling of deformed polymer, resulting in more marked crazing
nd fine fibers.

. Conclusions

The high-strain, high-strain-rate experiments carried out on
TFE/Al/W granular composites with varying Al confinement
ings reveal the characteristics of deformation and the strengths
nder high-strain rate (∼4 × 102 s−1).

a) The quasistatic flow stress is ∼22 MPa and the dynamic
flow stress is approximately 60–90 MPa. This is consistent
with the constitutive description by Zerilli and Armstrong
[25], assuming that deformation takes place mainly on the
continuous PTFE matrix.

b) In unconfined specimens, failure by cracking and shear
localization follows immediately the maximum stress.

c) Confinement with aluminum rings enables plastic deforma-
tion to continue to high values (up to a strain of −0.875).

d) PTFE attached to W particles is extended in fracture, cre-
ating a network of new fibers having diameters as low as
60 nm.

e) Most of the plastic deformation takes places in the “soft”
PTFE, and the W particles remain virtually undeformed. It is
this deformation that leads to the formation of the nanofibers.
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