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SUMMARY

As one catgory of energetic materialgnpactinitiated reactive materials are able
to release a high amount of stored chemical energy umglerstrain rate impact loading,
and areused extensively in civil and military applications. In general, polymers are
introduced as binder materials tag thereactivemetal powders inside, and also act as
an oxidizing agent for the metal ingredient. Since critical attention has been paid on the
metal / metal reaction, only a few types of polymer / reactive metal interactions have
been studied irthe literature. With the higher requirement of materials resistant to
different thermal and mechanical environments, the understanding and characterization of
polymer / reactive metal interactisnare in great demand. In this studyTFE
(Polytetrafluoroethylene7A / Ti (Titanium) composite were studied under high strain
rates by utilizingthe Taylor impactand SHPB tesk. Taylor impact testwith different
impactvelocities, sample dimensio@sdsample configurations weinducted on the
composite, equippedith a high-speed camera for trackingansient images during the
sudden proces$SHPB and Instron testvere carried out to obtain the stresgs. strain
curves of the composite under a wide range of strain rates, the result of which were also
utilized for fitting the constitutive relatienof the composite based on the modified
JohnsorCook strength model. Thermal analgdey DTA tess under diffeent flow rates
accompanied with XRD identification wepenductedo study the reaction mechanism
between PTFE 7A and Ti when only heat was provided. Numerical simslatioraylor

impact test and microstructural deformatisrwere also performed to vahte the

XXI



constitutive model built for the composite system, tmidivestigate the possible reaction
mechanism between two components. The results obtainedHedngh stran rate tests,
thermal analyseand numerical simulati@were combined to provide systematic study
on the reaction mechanism between PTFE and fhiecomposite systesgwhichwill be

instructive for futureenergetic studies on other polymer / reactive metal systems.
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CHAPTER |

INTRODUCTION

1.1 Motivation and Obijectives

Over 1000 yars ago, as the first explosju@dack powderwas invented in China,
energetic materials started to unfold a broad and splgrahdramain the history of
human development. Energetic materials storextraordinarpigh amount of chemical
energy that can be released under certain circumstanceshighgtemperature, high
pressureandor ignition. Based ortheir application field, enemgfic materials can be
classified as exploges, pyrotechnics, propellants weapon ammunitiorfl]. As a
special category of energetic material, imgadiated reactive materials can onhjtiate
chemical reactio® under hidy impact loading while remaimg inert in ordinary
conditions. This type of material has gained special attention due to itsapprebcho
obtain compounsl with superior propertiese.g, high density and highly refined
microstructurecompared withones obtained thragh conventional techniqueand its
potential significance for the control of energy reld@e

Similar to impactnitiated reactive materiglbut at a hgher triggering pressure
level, shockinitiated reactive materialsalie been systematically studiédr several
systems, e.gTi (Titanium)/ C (Graphite)[3-7], Ni (Nickel) / Al (Aluminum)[8-10], Ti/
Si (Silicon) [11-13], etc. In contrastonly a few types of polymdsasedmpact / shock
initiated reactive material systentmve beenexplored partially due to the intrinsic
complexity of polymeric material§14-17]. In general, polymergspplied in reactive
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materials can be classified into two groupd) As binder materials to trap the metal
powders insideandalso to act asoxidizing agers for theredox reactioawith the metal
ingredient (2) As ingredientsin the application ofight armor systens [18]. With the
higher requiremestof light-weight reactivematerials resistant to different thermal and
mechanical environments, the understanding and characterization of pblyseser
impact / shocknitiated reactive materiahrein great demand.

For polymerbased impact shockinitiated reactive material systamseveral key
points highlight difficulties in the research work (1) To understand the fundamental
mechanism of the impact / sherktiated transformation(2) To establish the kinetic /
thermodynamic parameters of the impact / shadiated transformation (e.g. pressure,
temperature, etc.)3) To understand and studyethby-product of the impact / shoek
initiated transformation(4) To obtain the constitute relation and EOS (Equation of
State) for the impact / shodkitiated reactive material systerand (5) To explore the
application of the impact / shodkitiated ransformation.

In the current research a polymer / reaste metal composite systenRTFE
(Polytetrafluorethylene) / Tiwas chosen to explore the fundamentals of impatated
reaction mechanism by utilizing high straste techniquesAs a highlyreactive metal,
Ti wasthoroughlystudied with graphite as a sherlduced/ shockassisted combination
[3-7]. A significant part of this reaction (>70%J)ascomplete as the stress wave galss
through the blended material in the time scale of 100 nanosed@rdfie current study,
PTFE providal the carbon source as it is decomposed uriderstress wavef impact

Other polymes may also be able to serve as carbon ssutdget the simpcity in



structure, toughnesand good resistance to thernmfathemical degradationqualified
PTFEas a viable polymer candidate for thgpactinitiated reaction system.

The obective of this research workasto understand the chemical and mechanical
behaviors ofthe PTFE / Ti compositesystem under high strain rateShe overall
objectivewasseparated into four main aspects:

1. Study the chemicaésponssof PTFE / Ti composite under high strain ratéa):
Prove the existence of impaicitiated transformation processand identify possible by
products;(b) Study the main factors having infinces on the reactivity ofdlsystem
and propose theeaction mechanism between PTFE and Ti under high impact loading.

2. Study the mechanical propertiestoé PTFE / Ti composite under high strain
rates and analyze its dynamic behaviors before the inmp&iated chemical reaction is
triggered.

3. Build the constitutive model fahe PTFE / Ti composite to describe and predict
its mechanical behaviors under high strain rates.

4. Simulate the dynamic behaviors tbe PTFE / Ti composite by incorporating

built constitutive relatioshipsunder high strainates.

1.2 Scope of Stud

The PTFE / Ti composite systemwvas investigated through high strain rate
techniquesn a wide strain rate range. The impagctiated chemical reactionagstudied
with various impatvelocities, sample dimensioasad sample configurations by utilizing
the Taylor impact test equipped withn Imacon 2000high-speed digital camera

Transient images tak duringthe impact process areanalyzed as a main approach to
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verify the reactivity and deformation behavior of this composite system. A series of stress
vs.strain curves in a wide strain rate range obtaine8HlkyB (Split HopkinsonPressure

Bar) and Instron testwereemployed to build the constitutive relation tbe PTFE / Ti
composite based oane polymer / reactive metal constitutive model proposedhin
literature Dynamic simulations on both macroscopictimo and microstructure eve
presented and compared with experimental data to validate the propmsitutive
relatiorshipandthereaction mechanism.

In Chapter Il, a brief introduction to the background in shock wave propagation,
high strain rate techniqueshockinduced transformatiomnd constitutive models for
polymeric materialsinder high stin ratesvaspresented. In Chapter 1ll, the PTFE 7A /

Ti composite system studied in tlireesis work vaspresented and characterized in terms
of its confgurations, thermal propertiemsnd mechanical properties. In Chapter IV, a
detailed and thorough inggation on the mechanical and chemical behaviors of PTFE
7A | Ti composite by meansf Taylor impact testwas shown and discussed with
different experimental variables. In Chapter V, simulation results on Taylor impact test
based on one newAyevebped onstitutive model wre compared and evaluated with
experimental data. Finally in Chapter V, mastructural simulation as conducted to
study the influence of configuration on the reactivitytiot PTFE 7A / Ti composite

system.



CHAPTER Il

BACKGROUND

2.1 Foundation of Wave Propagation

2.1.1 ElasticWave and Plastic Wave

When a material is under dynamic compression loading, two types of waves are
generated once the amplitude of the impact impulse exceeds the elastic limit of the
material. Ondypeis the elastic wave, and the othertiee plastic waveThe dastic wave
is defined as the wave propagatinganelastic or viscoelastic mediumith the original
position of the medium restored and without ggedissipation[19]. The elastic wave
equation in ave dimensional case is given as

Hu _ peu
M Cypx’ (2.1)

whereu(x, t)is the displacement of the particle located at poskiantimet, andCy is

the longitudinal (dilatational) wave velocjty —. Cy is also calledhe bulk sound

velocity, which is the sound velocity in the material at zero presSine general

solution to the elastic wave equation is

u(x,t) = F(x- Cyt) +G(x+Cjt) 2.2)

Thetwo functionsF andG describe the shape of the pulse propagating in the positive and

negative directions alortye x axis at the velocity o€y, respectively.



The pastic wave always travels slower than the elastic wave, and its velocity
depends on the local stre3he higher the stress, the slower the velocityhef plastic
wave.The pastic wave causes unrecoverable strain left in the materialtsanelacityis
expressed g49:

ds /de
Vp :( )1/2
r

(2.3)
2.1.2 Shock Wave

The $1ock wave is a special case of elagti@stic wave, which is simply defined as
adiscontinuity in pressure, temperature if@ernal energyand densityThe shock wave
is produced by raplg imparting momentum onto the material surface, causing sudden
changsin material properties. Undsuchconditiors, theshock wave is treated adluid,
neglecting the deviatroic component of the stress. Assume the shock front travels at a
velocity of Y, and the velocity of compressed particléYs the material has initial
density” (or initial specific volumen) andinitial internal errgyO . After the shock
wave travels through, the material has densifpr specific volumean) and internal
energyO. Applying mass, momentu@nd energy conservatiamto the material before
and after shock compressidaguatiors 2.4 - 2.6 are obtaied for describing the shock
state in the material

Conservation of mass:

rd,=ru,-u,) (2.4)

Conservation of momentum (changes in momerggoals to the impulse):

P-R=ryUVu, 25)



Conservation of Energy (changes of work done on the system equals to the increase
of energy):

E- E, =5 (- Vo (P+R)

(2.6)

A total of five variablesare contained in Equations 2246. A fourth equation needs to be
added ifone variable needs to be expressed afunction of any one of them. Th

additional equation isbtained by relatingy to"Y :

U,=C,+SU, +SU*+... e

where Equation 2.7s called theEquation ofState EOS, which mustbe determined
experimentally.

The relationship between pressure and density (or specific vomis the
RankineHugoniot equationwhich is defined as the locus of all shocked stfile}.
Figure 21 schematically illustrais the Hugoniot curves for solid and porous materials
[20]. The straight line connectinmitial state { xo ) and any other state) (o ) is

defined as R@eigh line which describes the shock statéat
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Figure 2.1 A schematic illustration oP i V Hogoniot curve for solid and porous materi@)

The change of shock state does not follow the Hogoniot curve, but jumps to ge) (

state diretty from the nitial state. Thealiscontinuity property othe shock wave can be
illustrated by theslope of the Rayleigh line. Figurel?also showthe energy deposition

to the material by the area between the Hugoniot curvett@nRayleigh line. Pmus
material obviously absorbs much more energy than solid material because of the extra
energy requireth compacting the porous materjan.

Carterand Marsh obtained a series of Hugoniot curves for a group of thermoplastic
and thermosetting polymers by means of high explosive sheadlkrator and streak
camera to take record of the time. velocity information the most thorough shock data
collectionfor polymeric materials at thaime [21]. High pressure transformations were
observed for most of the testing polymers accompanieddwous volume changes.
Typical Hugoniot datare shown in Figure 2.2, from which a change in slope at around

Up,=3km/s could be found in tHeg, vsUs curve fa polystyrene.
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Figure2.2. Hugoniot data (alJ, vs. U, and (b)V/\, vs. Pfor polystyreng21]

The authorsattributed this phenomenon to the molecular reordering due to the strong
interchain interactions at relative high pressure. They further claimed that pslymer
containingaromaticring structure would display a more intense transformation and
larger volume change since the molecui®uld undego a graphitediamond like

transformatior{22].

2.2 High Strain Rate Measurement

Based on the range of strain rates, test techniquesidasuring the mechanical
properties at high strain rates{6°to ~ 10°s*) could be categorized into several levels:
(1) 10 - 10°s™: Drop weight method
(2) 10°- 10*s™; SHPB

(3) 10- 10°s™: Taylor impact test



(4) >10°s™: Plate impact test
Categorieg2) - (4) will be roughly discussed in terms of their working mechanisms as

applied in this research work.
2.21 SHPB (Split Hopkinson PressureBar) Test

SHPB is one of the most widely used tests for measuring the dynamic mechanical
properties of marials in compression, tensi@amd torsiormodes As the simplest case,
SHPB in compression mode consistaddtriker bar, an incident bar, an output éada

specimen placed in betwedfidure 2.3):

Figure 2.3 A schematic illustration ofhe main parts in SHPB test

When the striker bar propelled by gaiskesthe incident bar, a rectangular compression
wave is generated and travels through the incidenuftdrit reaches the specimen. At
this point, some of the incident wave is reflectadl while some is transmitted into the
specimen and then into the output bar. Based on theliorensional wave propagation
analysis shown in Equation 2.1 and 2.2, strain and velocity im¢igentbar are defied

as in Equation 2.8 and 2.9:
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@zw:FHGi:ei +e

kX (2.8)

V:%:co(-FHGi):Co(-eiwr) (2.9)

whereF' andG' are the derivatives of functidh and G with respect to distance {J and
Urepresent the incident and reflected strain respecti@tge onlythe transmitted wave

is propagating in the output bar, the velocity in the output bar is given as

v=-Co& (2.10)

where(represents the transmitted straihe stran rate in the specimen is calculated as:

_ (V- )
&= 1| i (2.11)

S

wherels is the length of the specimen,andv, represent the velocity in the incident and
output bayrespectivelyCombining Equation 2.9 to 2.11, the strain rate in the specimen
is calculded by the strains in the bar:

#=T0(q+e +e)

S

(2.12)

Assuming the specimen deforms uniforntilye forces on both sideof the specimen are

the same, which leads to Equation 2.13:

) 4 =
GrTe& =6 (2.13)

SubstitutingEquation 213 into Equation 2.12 givethe strain rate only in terms of the
reflected strain. By integratinghe strain rate with tire, strain in the specimen is
calculated. Stress in the specimesrobtained by dividing the force in the transmission

side by the crossectional area ofthe specimen (onave stress analysisThe final
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stressvs. strain relatioship and the straimate equation are shown Equatiorns 2.14 -

2.16 Figure 2.4 shows thigpical SHPB plots fothe PTFE 7A material:

—_ 2C’O er .

& | O A 1, W (2.14)i (2.16)

PTFE 7A is one type of Tefl6rfluoropolymer productexhibiting avery small particle
size anda high bulk density. The detadl material properties of PTFE 7A will be

elaboratean inChapter3.1.
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Figure 2.4.SHPB plots of PTFE 7A sample at the strain rate of 225@a) The input and output
impulse waves; (bThe stresss.strain curves extracted from plot (a)
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Figure2.4. Continued

2.22 Taylor Impact Test

The Taylor impact test was firstleveloped by G. I. Taylofor estimating the
dynamic stress of metal material compressiorf23-25]. The Taylor test consists of
simply hitting a cylindrical projectile onto a rigid anvil and measuring the sizes of the
projectile before and after impact to estimate the yield stress of this material by a series of
analysis procedures. A cylindrical projectile with lengthmpacts onto a hard sih at a
velocity of U, at which point an elastic wave is generated at velacitllowed by a
plastic wave of velocity propagating towards the rear end of the projectile. The elastic
wave first reaches the end of the projectile and reflects back to the front until it meets the

plastic wave, where the whole process stopsc@&ysidering theplastic region (Figure
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2.5 (a))andthe elastic region (Figure 2.5 (b)) separately, relafops2.17, 2.18, and
2.20 are establishday applying mass conservation and momentum conservation at the

interfaces.

(b)

Figure 2.5. The detailed view of (a) plastic and (b) elastic wave propagation

Cons. of mass:A,(U +v) = Av, r ° r, (2.17
Cons. of momentum:rA (U +u) =5 ,(A- A) (2.18)
ru? _ ¢
s,e l-e (2.19)
Cons. of mass:r,C=r(C-U)) (2.20)

The series of Equations 2.19, 2.21 and 2.2224 can be deriveffiom the three basic

relations:
U,=slcr, (2.21)
Particle velocity in Region (1): U (2.22
Particle velocity in Region (2): U - s, /cr,, (2.23
Particle velocity in Region (3)U - 25, /cr, (2.29

14



wherelyq is the yield stressEquations 2.22 2.24 givethe particle velocities in three
different regionsas the projectile deformsRegion (1): the region betweethe elastic

wave front and the back surface of the projecttegion (2):the region betweethe

elastic wave anthe plastic wavedront; Region (3): the region between the back surface

of the projectile and the reflected elastic wave frd@dy corsidering the relationships
between velocity, distancand time of the two types of wavdsquation 2.25can be

obtainedyelatingthe extent of the dermationto the yield stress and strain:

By integratingEquation 2.25nd combining the resultant relation wHguation 2.19a

well-known plot of:

formula and a more accurate one with a correcting factor la@tes h o wn

original paper{25].

Figure 2.6 The calculation results and experimental data-ofo ¢ 'Q@—) versus— for steel

[29]

— W& Q—) vs.—is obtained (Figure 2.6)An approximate
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Al t hough Tayl ornéssccedssfhllg appled th aeseralbneetls for
analyzing experimental data, it always overpredicts the yield stress for polymers since the
theory assumes the material behavior to be +ppdtic The theoryis not applicable to
polymers which contain sulasttial elastic strains during deformation. A linear elastic,
perfectlyplastic constitutive relation wagroposedby Hutchings in interpreting data
from the Taylor impact tesf26]. A critical impact velocityV., was found for polymeric
ma eri als below which the def or madsultednn i s pu
good predictivevalues of yield stress, especially for polyséke Polycarbonate (PC)
that fractures under impact loadjngy for polymeis having longterm relaxatios after
deformation.

The use of higlspeed photographgeveloped inthe 1980s has broadened the
vision of the Taylor test, providing detid deformation records during thepact
process. Houset al.developed dilm data reduction method to extract the strain, strain
rate, back endvelocity and stress information from every single film record, finally
building up the stresss strain curve [27]. With the development dfinite element
simulation software accompied by highspeed photographthe Taylor test is no longer
used for determining the yield stress of matsyridlut for validating the constitutive
relation of the test material by comparing experimental observations from transient

images with simulation results.

2.23 Plate Impact Test

Figure 2.7 presents a general ftguration of plate impact tesA plate isshot onto
a target specimen at a velocity up to kri/s to produce planar shock wavesoime

dimensionaktrain condition:
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Figure2.7. A schematic diagram of plate impact test

One typical application of this test is to obtain the Hugonigive for the specimen
material. VelocityinterferometeBystem forAny Reflector (VISAR)allows for the direct
measurement of the particle velocity,, at the rear of the specimen based on the
principle of laser interferometry. A transparent window matehaving similar shock
impedance withlthe specimen is placed between the back surfatkexfpecimen and the
VISARbeam for monitoring the velocity history of an interface within the specimen.
Stress gauges yield stress wagetime profiles which futher provides the shock wave
velocity, Us. A EOS and Hugoniot curve dfi¢ target material cdpe obtained from this

technique.

2.3 Mechanical Responses of Polymers Under High Strain Rates

Generally speaking, yield stress in@gea with increasing strain rakespecially at
high strain rate An increasing strain rate means decreasing the time scale of observance

and the molecular chain is less mobile and behaves stiffer compared with the cendition
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under lower strain rage Similarly, an increasing yield stress will be observed at lower
temperature due to the principle of tht@mperatureequivalence. According to the
different mechanical responses under high strain rates, polymeisecaassified into
three categorie28, 29]: Category(1): A bilinear behavior o¥ield stressys. strain rate
and a sharp increase in gradient at a strainafatel0°s*; Category(2): A decrease in
yield stress at a strain rate ofl§*s*; Category(3): A linear relationship between yield
stress and strain rat&lechanical behaviors of different polymer groups wéixt be
presented, and the corresponding possible explanatownthose phenomena will be

discussed
2.3.1 MechanicalBehaviors ofDifferent Polymers Under High Strain Rates

Most of the polymers showhe yield stressss. strain rate relationsps as in
Category (1). In the strain rate range frd®* to 1¢*s*, the yield stresses &fC and
Polyvinylidene Dfluoride (PVDF) increasd bhilinearly with the logarithm oftrain rate
[30, 31], which aretheir genuine material propertieBor PC,the bilinear relation was
due to the movement tieb t r a n s i ttemperature; dor RVDF) inwvatue tothe
movement of the glass transition to room temperature. The yield str@sdyethylene
Terephthala (PET) showeda sharp increase at the strain rate of sttand abovd32,
33]. The X-Ray Diffraction (XRD) analysis showed an increase in crystafirat high
strain rate which mightbe attributed to the rapid stramduced crytallization at these
rates. FoPolymethylmethacrylatéPMMA), a ductile to brittle transition was obged
at a strain rat®f ~1000s*[34]. A typical plot of bilinearity between yield stress and

strain rate is shown in Figure 2.8 for PE1]:
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Figure 2.8 Maximum stresss.strain rate at 21C for PC[31]

Polyetheretherketon¢PEEK) and Nylatron (a Nylon 6,6 derivative) fall into
Category (2).The polymers'flow stresses peaked and then fell agairstedin rates
greater than I (shown in Figure 2.9)35]. Differential Scannng Calorimetry (DSC)
and XRD results suggested that tbieange in crystallinityrather than the introduction of
an extra activated proceswasthe source ofhe rapid flow stress changeélowever,the

reason for the decrease in crystallinity at very high strain rafstL@as not provided.
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Figure 29. Flow stress at 5% strairs. strain rate for PEEK and Nylatr¢85]

Polyethyleng(PE) may be the only plymer that followsthe linear yield stresgs.
strain rate behavior asletailed in Category (3).An increase in the vyield stress

dependence on stress was first obsérby Briscoe and Hutching36] and dher authors
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Briscoe and Noskdater cast doubt on the validity of thesarliermeasurementfter
considering the effects of friction and specimerpoese in the Hopkinson bfs7, 38],

they concluded that the yield stress of HDR&Slinear with thelogarithm of strain rate.

2.3.2 Explanations for theMechanical Behaviors of Polyners Under High Strain
Rates

Several explanations fgolymeryield stress dependence on strain rate have been
given intheliterature. Secondary molecular transisos so far the most widely used and
accepted theoryhich is based on the activationeegy change fitsproposed by Ree
and Eyring[39]. The theoryprovides an analytical model capable of capturing polymer
yield behavior across a transition threshold, beyond which the yield stress ghow
increasd sensitivity to strain raté temperature. Mitiple rateactivated processeme
allowedandthese processes are assumed teelzed to specific degrees oé&om of
polymer chains. fie ReeEyring theorythusexplairs the transition behavior in terms of
molecularlevel motions. When a particular degree of freedom of the polymer chain
becomes restricted at high strain réli@w temperature, the corresponding ggss begins
dominating the overall material deformation behavikauwen and his eworkerslater
built a modified version othe ReeEyring yield model, which involve two activation
process e J40. Many athedauttiorsobservedthat the yield stress increased
dramat cal |l y with decreasing temperature near
transition)[41-43].

Someresearcher attributed the increase of yield stress of polymersuhigh

strain ratego the increase&train-Induced Qystallization(SIC), in which the alignment
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of polymer chainsige rise to an increase theoverall crystalline content in the material
and hence an increase in strengtld hardness. Spruiedt al.studied the effect of strain
history on the crystallization behavior of PET, ahdyt found that high strain raseuld
produce necking, crystallizatioand a high degree of orientatip#4]. Swalloweet al.
researchd for several polymer systems, includifeEK, Polyether keton¢PEK) and
PET [33]. They observed amcrease of flow sess with strain rate, associatedh the
improvement of crystallizatioasshown inthe XRD pattern Al-Maliky et al.also found

a relatiorship between straiinduced crystallization and high ain rate inboth PEEK
and Nylatron35].

A study of the rechanical responses of PMMA aRdlystyreng PS)by Swallowe
et al.attemptedo relate the increase of flow stress at high strairs raith the activation
volume changd45]. The viscous flowin Eyri ngdés theory was ado
activation energy and activation volume of polyméser the strain rate range from30
to 10's*, the activation volume decreased significantly with increasing strain @ikeer
effectsl i ke density var i at andchangeanacivatpreenargy, b r e
seenednotto play an important rolen the increase of yield stress.

The effect of adibatic heating should also be taken into account in high strain rate
tess because of the low thermal diffusivities of polymers. The closer the adiabatic
temperature rise approanp the glass transition temperatuflg, the stronger the effect
on the stran hardening rate. I study by Hamdaret al.[46], the effects of adiabatic
heating were observed at high strain ratesbath PEEK and PEK The resulting

temperature increase could reduce vyield stress and cause strain softening effect
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However, at highestrain rates, the strain rateducedbrittlenes supas®dthe effect of

adiabatic heat and increalshe yield stress againg., strain hardening).

2.4 ShocklInitiated Transformation

As the shock wave propagates throughmaterial, the intense energy it carries
dissipate quickly with distance, leading to a series of discontinuous clsaimg¢he
characteristics of the mediusuch as density, pressuegc., which @an further trigger a
number of physical and chemical chandd®]. The former one could be phase
transformation or defect formation, while the latter one is the theoretical foundation of
this study d impactinitiated / impacinducedchemical reactios) including chemical
demmposition or chemical synthesim this part,two shockinitiated scenarioswill be

introduced in terms afonditions mechanismand typical examples.
2.4.1ShockInitiated Phase Tansformation

Shockinitiated phase transformation was first reported in 1956 as the discovery of
U (Body-Centered Cubic (BCC) to U (Hexagonal Close Packed (HCP)) phase
transformation of iron at 12.&Pa[47]. Other important examples of impanitiated
phase transformation include the graphite to diamond transfornf@#ngraphitic to
wurtzite transformation inBoron nitride (BN) [48], Bismuth (Bi) | to Bi Il phase
transformation[49], etc, under different high shock pressurés. the review paper
summarized by Duvalét al, fundamental theories, measuremestthnhiques, possible
mechanismsand typical literature observations for shaclucal phase transformation
wereelaborated in detajbQ]. The diffusimless phase transformation itakplace on the
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order of microseconds was consideredé a consequence displadve transformation
through the creation of effective nucleation sites by copious defects under shock wave
loading.

The polymeric material FHE studied in this researcbxhibits four different
crystalline phase behaviors under various temperatut@@ssure combatiors (Figure

2.11(a)) [51]:
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Figure 211 (a) PTFE crystalline phase transition behaviors under different temperature and
pressure conditions; (b) stressstrain curves of PTFE at compression and tension niédgs

At room temperatur¢l9°C - 30°C), PTFE presents a 15/7 heli¢dlase IV crystalline

structure at atmospheric pressuBzlow 19°C and above 30C, it transforms to a 13/6
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helical Phase Il and a random helicBhase Icrystalline structureAt higher pressure
(above ~0.6%5Pa at room temperature), a planarzagPhase Il crystalline structure is
formed. Fig 2.11 (b) displays the true stress true strain curves for PTFE under
compression and tension modes, wHagth to the conclusiothat PTFE phase transitions
dependmnainly on temperature and pressure effgs1s.

The other raw material studied in this reseafth,changes it4HCP structure to a
BCClattice form at 882C [52]. Besides four slip deformation modes associated with the
unstableHCP structure at low stressa twinning mode is accounted fdsy large
deformation at high strain rates / low temperat§is3. Twinning deformation is found
to be highly dependent on temperature and strain rate, and the twinning density increases
with strain ratewhile decreagng with temperaturg54]. Christmaet al have observed

the shockinduced twinning along with an increase in hardness for Ti mafBHRl

2.4.2Shock-Initiated Chemical Reaction

Since the middle of last century, sheokiated chemicalreactiors have been
applied in the synthesis of camics, intermetallic compoundsnd other immiscible
system, and numerogempounds have been successfully synthesizedcarbideq4-7,
11, 56-58], borides[59-61], aluminides [10, 61-64], silicides [13, 6567], etc Very
similar but different in nature from shookduced reactios) shockassisted reactis
always takeplace accompanied with sheatduced reactionafter the shock wave passes
through the material. A comparison between these two types of resarstishown in

Table 2.1[20].
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Tale 2.1 A Comparison between shootduced and shoestssisted chemical reaction

Shockinduced Reaction Shockassisted Reaction
During shockcompression state Postshock thermal treatment
Before unloading to ambient pressure After unloading to ambient pressure
In time scale of mechanical equilibrium In time scale of temperatueguilibrium

Involving nondiffusional process and solid state Including solidstate defeeenhancec
structural rearrangement diffusional process

The thermodynamics and kinetics of shaa#fuced or shoclassisted reactions have also
been studiedextensively, although the exact mechanism has still not been firmly
elaborated.

The reaction behavior of Ti and C (graphite) elemental powders has been under
extensive study sinc&990s[3-7]. Different from the conventionabelfPropagaing
High-Temperature $hthesis (SHS)one temperaturpressure cycle programas set on
shockcompressed Ti and C mixtures to enhance the reactivity of this system and
improve the density of the final produtt Titanium Carbide(TiCy). The shocldensified
mixture was found to possess defect state and intimate interparticle contacts, which
would lead to the shoekssisteddefectenhancedsolid-state diffusionthat accelerated
the originally sluggish solidtate diffusion of Ti and C through the Tifayer. Since the
objective ofthe current study fociseson the PTFE / Ti reactioni.e., the chemical
reaction between Ti and carbon source from the decomposition of PTFE, the reaction
mechanism of TV C proposed irthe literature helpedavith the understandingf the
impactinitiatedPTFE / Ti reaction mechanism

In addiion to the external conditionke temperature, pressuretc., which
influencethe shockinduced or shoclssisted reaction processmaterial property and
morphologycan also control the reactivity ahe reactionto some degreeThe Ti/ Si
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powder mixtures upon shock loading exhibited distinct deformation processes with Si
particles of medium and large sizgXJ)]. Under the same shock loading pressure, the
former revealed more extensiveaglic deformation, flonand interconstituent mixing
compared with the mixtures with larger sized Si powders. For the Ni / Al system, studies
found that the flaky powder mixtures showed the most extensive dsfomprocesss

and flow of both componentsext wasmixtureswith fine spherical morphologieand

the least plastic deformation and sedidte reaction process occurred in the Ni / Al
system with coarseounded morphologiefd, 20]. Similar tothe Ni / Al system,the

PTFE / Ti composite is also characterized by a mixture of soft / hard phases, de the ro
of morphology factor wastilized to monitor the reactivity of this system.

Although the shocknduced reactions within metainorganic méerials have been
systematically studied since thE960's the chemical reactiom between metal and
polymeic materials havearely been exploredn recent yearsghe U.S. Army Research
Lab working jointly with Naval Surface Warfare Centersheonducted asequence of
experiments and simulations to study the impact ignition of pressed PTFE / Al rods. A
seresof Taylor impact tests were carried out at various impact velocities ranging from ~
100 to ~1000 m/s with framing camera sporadically tracking the impact process.
Initiation light was observed abowe certain initiation threshold, indicatinthat the
chemical reaction between PTFE and Al occurred upon shock lopting6]. A JCP
(JohnsorCook PSDam)constitutive relation model was also proposed to simulate the
dynamic behavior othe PTFE / Al composite at high strain ratgs]. Another paper
involving polymer/ metal / inorganic material reactions employed PTFE as either a

reaction promoter cais a carbosource in the presence of Ti and C elemental powders to
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synthesis Ti€Ti composite through SHJ17]. Theamountof PTFE as a reaction agent
had toexceed certain threshold vafute initiate the reaction between dind C powders.
As a carborsource, PTFE directly participated in the carburizing ofidithe product
from PTFE decomposition and Ti powders, which Wwased on the detection thfe TiF;

intermediate product by the use of the combustion front quenching technique.

2.5 Constitutive Models for Polymers under High Strain Rates

Establishing constitutive relatisdor polymeic materialsinvolve more work than
that for metal/ ceramic materials since polymers are more sensitive to strain rate,
temperatureandpressureThe dynamic behaviors of polymers akso affected by many
other structural factors, such as the degree of crystallinity, maleweight, crystal size,
phase transitiongtc Due tothelong chain structuse polymes showunique relaxation
propertieghat highly dependon the time scale of observatiorhey exhibitcomplicated
viscoelastid viscoplastic behawrs in ther stressvs. strain curve which deviatesasthe
time scale of observatn varies. Studiesn constitutive models for polymermaterials
under high strain rates have not been thoroughly and systematicaltiucted but
attention is now being paidecause of the widapplicationof polymeic materials in
some high strain rateelated felds, like military, aerospacegutomotives etc. An
accurate constitutive model for polyrsén a widestrain rate range would hefimulate
and predictheirdynamtc behaviors in some extreme conditions.

The basic constitutive model accounted for plastic flow oaigid from the
pioneering work done by Eyringwhere he treated the molecular movement as a

thermally activated process thiatilowed the Arrenhenius equan, and the activation
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energywasreplaced by shear stress under loading condif@8js In a later paper by Ree
and Eyring the model was modified to a multiple ratetivated process, in which the
flow ratewas dependent on relaxation times of different flow units and the distribution of
such relaxation times89].

Based onEy r i n g 0 s uwearcs@rewet, et aBdeveloped a widelysed two-
process Eyring yield mod@#0, 69]. This model consisdtof t wo acti vati on
and b, capabl e of descri bi ng/higloténperaiurear b e h
and high strain rateg low temperaturesrespectively.Following studies have been
conducted on specific polymeusing this theoryandthe experimental resulexplained
[41-43]. In the following subsections, some commonlyed constitutive models, e.the
JohnsorCook modelthe Zerilli-Armstrong model, and sevemtherconstitutive models
applied to polymer / polymer composite systems, e.the Hutchings model,the
Mulliken-Boyce model, andhe modified Johnsoi€ook model will all be briefly

discussed.

2.5.1Hutchings M odel

The Hutchings model was one of the pionegrresearches conductéa develop
the constitutive models for pol ymeric mat
original derivationwhicha s sumed t he mapleastailc a ot hbaet Airs gn
to most polymeric material$jutchingspr oposed a s élasti,lperfedathbed A i d
pl ast i csbipto repreaentithe nlynamic behaviors of polysrigy neglecting the
strain rate effecf26]. Equatiors 2.26 and 2.27 together deliver tyield stressY and

yield strain- :
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where of - Tp - 12 (2.28)
- q}i U A C R o) Q ¢ 1Q pe - 1TQ Q- Q °
(2.29)

Qp — (2.30)

V. is the critical velocity below which the deformation is purely elas#ic.can be
determined experimentally by plotting the line of plastic stvarnmpact velocity fora
certain material, and the intercept withxis is the value o¥.. After measurement of,

", V, andk, the values of andY can be determined by numerical methadth an initial
estimation of .

The Hutchings model habeensuccessfully applied t&C at high strain rate, and

reasonableagreement between the predictud experimental dataas obtained26].

One restriction of this model is its limitation only to polymeric materials with no fracture

under impactoading or longterm relaxation after deformation

2.5.2 JohnsorCook Model

Johnsorand Cook in 1988leveloped constitutive model subjected tada strains,

high strain rateand hightemperatureso a series of twelve metal materials based on the
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torsion and tensile tests over a wide range of strain rates and tempefa@ir&he
JohnsorCook model, as shown in Equatioh.31, incorporated the effects of strain

hardening, strain rateahdening, and thermal softening
., 0 06- p O0OO&Ep Y (2.3)

where the von Mises flow stres§, is a function of equivalent plastistrain U,
dimensionless plastic stramate-*, and homologous temperaturé (Equatiors 2.32 -

2.33);

ST - p8l ) 2.89

N — (2.33

For the five material constant®, is the yield stressB and n represent the strain
hardening effectC is the strain rate constant, andrepresents the thermal softening
effect The constants can leketermined by fitting theahnsorCook model with various
experimentalkurves at differentonditions. To evaluate the JohngBaok model, data

from the Taylor impact test on Armco iron, 4340 steel, and OFHC copper were compared
with the simulation resudt and all of hem showed reasonable agreeméit]. As a
relatively simple and robust constitutive model being able to describe and predict the
dynamic behavior of materials in a wide rangstodinrate,the JohnsorCookmodelhas

been extensively appliegd metal materials.
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2.5.3 Zerilli-Armstrong Model

The Zerilli-Armstong constitutive modelwas proposed based on the thermally
activated dislocation motion which expresses the flow stress of a material as the external
forces overcoming both shemnged thermally activated barriet, () and longranged
athermal barriersY{, )[71, 72]. Theconstitutive relation foFCC andBCC metals were
formulated separately by considering the effects of strain hardening;rstealmardening,

thermal softeningnd polycrystal grain boundari@Squations 2.34 2.35)

FCC:, VY, w- T AGPOY o'Yor: i 7 (2.34)
BCC:, VY, OADPOY ©YoE ©- 7 (2.35)
wherec,, ¢, C3, C4, andcs are material constantk,represents the microstructural stress
intensity, and is the average grain diameter. The strain hardening effect is uncoupled
from strainrate hardening and thermal softening effects inBB& case, and the latter
dependencies are more sensitiv8{C metals.
The application ofthe Zerilli-Armstrong models on polymers was developed
2007 [73]. An enhanced strain hardening effect with increasing strain at higher strain
rates and pressure was accourf@din the model compared it metal deformation
behaviors The Zerilli-Armstrong model for polymersis composed of a viscoplastic
component governed by Eyringdés ther mal act
described by MaxwelWeichert model As illustratedin Figure 2.12 the Maxwel
Weichertmodel is a parallel connection of elastic spring andlm@ar dashpot in series,

and the total stress deviators are gggbn both the viscoelastic and viscoplastic parts.
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Figure 212 Maxwell-Weichert model description withlinear viscoelasticity pis thermal
activation nonlinear viscoplasticit [73]

The applications othe Zerilli-Armstrong model on PTFE and PMMA for simulating
their dynamic behaviain a wide strain rate range have shown reasonable agreement

with experimental resul{&3, 74].

2.5.4Mulliken and Boyce Model

Mulliken and Boycein 2006 proposed a thredimensional strain rate dependent
model to successfully describe and predict the strain rate and temperature dependent
behavios of PC and PMMA polymer$75]. The Mulliken and Boyce model comprises
the contributions frondifferent molecular motions undelifferent frequency regimes.

The onedimensional interpretation dfis model is shown in FigureIB. Segment B is a
nontlinear Langevin springhatrepresents the molecular network resis&ato sretching

and alignmentSegment A contains two ssshbe gments (U and b)

>
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elastic spring connected to a viscoelastic dashpot in series, representing the

intermolecular resisnce to chaksegment rotation:

|

Figure 213. Onedimensionalnterpretation of thdlulliken and Boyceconstitutive mode]75]

The two subsegments indicate two distinct thermadigtivated processes associated with
different moleculatevel motions as described in the twmcess Eyring yield model

[40]. This model assumet h a t the U and bveresafiicienthudea r
coupled, so thathe overall material response mighe approximated as the simple

superposition of the two.
2.5.5Modified JohnsonCook Model

Raftenberg M N. and his coworker$14] recently simulated the Taylor impact
deformation ofthe PTFE/ Al composite by usingnodified JohnsorCook and PSDam
strength modelsThe latter one was developed patrticularly thee PTFE/ Al system at

the Sandia National Labs, while the former aves based on the JohnsGook model
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described in 2.5.2, and definad thevon Mises effectivestress as a function of plast

strain, pastic strain rate and temperatuig(ation2.36):
L= S g a0
s oo .= R0+ By der) G~ 1§ (2:39

By comparing Equation 2.36 with the origiflhnsorCook model in Equation 2.31, the
second bracket idohnsorCookmodel describing strain rate dependency is not presented
in Equation 2.36, while the material constaA{sB, andn in JohnsorCook model are
modified to 6 - ,0 - and0 - , which are all functions of strain raten this sense,

the modified Johnso-Cook model combines the strain hardening and strain rate
hardening effects into one term show the first bracket of Equation 2.36. The second
bracket in Equation 2.36 tee sameasthe original onegescribing the thermal softening
effect. The modifiedlohnsorCookmodel introduces seven material constaf$sAy, Bo,

B1, No, N1 anddy,, which are determined by fitting the model with Instron and SHPB data
at two different strain ratesThe simulationresults of the Taylor impact testby
incorporatingthe modified JohnsorCook model represergd the experimental results
quite well at low impact velocitiesdowever at higler impact velocites, the simulation
results started to deviate frothe experimerdl data,which could be attributed to the
interior structural change of the sampledbr the chemical reactisrtaking place upon
impact. Due to the similarity between tb@empositesystem irthis thesis worPTFE7A

/ Ti) and the onestudiedby Raftenberget al. (PTFE/ Al), the modifiedJohnsorCook
modelwasbeneficialy appliedto the former and the deformatioprocess othe Taylor
impacttestwas simulategbrior to any chemical reaction takimace.The elaboration of

this model and simuteon resultsarepresented in detaith Chapter V
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CHAPTER Il

POLYTETRAFLUOROETHLYENE (PTFE) 7A/ TITANIUM (TI)

COMPOSITE SYSTEM

As an example o& polymer / reactive metal composite systd?TFE7A andTi
were chosen tdorm composite systeswith different constitutions and configurations
for high strain rate test3he materials were chosen due to thigh reactivity ofthe Ti
element andhe superiorphysical / thermalbproperties ofthe PTFE polymer. In this
chapter, the processing procedures for prepahedTFE 7A / Ti composite system
will be described in detail followed by a seridscharacterizations to studkeirthermal,

chemicaland mechanical pperties
3.1 Materials

Teflon® PTFE 7A particles were obtained fraheE. |. DuPontCompanyas white
powders One type ofTeflon® fluoropolymer resin produatith high bulk density applied
to large moldingsor used as filler to modify the mechanical propertie$ moldings
PTFE 7A, also possesses the superior properties of typical fluoropolymer :resins
inertness to mosthemicals, low friction, aistanding dielectric propertiendstablity in
a wide temperature range240°C to ~260°C). Some of the important material property

dataarelisted in Table 3.1
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Table 3.1 Typical property data foFeflon® PTFE 7A

Property Value
Average bulk density (g/L) 460
Average particle sizgim) 34
Melting temperatur¢°C) 342
Glass transitiomemperaturg°C) 250
Tensile strengtiiMPa) 34.5
Elongation at breal@o) 375

Titanium particles (99%, metal basis) were obtained fAdfa Aesaras dark grey

powders. Some of the importafitmaterial propertglata are listed in Table 3.2

Table 32. Typical property data foFitanium powders

Property Value
Densityat 20C (glcnr) 4.507
Average particle sizgim) 43
Melting temperatur¢°C) 1668
Boiling temperature®C) 3260
Ignition temperaturg¢°C) 250

3.2 Fabrication and Processing of PTFEA / Ti Composite

The preparation of PTFE 7A / Ti compositacluded the stepsf mixing, pressing
and sintering

(1) The PTFE 7A / Ti mixtures were prepared in three different wégs51 wt%
PTFE 7A and 49vt% Ti, with Ti aggregated in a PTFE 7A matrix (Batch #1); Shyt%
PTFE 7A and 4%t% Ti, well mixed (Batch #2); (c32.4wt% PTFE 7A and 67.@/t%

Ti, well mixed (Batch #3, equal volume)yhe nonuniform mixture was prepared by
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mixing PTFE 7A and Ti powders in a lespe@ V-shaped blender for 24 hajrand the
uniform mixture werenade by first stirring theticky and sofPTFE 7A powders well
andthenmixing the two components in the lespeedv-shaped blender for 24 hours.

(2) The mixture was thestatically pressedh dies with different diameters by a
20,000 Ib hydraulic press machine to mold them into short cylindrical Tddssample

sizes of four differendlimensions are shown in Tal3eS:

Table 33. Sample sies of four different dimensions

Sample dimension Diameter (mm) Length (mm)

Large ~7.49 ~19.83
Medium ~6.38 ~3.79
Small ~3.19 ~3.39
Even smaller ~3.19 ~1.46

(3) The sample rods were heatedderan Argon (Ar) environmentto the soak
temperatureof PTFE 7A at 300C for 6 hours, heated to themelting temperature of
PTFE 7A at 35T for another 6 hourgndfinally cooled to room temperatuf@é4]. The

composite dens@sandTheoretical Maximum Densit{TMD) are listedn Table 34:

Table 34. Density and %TMD of PTFE 7ATi compositein three bathes
Batch Density (g/cm) % TMD

#1 ~2.81 ~97%
#2 ~2.90 ~100%
#3 ~3.32 ~99.7%
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3.3 PTFE 7A/ Ti Composite Configuration

PTFE 7A powderstitanium powdersand PTFE 7A / Ti composites with three
different configurations were characterizeafter pressingby Scanning Electron
Microscopy(SEM). The mediurrsized pressed samples were gold coated by usifglan
Sputter Coateand imaged by Blitachi S800ield enission gun operating at 12 / 10 kV.

As shown in the SEM images @f (Figure 3.1 a& b) pressed powders andginal
PTFE 7A (Figure 3.1 ¢ d), the pressed PTFE 7Aadha smooth morphology, while
pressed Ti shoad obvious voids between patrticles. time Batch #1 sample composite
(Figure 3.1 e f), the dark region represeRTFE 7A matrix, and the white region refer
to the Ti component. Compad with Batch #2 (Figure 3.1-¢h) and Eatch #3 (Figure 3.1
i - j) sample omposites, the Ti component ina8h #1was distributed in a more

aggregated way ithe PTFE 7A matrix.
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(b)

Figure 3.1.SEM imagesf (a) - (b) Ti powders after pressing; (€d) PTFE 7A powders after
pressing; (e} (f) PTFE 7A (51 wt%) / Ti (49 wt%) composite with noniform distribution; (g)
- (h) PTFE 7A (51 wt%) / Ti (49 wt%) composite with uniform distribution;-({)) PTFE 7A
(32.4 wt%) / Ti (67.6 wt%) composite with uniform distribution
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Figure 3.1.Continued
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Figure 3.1.Continued
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Figure 3.1.Continued
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Figure 3.1 Continued
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3.4 Characterizatiorof PTFE 7A / Ti Composite

3.4.1 ThermalAnalyses

Before conducting high strain rate teststb@PTFE 7A/ Ti composits, the pure
chemicalreaction mechanism behind these two materials witly heat providedvas
investigated PTFE 7A/ Ti (Batch #1)composite was first analyzed Wifferential
ThermalAnalysis(DTA) (PerkinElmer DTAY from room temperature to 14@ under
anArgon environnentat three different flow rates2 €/min, 10 €/min and 50C/min.

The DTA curvesare shown in Figire 3.2 for both pure PTFE 7A and PTFE 7/ATi

(Batch #1)composite
50
40 - PTFE 7A
30
2 ol
@
g 1wt
z
()
T of
-10 |- 530~630 C
20 | 340 C
-30 T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800

Temperature C)

(@)

Figure 3.2.DTA curves of(a) PTFE 7Aand (b) PTFE 7A / Ti composite #tree different
heating rates: (a) at@/min; (b) at 10 €/min; (c) at 50 €/min
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Figure 3.2 Continued

For pure PTFE 7A, the melting stage gave a small endokhé&maghat around 34,

which wasthen followed by a large decomposition endatfiertrough starting as30C

and ending at 63@. The DSC thermal decomposition behavior of PTFE has been
studied byKsigzczak[76], and they observed one small exotherpeakfrom 547 to
564C , then a large endothermic trough from 602 to 6&7. However, the small
exothermic peak mentioned ineih paper was ot obvious inFigure 3.2 (a) For the

PTFE 7A / Ti composite, one large exothermic peak representing chemical reaction
between PTFE 7A and Ti occurring at 300overshadowedll other small variations in

the DTA curves due to the massive amountexdtheleased from the reactio8ince the

temperature range for PTFE 7A degradatwerlappedvith that for the reaction, iwvas
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assumed that this chemiaaaction involved (1) the degradation of PTFE 7A; (Be
reaction between Ti and the produftom PTFE 7A degradation. As indicated in the
DTA curves with different flow rates, the exothermic peak became larger and more
evident with the increase in flowate. The low flow rate enabled thd®TFE 7A
degradation products to react slowly asteadily with Ti, thus forming smaller
exothermic peakin DTA curves compared with the larger ones formed in a more

intensive way at higher flow rates.

3.4.2 XRD Identification After H eating

The postDTA solid products were then collected for XRB 60 Per t P-BO Al ph

analysis. Figure 3.3 shathe XRD patterns of the produasthree different flow rates:

PTFE 7A/Ti, with AL,

Collected after DTA upto 1400
Heating rate: ZC/min

1400

1200

1000 +

800

600

Intensity (counts)

TiCx

L-J (2‘20)

50 60 70
29 ()

(@)

Figure 3.3.XRD patternsof the PTFE 7A / Ti composite collected after DTA test at three
different heating rates: (a) akZmin; (b) at 10 €/min; (c) at 50C/min
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Heating rate: 1GC/min

30

TiCx
(220)
SRR W— ‘\‘L‘
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(b)

2500

2000

1500 +

1000

PTFE 7A/Ti, with AO,

Collected after DTA upto 1400
Heating rate: 5@/min

TiCx
(220)
v
T T T T k.
50 60 70
29 ()
(€)

Figure 3.3.Continued
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The

patterns

wer e

first

software, by which Ti¢ (marked in red) and AD; phases were identified asetimost

prominent peaksSince AbOsz; powders were used as reference in the DTA test, they

could not beremoved from the final product®\s shown in Figure 3.4(a), Tithas a

NaClktype FCC structure, with twd=CC ions nterpenetrating with each other:

0.4330
0.4325
0.4320
E
£ 0.4315
0.4310
0.4305

0.4300

(b)

Figure 3.4. (a) The crystal structure of JiCb) The variation of the lattice parameter of TiC
with stoichiometry, oberved from combustion synthesfeHolt and Munir [58]
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The three most intensified peaks of Twere fitted with a Lorentzian curve fit, and then

the lattice constana of TiC, corresponding to each peak was calculated by using

Equation (3.1), wherd andm could b e

det er mi

ned from the

the plane indiceshkl). An averagea was taken amonthree peaks for each flow rate:

—a

(3.1)

Based on the relationship between lattice constaantd C/Ti ratio in TiG, thex value

corresponding to certaicould be determined by checking the plot in Figure 3.4(b). All

of the lattice parameteesandx values at different flow ratesmelisted in Table &:

Table 35. The lattice parameters of PTFE 7A / Ti composite reaction predfter heating at

different heating rates

Flow rate 2 d Lattice ndices Lattice ®nstant Averagea X
(C/min) 0 (hk) ©) (6) (CITi)
2 35.597 (111) 4.3648 4.353 closeto 1
41.425 (200) 4.3559
60.283 (220) 4.3389
10 36.105 (112) 4.3054 4.3054 0.54
41.949 (200) 4.3039
60.780 (220) 4.3063
50 36.097 (111) 4.3063 4.3065 0.55
41.943 (200) 4.3045
60.750 (220) 4.3087

Resultsin Table 35 suggested that the lattice parametandx value (or C/Ti ratio)

were highly dependent on flow rate. Ake flow rate increased from 2 to 10C/mirihe

average lattice parametex decreased about 10%, and the C/Ti ratio decreased

posi

dramatically from almost 1 to 0.54. However, with the further increase of flow rate, the
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lattice size and C/Tratio changed little, apparently due ttee effect of flow rate on
reaction dynamics. Heating under low flow rate wmhdo drive the reaction to

completeness, yielding the Ti@ith larger crystal size and better crystal structure.
3.4.3QuastStatic CompressionTest

The chemical reaction between PTFE 7A and Ti, as well as the main prodyct TiC
wasverified through DTA analysis and XRidentification. The next step was test its
mechanical properties under different strain rates without triggering the chemical reaction.

Stressvs. strain curves in Figure 3.5 were obtained from Instron testron
Corporation compression testing machine 5%@é a 10KN load ce)l with strain ra¢

changing from 0.0001 to 0st":

20

18

{1 PTFE7A

16 === 0.0001/s
1 = 0.001/s

141 0.01/s

] =—0ls

104

Stress (MPa)

0 T T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Strain

(@)

Figure 3.5. Stresgsstrain curves obtained from Instron test for (a) PTFE 7A and (b) PTFE 7A /
Ti composite with Bain rate ranging from 0.00G* to O.ls'l(Batch #2)
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Figure 3.5 Continued

0.08

For boththe PTFE 7A andhe PTFE 7A / Ti(Batch #1)composite, yield stress increased

with increasing strain rate, and thattbé PTFE 7A/ Ti compositewas higher thanfor

pure PTFE 7A, especially at higher straaties (>0.01s™). Except for the instability in

the initial stage at 0.57

Youngos

mo d u |l

us

a l

SO

NCr ea s

phenomenon was widely observed in many different types of materials and has been

explained in detail irbection2.3. The yeld stress othe PTFE 7A / Ti composite reached

25 MPa at 0.1s?, while that of pure PTFE 7A at 04" was less than 18Pa. The
mechanical properties tfie PTFE 7A / Ti composite shoulldaveexceeeéd that of the

pure PTFE 7Asince metal Ti was incorporated in the system.
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3.4.4SHPB Test

SHPB test with strain rate ranging from 2000 to ~3000s* were performed on

thePTFE 7A / Ti(Batch #2)compositgFigure 3.6.

Camera

Stopper
Gas Gun Incident Bar Vi, Output Bar
Striker i Ir It
I — h— [ — l
Strain Specimen Strain
Gage Gage
Oscilloscope

Figure 3.6 Experimental setup for SHPB testaompression mode

Stressys.strain curves obtained from the SHPB test with strain rates ranging from ~

2000 to ~3000s™ exhibited more instability than in the Instron test due to the higher

strain rats involved and adiabatic heat generated during compre@sigare 3.7):
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Figure 3.7. Stressgs. strain curves obtained from SHPB test for (a) PTFE 7A; (b) PTFE 7A / Ti
composite; (c) comparison plots at strain rate of ~ &'00
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Figure 3.7 Continued

A series tests at various strain rattesreforedid not exhibitan apparent trend as in the
Instron test, although the stress strain curve is highly strain ratensitive. Within the
strain rate ranging from 2000 t0@0s™, the yield stress of pure PTFE 7A varied from 40
to 60 MPa, whilethat of thePTFE 7A / Ti(Batch #2)composite varied from 50 to 90
MPa, which was much higher and also more strairgansitive tharfor pure PTFE 7A.
One pair of selected stregs. strain curves at ~3108" (Figure 3.7 (c)clearly illustrated

the difference between PTFE 7A ahe PTFE 7A / Ti composite at high strain rate.
3.4.5 PostSHPB Characterization by XRD Analysis

The deformed samples aftlie SHPB tesivere collectd for XRD analyse (Figure

3.9):
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Figure 3.8. XRD analys of postSHPB samples: (a) PTFE 7A (b) PTFE 7A / Ti composite
under different compression pressures
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As referred tathe literaturg[77], the typical trace oPTFE 7Ahas a strong crystalline

(110) peak at around 18°and amorphous halo in the range of580 indicated by the

pattern that was underg3i pressureat the bottom of the XRD cha(ffigure 3.8(a) With

the increase of impact pressure from 30 t@3iQthe crystalline peaks movedito we r 2 d
values, suggesting that residustains remained in the crystals produced by impact
compression. In atition, the amorphous phase diminished with increasing pressure,
while an additional crystalline peappearecat around 28°under 5@si, increasing in
intensity with increasing pressure. The new pews due to the diffraction of new
crystalline planattributed to the straimduced crystallization process.

For the posSHPB PTFE 7A / Ti(Batch #2)composite, no evidence from XRD
patterns showed the introduction of new compound, indicating that the impact energy did
not reach the level of activatianergyfor chemical reactioto occur Compaing the
four XRD patterns shown in Figure 3.8(b) at drffnt impact pressures, little difference
was observed except for the stronger crystalline (110) peak with increasing impact
presure, nor did new peakppearat higher pressures. The inporation of Ti in PTFE
7A apparetly hindeedthe generation od new crystalline plane of PTFE 7A at around

28; whereasit promoteal the growth ofexisting crystalline phases

3.5 Summary

PTFE 7A / Ti composite were prepared in three different configurations by
following the describedmixing, pressingand sintering procedures. The composite
systens werecharaterized by DTA thermal analysissing different heating rate and

the chemical reaction between the two comgnts followed the steps:of1) PTFE 7A
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decompositionand(2) reaction between Ti and the PTFE 7A degradation prodBgts
conducting the XRD analysien postDTA samples, the main reaction product was
identified asthe compound’iCy, and thex value ncreased dramatically to approach one
asthe heating rate decreased, sugfgey thata slow heating rate could lead to a more
thorough reaction ana product with an improvectystal structure.

Mechanical tests with different strain rates were also carried otned?lFE 7A /
Ti composits by Instron (0.0001 to 0.4%) and SHPB (~ 2000 to ~ 3000)gechniques
As compared withthepur e PTFE 7A sample, the yield s
the PTFE 7A / Ti compositehad higher values due to the incorporation of Ti particles.
The yield stress increasedths strain rate increased for batme PTFE 7A and PTFE 7A
/ Ti composits.

PostSHPB samples (both PTFE 7A and PTFE 7A / Ti compg)sitere analyzed
by XRD under diferent compression pressurdsor the PTFE 7A sample, a new
crystalline peak formed at around 28°as compression pressure increaseddin wich
was assumed to be a stramduced crystallization process. Ftre PTFE 7A / 1
composits, only the strong PTFE 7A (110) crystalline peak was observed as

compression pressure increasaugno other ew crystalline peak was found.
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CHAPTER 1V

EXPERIMENTAL INVESTIGATION OF TAYLOR IMPACT

TEST ON PTFE 7A/ TI COMPOSITES

4.1 0verview

Although the Taylor impact testias been used extensively to study the dynamic
behaviors and validate constitutive models for metallic materials at high strain rates in
combination with numerical simulationsgportson the high strain rate behaviors of
polymeric materials by usintpe Taylor impact tetare rare PC[78], PEEK[18], PE[79]
and some polyer / metal composite systeif@d, 81] have been investigated throutjie
Taylor impact or reverse Taylor impatdss [82] to observe their deformation and
fracture phenomena, Ibd wave propagation striwres and study #ir complicated
viscoelastieplastic constitutive behaviors.

As a semicrystalline polymer with desirable physical and chemical properties,
PTFE has attracted particular attenteure toits high strain rate behaviors compared with
other mlymers. A ductile to brittle transition waketeced in a narrow velocity range by
the Taylor impact test, which wa®uosidered to be related to tReasell to Il transition
of PTFE[83-85].

In this study, Taylor impact tests were carried ontlarge, medium, small, and

even smaller dimension samples from thREEFE 7A / Tibatches with the impact
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velocity from ~ 90 to ~ 500 m/s. The influence of sample dimension, sample

configurations, and impact velociyerealsoinvestigated.

4.2 Experimental

Taylor impact test wereperformed by using a Helium driven gas gun with a

diameter of 0.3 inches. The experimental setup is illustiatEdjure 41:

Imacon 200
Digital C
Vacuum igital Camera

Chamber J/ J/ J/ \L l

Reactive

Material Rod

W — 0.3 caliber cannon
Copper Rod

i Projectile
Helium y
Gas .
80-500m/s Steel Anvil
A I
Laser T

Flash

Figure 41. Schematic diagram of Taylor impact testup

The cylindricalshaped projectilavas propelled by high pressure Helium gas with the
impact velocity up to about 4G9/s, hitting onto a hardened steel anvil inside the vacuum
chamber. The impact and deforming proessd the projectilewveretaken by arimaan

2000 digital camera that captutel6 images with the speed of 200 million frames per
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second. The camera exposure time wasas500 ns for all the experiments, and the
inter-frame time was set as\4, 1.5s, 1.75s, etc, based on the impact velogitThe
velocity of the projectilewas calculated by a laser measurement system that also
triggered the start of the cameré&amples with medium, small and even smaller
dimensiors were attached ont@ copper rod with a diameter of 6:3 inchesto form a
projectile forlaunching The sample withthe large dimension wagropelleddirectly
through the cannon. Steel dies of different sizes were used for molding and pressing

PTFE 7A/ Ti composites into cylindrical rods.

4.3 Results and Discussion

Table 4.1summarize the Taylor impact test results filre PTFE 7A/ Ti composie
from three different batchewith four different dimensions, and at different impact

velocitiesranging from ~L00m/s to ~500m/s

61



Tale 4.1 Summay of Taylor impact test results

Batch #1 Batch #2 Batch #3
51wt% PTFE 7A/ 49wt% Ti 51wt% PTFE 7A/ 49wt% Ti 32.4wWt% PTFE 7A/ 67.6wWt% Ti
nonuniform uniform uniform
Sample Impact Ignition  Reaction Impact Ignition Reaction Impact  Ignition Reaction
Dimension  velocity time severity  velocity time severity velocity time severity
(m/s) (15) (m/s) (15) (m/s) (15)
Medium 118 46.5 Reaction 100 - No reaction 89 45 Fume
light
Medium 135 35 Reaction 201 24.75 Fume 205 22.5 Fume
light
Medium 156 25 Reaction 304 20 Fume 281 20 Fume,
light reaction light
Medium 189 22.5 Reaction 396 13.5 Fume 408 10.5 Fume,
light reaction light
Medium 308 20 Reaction - - - - - -
light
Small 309 14 Reaction 99 - No reaction 91 36 Reaction light
light
Small - - - 199 20.25 Reaction light 201 20.25 Reaction light
Even smaller 300 8 Reaction 102 18 Fume, 101 12 Reaction light
light reaction light
Even smaller - - - 203 15.75 Reactionlight 204 9 Reaction light
Large - - - 496 - No reaction 498 - No reaction

62



Ignition time was defined as the frame time of the first image detecting the reaction light
or fume triggered by the energy deposited by impact loading. For alhitbe lbatches

with medium, smalbnd even smaller dimensions, eithemitigpn light or ignition fume

was dete@d undercertain range of impact velocities.

In the next three subsections, Taylor impact tests on PTFE 7A / Ti composites from
three batches will beseparatelydiscussed In the fourth subsection, a film reduction
method was applied on large dimension samplesxtact the information of stress,
strainand stran rate during impact process the fifth subsection, a comparison was
made toelucidatethe influence of impact velocity, sample dimensiomand sample

configuration on the impadchitiated reaction.

4.3.1 PTFE 7A (5Iwt%) / Ti (49 wt%) Composte (Batch #1) with Non-Uniform
Distribution

Taylor impact testvere conducted orthe PTFE 7A / Ti compositeBatch #1) of
three different sizes: mdaum dimension, small dimensi@and even smaller dimension.
In all of the three cases, composite samples were attdchmapper rods with similar
dimensions. For each specific size, a series of impact tests with differentt impac

velocitieswereperformel.

4.3.1.1Medium Dimension

Figures4.2 - 4.5 demonstrate the transient imagesh& Taylor impact testin tens
of micro seconds at the impact velocitsom ~ 100 m/s to ~ 300 m/s, and the

approximate time corresponding to each frame was lapethoh each image:
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Figure 4.2 Consecutive images ¢ifie Taylor impact test on PTFE 7A / Tomposite Batch #1,
medium size)V; = 308 m/s, the exposure tintg,= 500ns, and the interframe tintg = 2 |5

Figure 4.3 Consecutive images ¢ifie Taylor impact test on PTFE 7A / Ti composii&afch #1,
medium size)V; = 188.73m/s, te,= 500ns, and, = 2 |5

Figure 4.4 Consecutive images tifie Taylor impact test on PTFE 7A / Ti composiiafch #1,
medium size)V; = 135.1m/s, tex,= 500ns, andiy = 2 |5
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Figure4.5. Consecutive images ¢fie Taylor impact test on PTFE 7A / Ti composii&afch #1,
medium size)V; = 117.94m/s, tex,= 500 ns, andti = 2.5 15 (first 13 frames) i = 3 |5 (last 3
frames)

At each impact velocity, reaction light was observednéense flashcoming from the
annularregion at the rear end of the sample afteeformed to certain extent, whigkas
deemed to be the indication of the beginning of chemical reaction, and the corresponding
ignition time wasemphasized in redample deformation under various velocities shared
one common process: (the composite sample was first deformed upopact with the
anvil, with the strain gradually decreasing from the front to the (pavjectile
unchange} (2) the deformation ofhe composite samplproceeded untithe diameter of

the rear end exceed the diameter of the projectile, after which the projectile started
punching into the composite sampie.,the shear strain / shear stress started to play an
important role from tle momentforwarded and (3) the composite sample kept
deforming under the impulse and thrust from the projectiiel the point that the
chemical reaction was triggereafter whichthe deformation of the projectile could not

be observed from the images.
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Figure4.6 showsthe axial/ areal strain of the composite sampdeimage sequere

at various impact velocities:

1.8
0.6
v v
¥ v 1.6 °
)4 v
05 "¢ 4 v 14] . v v
ng°® v
0.4 4 ny 124 m©® Vy
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01 2 3 45 6 7 8 9 10 11 12 13 14 15 16 01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Sequence

(@)

Sequence

(b)

Figure 4.6 Axial strain (a) and areal strain (3.image sequence of PTFE 7A / Ti composite
(Batch #1) under four different impact velocities
Axial / areal grains weremeasured from images IBhotoshogsoftware andheystopped
at the critical poirg, after which chemical reaction took pladée critical axial strains
were around 50- 60% and the critical areal strains 140170%, both of which were
independent of impact velocitieBhe impactinitiated reaction between PTFE 7A and Ti
relied not onlyon impact velocities whiclvererelated to kinetic energy, but also highly
on the degree of deformation.

Figure 4.7 relas the ignition time with kinetic energy at five different impact

velocities:
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Figure 4.7 Ignition time vs. kinetic energybased orthe Taylor impact test at five different
impact velocitiesBatch #1). The blue dash dot indicates the limit of the red curve.

As kinetic energy decreagethe ignition time increased with an increasing rate. By
fitting the data points witithe Dhyperbl function, an asymptoteat x = 53.41J was
obtained, whichappearedo be the critical value of kinetic energybelow which the
reaction could not be triggerddee blue dastot line, Figure 4.J. This critical kinetic
energy (impact velocitywas related to the activation energy tifie PTFE 7A / Ti

reaction.

4.3.1.2Small andeven SmallerDimension

Figure4.8and4.9show transient Taylor impact images of PTFE/7IA composite

samples with small and even smealtimensions at around 300 m/s:
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Figure 4.8 Consecutive images ¢ifie Taylor impact ¢st on PTFE 7A / Ti composite §Bh #1,
small size)V, = 309.2m/s, t.,,= 500ns, andi = 1.5|5

Figure 4.9 Consecutive images ¢ifie Taylor impact ¢st on PTFE 7A / Ti composite §Bh #1,
even smaller size)); = ~ 300m/s, te,= 500ns, and,;= 1.518

The deformation process ftre small dimension sample experienced simitaee stage
process as describédr the medium dimensiosamples: (1sample deforred (2) the
sample diameter exceadithe projectile diameter anthe projectile punckd inside the
sample;and(3) the reactionwastriggered. For the even smaller composite sample, since
the size of the sample was so small that strathemadial direction could not go beyond
that of the projectilethe punching phenomenon before the displayeatation light was

not detectedFigure 4.9. Compared with the ignition time @0 s) for the medium size
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sample at -300m/s impact velocity, the small and even smaller sample showed shorter
ignition times, 145 and 85, respectivelyFrom the datathe conclusion was drawn that

the smaller the sample size, the shorter the ignition time.

4.3.2PTFE 7A (51wt%) / Ti (49 wt%) Composite Batch #2) with Uniform
Distribution

The PTFE 7A / Ti compositeBatch #2 wasinvestigated with th&aylor impact
test. Besides the three dimensions (medium, samall even smaller) used Batch #1,
one more siz® large dimension samples were also prepared for testing, in waszh

the composite samples were diregitppelledonto the target anvil.

4.3.2.1Medium Dimension

Transient images dhe Taylor impact testfor the Batch #2 composite sampkee

shown in Figures 4.104.13 at impact velocities ranging from ~1®@s to ~400m/s:

Figure 4.10 Consecutive images tiie Taylorimpact test on PTFE 7A / Ti composit®afch #2,
medium size)V; = 395.5m/s, te,= 500nsandti = 1 |5
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Figure 4.11 Consecutive images tie Taylor impact test on PTFE 7A / Ti composiBafch #2,
medium size)V,; = 304.41m/s,te,= 500ns, and;, = 1.518

Figure 4.12 Consecutive images tfie Taylor impact test on PTFE 7A / Ti composiBatch #2,
medium size)V; = 200.96m/s, te,= 500nsandti = 1.7515

Figure 4.13 Consecutive images ttfie Taylor impact test on PTFE 7/ATi composite Batch #2,
medium size)V; = 100.17m/s,te,= 500nsandti = 2.515
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Because of the limitation of thenacon 200digital camera, some of the images were
missing out of the overall 16 during impact loadiagd thughe exact time sequence of
the images could not be accurately recor@ad,only the approximate ignition time was
marked in red in these image seriegstéad of reaction ligtdsdetectedwith Batch #1,
only reaction fumeemitting fromthe annularregion at the rear end of the sample was
observed at impact velocities from200 m/s to ~400 m/s. Although the reaction fume
washard to distinguish from pader fume by impact, the location thfe rising fumewnas
the same athat of thereadion light emission withBatch #1.The fume emissionvas
thereforeconsidered as an indication of imp&atiated chemical reaction, but with
lower reactivity compared toeaction lightemission As the impact velocity decreased,
the reaction fume became less evideetominginvisible at ~100m/s. The threstage
deformation process was also the same as previously described.

The axial / areal strain curvess. sequencdor the Batch #2 samplese plotted in
Figure 4.14 at three impact velocitiesd| of which stopped at the point thdte first

reaction fume arose;:
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Figure 4.14 Axial strain (a) and areal strain (I83.image sequence of PTFE 7A / Ti composite
(Batch #2) under three different impact velocities

The critical axial / areal strains read from the plots were in the range-@&#®8%and 160
- 180%, respectively, which were slightly higher than those of Batch #1. The impact
initiated reaction of PTFE 7A / Ti composite was highly dependent on the degree of
deformation.

Figure 4.15 relatethe ignition time with kinetic energy at thredféerent impact

velocities forthe Batch #2 samples:
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Figure 4.15 Ignition timevs. kinetic energybased orthe Taylor impact test at three different
impact velocitiesBatch #2). The blue dash dot indicates the limit of the red curve.

The plot waditted to theDhyperblfunction and the asymptote was obtained at42.70

J, which was deemed the critical value of kinetic energyh®@PTFE 7A / Ti composite
andbelow which the reaction could not be trigge(see blue dastot line, Figure 4.15)
With animpact velocity of ~100.17m/s forthe Batch #2 sample, the ignition fume was
not detected until the last frame o#5 5. By applying the corresponding kinetic energy
of 75.48J in this case to the fittebhyperbl function, a ignition time of 635 |5 was
obtained which concluded thathere might be chemical reaction triggered beyond the

time scale captured lifiecamera.
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4.3.2.2Small andEven SmallerDimension

Figure 4.16- 4.19show the Taylor impact images afsmall dimensiorsampleat
impact velocities of 200 m/s and 100 m/s, and a even smaller dimenssampleat

impact velocities of 200 m/s and 4200 m/s:

Figure 4.16 Consecutive images tiie Taylor impact test on PTFE 7/ATi composite Batch #2,
small size)V, = 198.67m/s,te,= 500nsandti, = 1.75 15

Figure 4.17 Consecutive images tiie Taylor impact test on PTFE 7/ATi composite Batch #2,
small size)V; = 99.44m/s, t.,,= 500nsandti, = 2.5us
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Figure 4.18 Consecutive images tie Taylor impact test on PTFE 7/ATi composite Batch #2,
even smaller size); = 203.04m/s, te,= 500nsandti = 1.7518

Figure 4.19 Consecutive images tiie Taylor impact test on PTFE 7/ATi composite Batch #2,
even smallesize), Vi = 101.68m/s, te,,= 500nsandt; = 2.5

At impact velocity of ~200 m/s, the small dimension sample exhibited reaction fume
first at ~20.25 5, then severe reaction lightaund the whole deformesample The

even smaller dimension showsdmplereaction light directly at 45.75ps. Compared

with the medium dimension sample that showed reaction fume only, the smaller the
sample, the more severe thgactinitiatedreaction. Attheimpact velocityof ~100m/s,
similar phenomena were also observalle small dimensiorsampledid not show any

reaction fumeuntil the end of the image series, while even smaller dimersaamle
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exhibited weak reaction light at ~1@. The conclusion that the smalldret sample size

the shorter the ignition timeasreinforced

4.3.2.3LargeDimension

Figures 4.20 - 4.24 exhibit the Taylor impact images &atch #2 PTFE 7A / Ti
composites witHarge dimensiosat impact velocities from ~10@n/s to 500m/s, with

thefinal frame time of each series marked in the last image:

Figure 4.20Consecutive images tiie Taylor impact test on PTFE 7/ATi composite Batch #2,
large size)V; = 495.61m/s, t.,,= 500nsandt;= 1 |5

Figure4.21 Consecutive images tiie Taylor impact test on PTFE 7/ATi composite Batch #2,
large size)V; = 406.44m/s, te,,= 500nsandti; = 2 |5

76



Figure 4.22 Consecutive images tie Taylor impact test on PTFE 7/ATi composite Batch #2,
large size)V, = 282.56m/s, te,,= 500nsandti;= 1.55

: =

Figure 4.23Consecutive images tfie Taylor impact test on PTFE 7/ATi composite Batch #2,
large size)V; = 201.01m/s, t.,,= 500nsandti;= 1.55

-

Figure 4.24 Consecutive images tiie Taylor impact test on PTFE 7/ATi composite Batch #2,
large size)V; = 112.38m/s, te,= 500 nsandti, = 2 |5
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Unlike the phenomena observedtire previous seriesno ignition light was observed
even at the impact velocity of 5@0/s, indicating the chemical reactoobservedn the
previous series did not take place for large dimension samples. As exesnvexlisly

the impactinitiated reaction wadependent on both impaetlocity (kinetic energy) rad
degree of deformation that wadsghly related to the shear strain / stress. For large
dimension samples, the kinetic energyld reach 339.15) at the impact velocity of
495.61m/s, whichwascomparable to the value for madh dimension samples f&atch

#1 andBatch #2 whee impactinitiated reactios were observedrlhe criterion of kinetic
energy was reached in this case, but the shear strain /dittess reactihe critical point
leading tofailure of the triggering ciemical reaction. The bygstdifference on Taylor
impact tests between large dimension samples and medimall// even smaller samples
lay on theexistenceof the copper rodWhen samples were attached onto copper rods, the
shear strain / stress proddday the punching effect was much more pronounced than the
samples without copperod inclusion However, the deformation processes without
chemical reactiominvolved could be utilized to collect the dynamic behavior information

basel on the filmreduction methodsee Subsection Four).

4.3.3 PTFE 7A (32.4 wt%) / Ti (67.6 wt%)Composite (Batch #3)with Equal Volume
Composition

For PTFE 7A / Ti compositBatch #3 the same experimental proceduregre
performedas forBatch #2. Medium, smatnd even smaller dimensions samples were
tested by attachinghem onto copper projectiles, while large dimension samples were

propelleddirectly ontothetarget anvil.
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4.3.3.1 MediunDimension
Figures 4.25- 4.28 show the transient Taylor impact images of the PTFE 7A / Ti

composite from Batch #3 at impact velocities ranging fro®® /s to 400 m/s:

Figure 4.25 Consecutive images tiie Taylor impact test on PTFE 7/ATi composite Batch #3,
medium size)V, = 408.44m/s, te,,= 500nsandti = 1 |5

Figure4.26 Consecutive images tfie Taylor impact test on PTFE 7/ATi composite Batch #3,
medium size)V,; = 281.32m/s, te,,= 500nsandti = 1.515
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Figure 4.27 Consecutive images tiie Taylor impact test on PTFE 7/ATi composite Batch #3,
medium size)V,; = 204.59m/s, te,,= 500nsandti = 1.7515

Figure 4.28 Consecutive images tiie Taylor impacttest on PTFE 7A Ti composite Batch #3,
medium size)V; = 88.99m/s, te,,= 500nsandti = 2.55

Like the phenomena observed tbe Batch #2samplesthe reaction fume firsemitted
from the location around the shear band of the defoBach #3samples. However, at
the impact velocities of 408.4%/s and 281.32n/s, the reaction fume then converted to
reaction light asarlier shown inthe Batch #1sampleimages. At impact velocities of
204.59m/s and 88.99n/s, the reaction fume remained the sabut became more severe
at the very end of the image series. Rangllthe deformation images of medium

dimension samples fdatch #1 andBatch #2, the impadhitiated reaction irBatch #3
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was not as severe as Batch #1, but more severe than Batch #2. One common
observation in these three batches was that they all folltheethreestage deformation
process to trigger the chemical reaction.

The axial / areal straings. image sequenctor the Batch #3 samplesre shown

below in Figure 4.29:
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Figure 4.29Axial strain (a) and areal strain (8.image sequence of PTFE 7A / Ti composite
(Batch #3) under four different impaatlocities

The critical axial / areal strains were separately in the range-0855%6 and 150 185 %,
which were almost at the same level as in Batch #2 and Batch #1.
Figure 4.30 platthe kinetic energy (impact velocitys.ignition timefor the Batch

#3 samplest four different impact velocities:
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Figure 4.3Q Ignition time versus kinetic enerdgpased orthe Taylor impact test at four different
impact velocitiesBatch #3). The blue dastotline indicates the limit of the red curve.

After fitting with the Dhyperblfunction, the critical kinetic energyetermined to be& =
27.60J (see the blue dagiot line in Figure 4.30 The curve showed an exponential
decay in ignition time as kinetic energy (impact velocity) incrdasienilar to the plos

for theBatch #1 andatch #2samples

4.3.3.2 Small an&ven SmallerDimension

Figures 4.31- 4.34 show the Taylor impact images of small dimensBatch #3
samples at impact velocities 0of200 m/s and 400 m/s, and even smaller dimension

samples at impact velocities o980 m/s and 100 m/s:
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Figure 4.31 Consecutive images tie Taylor impact test on PTFE 7/ATi composite Batch #3,
small size)V, = 201.44m/s, te,,= 500nsandti = 1.7516

Figure 4.32 Consecutive images tfie Taylor impact test on PTFE 7/ATi composite Batch #3,
small size)V, = 91.08m/s, te,,= 500nsandt, = 2.5 |5

Figure 4.33Consecutive images tiie Taylor impact test o TFE 7A/ Ti composite Batch #3,
even smaller size); = 204.11m/s, te,,= 500nsandti, = 1.755
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Figure 4.34 Consecutive images tifie Taylor impact test on PTFE 7/ATi composite Batch #3,
even smaller size)/; = 100.64m/s, t,,= 500nsandti = 2.55

All of the four serieeventually exhibitedeaction light, even at the impact velocity
of ~ 100 m/s. The severity of the reactidar Batch #3samplesvas more intense than
that ofBatch #2, but less violent than thatRdtch #1.As beforethe smaller the sample

size, the more severe the reactamdthe shorter the ignition time.

4.3.3.3 Largddimension

Figures4.35- 4.39 exhibit the Taylor impact images of large dimensigatch#3

sampla with impact velocities from 400m/sto ~500m/s

84



95

- i" -

Figure 4.35Consecutive images tiie Taylor impact test on PTFE 7/ATi composite Batch #3,
large size)V; =498 m/s,te,= 500nsandtj, = 0.7518

AT R

Figure4.36 Consecutive images tifie Taylor impact test on PTFE 7ATi composite Batch #3
large size)V;=399.02m/s, te,= 500nsandti = 1 5

Figure 4.37 Consecutive images tfie Taylor impact test on PTFE 7/ATi composite Batch #3,
large size)V; = ~300m/s, tex,= 500nsandti = 1.515
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Figure 4.38 Consecutive images tifie Taylor impact test on PTFE 7/ATi composite Batch #3,
large size)V; = 196.53m/s, t.,,= 500nsandt;= 1.55

Figure 4.39 Consecutive images tiie Taylor impact test on PTFE 7/ATi composite Batch #3,
large size)V; = 90.95m/s, t.,,= 500nsandti = 2 |5

Like the phenomena observeith Batch #2samplesno ignition light was detected for
all of the serieseven at the impact velocity of500m/s.For example, with/; = 498 m/s,

the kinetic energy was 342.8R far beyond th kinetic energy threshold forach #3
samples of medium dimensior®hearstrain/ stressawvas concluded tplay an important
role in triggeringthe impactinitiated chemical reaction fahe PTFE 7A / Ti composite.
Figures 4.35- 4.39 will also be used to provide the dynamic behavior information in

SubsectiorFour.
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4.3.4 Film Reduction (HouseMethod) Analysis

With the development of higbpeed photography in the 198@se Taylor impact
test wasemployed as a means to validated establish the constitutive relatsimp for
the target material at high strain rates, since the diyndeformation process could be
recorced and analyzed to extract useful informatsurch as stress, straamd strain rate.
Houseet al.develped the film reduction methaw provide additional information for

the constitutive model at high strain raf2g].

4.3.4.1 Hous&ethod

Generally, the House method can be divided into five steps for obtaining the
information of stress, stain, and straéte during two time intervals:

(1) Plot radiusss. axial position curvest three differentrame timest, t; andts(t;
< t, < t3), by measuring the images takentbgImacon 200 digital cameran Photoshop
(Figure 4.40), then convamg them into strainvs. axial position plots by adopting the

definition of areal straifEquation 4.1)
Q p — 4.1

whereA is the original sample cross section area, Am&the current cross section area

at the location of areal strag(Figure 4.41):
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Figure 4.40Specimen radiugs.axial position at three frame timgay7]
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Figure 4.41Strainvs.axial position at three frame timga7]

(2) Calculate the back end spaeiy definition(Equation 4.2)

o — (4.2)

wherel; andl, are the specimen lengths correspondinig amdt,.
(3) Calculate the plastic wave spéeldy selectig a series of strain valse at the

proper intervad, readthe corresponding values of axial positlmrandh,, thendefinethe
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plastic wave speedstravelling the distanch; - h; during the time intervak - t; for one

specific straire (Equation4.3).

’ —_— (4.3)

(4) Estimate the strain rate value by selecting a series of axial positios atioe
proper intervad, readthe corresponding values of stranande,, thendefine the strain
rateas the change in stra@ - e; during time intervat, - t; at one specific axial positio

(Equation 44):

- — (4.4)

(5) Obtain the stress information by applying the conservation of mass and
momentum at the plastic wave front (refer to Figure 2.5 and Equafi@18). sothatthe
stress associated withethstrain corresponding to the change frégito A can be

calculated agEquation 45):

., 0 Tt¢ (4.5

4.3.4.2 FilmReductionAnalysis onLargeDimensionSamples

Following the fivestep procedure, the stress / strain rafe strain plots were
obtained folPTFE 7A / Ti compositeBatch #2 andatch #3 large dimension samples
with the impact velocity ranging from 200 m/s to ~400m/s. For each impact velocity,
three fames were selésd for film reduction analysidnterpretive analyss were then
conducted for each frame to obtain the stxaraxial position plotsandstressvs strain
and strain rat@s. strain curves weréhenobtained at two time interval§igures 4.42 -

4.57);
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Figure 4.42Three frames selected for film reduction analgs$ig = 112.38m/s (large dimension
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Figure 4.46 Three frames selected for film reduction analgsig, = 282.56m/s (large dimension

sample fronBatch #2
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Figure 447. Film data analysis foBatch #2 large dimension samplevat 282.56m/s, (a) strain
vs. axial position plots at three different times; (b) stressstrain curves at two intervals; (c)
strain ratevs.strain curves at two intervals
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Figure 4.48 Three frames selected for film reduction analgsig, = 406.44m/s (large dimension

sample fronBatch #2
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Figure 449. Film data analysis foBatch #2 large dimension samplevat 406.44m/s, (a) strain
vs. axial position plots at three different times; (b) stressstrain curves at two intervals; (c)

strain ratevs.strain curves

at two intervals
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Figure 4.50 Three frames selected for film reduction analgdig; = 90.95m/s (large dimension
sample fronBatch #3
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Figure 451. Film data analysis foBatch #3 large dimension samplevat 90.95m/s, (a) strain
vs. axial position plots at three different times; (b) stressstrain curves at two intervals; (c)
strain ratevs.strain curves at two intervals
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Figure 4.52 Three frames selected for film reduction analgs$ig = 196.53m/s (large dimension
sample fronBatch #3

Figure 453. Film data analysis foBatch #3 large dimension samplevat 196.53m/s, (a) strain
vs. axial position plots at three different times; (b) stressstrain curves at two intervals; (c)

(b)

strain ratevs.strain curves at two intervals
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Figure 4.54 Three frames selected for film

sample fronBatch #3

reduction analysig, = ~ 300 m/s (large dimension
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Figure 455. Film data analysis foBatch #3 large dimension sampleVat ~ 300m/s, (a) strain
vs. axial position plots at three different times; (b) stressstrain curves at two intervals; (c)

strain ratevs.strain curves at two intervals
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Figure 4.56 Three frames selected for film reduction analgsig, = 399.02m/s (large dimension
sample fronBatch #3
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Figure 457. Film data analysis foBatch #3 large dimension samplevat 399.02m/s, (a) strain
vs. axial position plots at three different times; (b) stressstrain curves at two intervals; (c)
strain ratevs.strain curves at two intervals
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The accuracy ofteess and strain rate value was highly dependent on the length of
time interval selected between frames. In general, as the time interval approached zero,
the back end velocity and plastic wave velocity approached the actual value based on
their definitiors (Equations 4.2 4.3), and so did the value of stress and strain rate.
However, if the time interval selected between two frames was too close, the uncertainty
of the measurement also increased. Proper time intervals were therefore chosen based on
theframe quality at each impact serial with consideration of accuracy.

Upon examinghe stress / strain raws. strain curves fothe Batch #2 andatch #3
samples wh various imapct velocitiesjo obvious trend wafund. Some of theplots
even showd anirregular pattern (e.gFigure 4.49 (b)) whichvasbelieved to beaused
by errois introducedby measurement and time interval seledioNevertheless, as
additional information provided for dynamic analysis and consitutivéatiing, the plots
were used toextractgeneralinformation about the stress and strain rateuwsmulation
during impact defornmtéon. By comparing the stress. strain and strain rates. strain
plots between two batches at similar impact velo@gich #3 samplesxhibitedhigher
stress and strain rate vafithanBatch #2. The peak stregalue atthefirst time interval
for Batch #3samplesranged from260 to 650 MPa, whileBatch #2ranged from 550
400 MPa. The peak strain rate value at first time intervalBatch #3sanplesranged
from 32000 to 7Q000s™, andBatch #2ranged from 200 to 70000s™. SinceBatch #3
sampleshad a higher content of Ti particles (6W&xb) than didBatch #2 (49wt%), the
hard compaent had a pronounced reinforciefject on the composite, so the stress value
of Batch #3sampleswas significantly higher that @datch #2. For all the strain raws.

strain profiles, strain rate increased with straimiil a certain pointwas reachedi.e,
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strain rate increased frothe end towards the front. For some plots, especially seen in the
second time intervals, aftarcertain critical strain point which was dependent on impact
velocity, the strain ratdecreasedAs an index to describe the rate of change in strain, the
estimated strain rate values along the sample providémmation onplastic wave
propagation. Although as an approximate analysis for impact deformét®rilouse
methodstill offered a valuableestimation of the stress / strain rate values changing with

strain.

4.3.5 Comparison of TaylorImpact Test Results on PTFE 7A / Ti with Different

Impact Velocities,Sample Dimensions and Sample @nfigurations

Subsections 4.3.14.3.3 described the impairtitiated deformation and chemical
reaction forBatches#1, #2and #3 composite samples. Most of the observations shared
common phenomena for all three batcheg., the threestage defanation process,
velocity effectand sample dimension effect, btite sample configuration in each batch
exerteddifferent effects on the severity of impanttiated reaction. In this subsection
the separatenfluences of impact velocity, sample dimensi@and sample configuration

ontheimpactinitiated reaction will be discussed.

4.3.5.1 Impactnitiated Reaction

Either ignition light or ignition fune was observed in all three batchascertain
impact velocites for medium, smalland even smaller dimension sampiesthe time
scale of micosecondswhich proved the impaeinitiated reactivity ofthe PTFE 7A / Ti
compositesystem. Due to the intensity of the combusii&e reaction, posimpact

product was tosmall in masdo be gathered for further anaégs In order to collect
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enough posimpact product, an alternative Taylor impact test wasductedwith the

sampleattached onto the an\Figure 458):

Vimpact
_—

Sample

Fig 458. The sketch for Taylor impact test setup with sample attached wvito a

In this manner some of thereactiondebris "stuck" on the hardanvil, andwas later
scratchedff andcollectedfor micro-quantity XRD analyss.

Since themasseof the isolatedpowders were vergmall the X6 Pe r t PRO
diffractometerwas used to accurately measure the existence of any substatiee in

residue posimpact produc{Figure 4.59):
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Fig 459. XRD patterns ofhe postimpact producatV, = ~200m/s Batch #1)

The most prominenXRD peakswere attributed to thiattice planes fronthe Ferrum(Fe)
substanceproducedby scratching the anviandto the nonreacted T. When zooming
into the region from 35to 65, tiny peaks representing the lattice planes ofy M@&re
identified indicatingthat TiC, wasindeedone of the main produst resultingfrom the
impactinitiated reaction between PTFE 7A and Ti. The detection ofy TiuCther
confirmed theoccurrenceof impactinitiated chemical reactienduring impact loading
andtheir main product.

Another common phenomen shared with all three batchess the threestage
deformation for triggering the impamtitiated chemical reactian For all the medium

and small dimension samples with impagtiated reactios detected, the reaction light /
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fume all came from the shear band regiBw.comparing the critical axial / areal strains

in three casesimilar value ranges were found disregarding various impact velocities and
sample configurationgFigure 4.6, 4.14 and 4.29)0n conclusion,the impat-initiated
reaction between PTFE 7/ATi was shear strain / stresgluced, since the reaction was
not triggered immediately once theceleratedamplecontacted thanvil, butonly after

the deformation of the sample reachadcertain critical point The shear (deviatoric)
component of stress generated under impact loading has been regarded as the
predominant factor to trigger the impawitiated chemical reaction bie displacement
between atoms and a lowering of the activation engg§6]. In this study, the annular
shear band regioat the rear parf the composite samplead a much higher shear strain
due to the"punching effect produced by theopper projectilehence providing the
sample components in that area the most prominent displaceménntimate atom

contact.Thefirst ignition light / fumethus emanatefifom the shear band region.

4.3.5.2 TheEffect of Impact Velocity on the Impadnitiated Reaction

Impact velocity is a predominant factor for triggering the impaitiated reactio
since it is related to the kinetic energ® ( -& U ), which directly determines if the

threshold of the initiation energy ofe@hchemical reaction is reachdeélgures 4.7, 4.15
and 4.30showed an increasing rate of ignition time #ee kinetic energy decreased. By
fitting each plot withthe Dhyperbl function, a critical value of kinetic energyas
obtained for each batch with medium dimensidn this sense, the impact velocity (or
kinetic energy with fixed sample massas a necessargondition to determine if the

impactinitiated reaction would be able to take place. In other words, once the impact

102



initiated reactionwas triggered, the impact velocity / kinetic energgad toexceeda
certain critical vale. However, in the opposite senthe impact velocity / kinetic energy
alonecould notdetermine whether or not the reactioed takerplace.As a resultunder
similar kinetic energy levs] the large dimension samplgBatch #2 and #3ample}
with impact velocity of ~500m/s did nd emitany reaction light / fume until the very end
of the detection period. Beside the kinetic energy, another necessary cordditibrear

strain / shear stregsintly guarantee¢he occurrencef the impacinitiated reaction.
4.35.3 TheEffect of SampleDimension on thémpactinitiatedReaction

As discusseth Subsectiong.3.1- 4.3.3, sample dimension had a significant effect
on ignition time and severity of the impanttiated reaction. Figuse4.60 - 4.62 show
three series ofomparisons amongedium, smalland even smaller dimension saewgl

with similar impact velocies

---h
(b)

--- 3

C) g — S 73

Figure 460. Consecutive images tifie Taylor impact test on PTFE 7A / Ti compositeBdtch
#1 (a) melium dimension sample & = 308 m/s;(b) small dmension sample at = 309 m/s;(c)
even smdeér dimension sample & = ~300 m/s
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Figure4.61. Consecutive images tifie Taylor impacttest on PTFE 7A Ti composite ofBatch
#2 (a) medium dimension sampleVat 201 m/s, (b) small dimension sampleVat= 199m/s, (c)
even smaller dimension sample &t = 203 m/s

Figure4.62. Consecutive images tifie Taylor impact test on PTFE 7ATi composite ofBatch
#3 (a) melium dimension sample & = 205 m/s (b) snall dimension sample & = 201 m/s (c)
even smaller dimension sale@tV; = 204 m/s

In eachsequenceasthe sample dimension decreaséile ignition time also decreased
For the Batch #2 the medium dimension sample ongmittedlight ignition fume at ~
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24.75pus, whilethesmall dimension sample firshowedgnition fume at ~20.25us, and
thenevolved into anntense flaslof light after several frames durinige detection period
The even smaller dimension sample showed ignition light directly at5+75us. For
Batch #3 the medium dimension sam@enly showed ignition fume throughout the
detection periodwhile small and even smaller dimension samples directly showed
ignition light at an early stage ohpactdeformation.The conclusionwasreinforcedthat
the smaller the sample dimensidhe shorter the ignition timandthe more severe the
reaction.

The sample dimension effeaxpected toinfluence the time scale of impaet
initiated reaction. With similar initial kinetic energihe small dimension sample ta
larger impact energy per unit volume, whieldto higher shear strain / stressthe same

time scaleas thdarge dimension sample, resulting in a shorter ignition time.

4.35.4 ThekEffect of SampleConfiguration on thémpactinitiatedReaction

As presented irsubsections 4.3.14.3.3, the impact deformation processes were
similar in allthree batclsampleswhile the impacinitiated reaction among them showed
significant difference. Two comparisongere made at the impact velocity o860 m/s
and ~200m/s for three batches with medium dimension, #redseverity of the reaction

in eat batchwascomparedFigure 4.63 4.64, Table 4.2).
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a)

(b)

(€)

Figure 463. Comparison of ensecutive images dhe Taylor impact test on PTFE 7ATi
medium dimensionamposite (a) Batch #1 &t = 308 m/s;(b) Batch #2 atv; = 304 m/s; (c)
Batch #3 aW/; = 281 m/s

(@)

(b)

(€)

Figure 464. Comparison of ansecutive images dhe Taylor impact test on PTFE 7ATi
medium dimension composite @atch #1 al; = 188.73 m/s{b) Batch #2 al;, = 200.96 m/s;
(c) Batch #3 aV;, = 204.59 m/s
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Talde 4.2 Comparison of the reactivity and critical axial / areal strains among three batches of
PTFE 7A / Ti composite (medium dimensions) at 200 m/s and 300 m/s impact velocities

PTFE 7A/Ti Ignition time  Critical axial  Critical areal The severity of reaction

composite (8) strain strain
~200 m/s
Batch #1 ~22.5 ~134% ~48% Severe (reaction light)
Batch #2 ~24.75 ~164% ~58% Light (reaction fume)
Batch #3 ~22.5 ~170% ~59% Less severe (reaction fume
~300 m/s
Batch #1 ~20 ~143% ~67% Severgreaction light)
Batch #2 ~20 ~ 185% ~64% Light (reaction fume)
Batch #3 ~20 ~187% ~63% Less severe (reaction fume

then light)

In Figure4.63, atanimpact velocity of ~300m/s, although the ignition time for alll
three batchsamplesshowed similar valug the severity of each reaction differed
substantially the Batch #1 sample exhilgd ignition light directly at ~20 |5; the Batch
#2 sample showed ignition funteroughout thedeformation proces andthe Batch #3
sampleshowed igition fume first at ~20 15 followed by ignition light In Figure 464, at
the impact velocity of 200m/s, the deformation and reaction severity for the three batch
samplesexhibited similar trensl The Batch #1 sample showed ignition light directly at ~
20 15, while the Batch #2 and #3 samples did not show reaction light duringrnhiee
detection period, but the reaction fume fr@atch #3 was more evident and streng
than withBatch #2.In conclusionthe severity of the reaction followed the ord&atch
#1> Batch #3> Batch #2.

Recall the differences constitution and SEM imagemmongthe three batches

(Figure3.1): theBatch #1 composite shared the same constitutiddassh #2, but in a
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less uniform distribution with Ti particles aggregatedhe PTFE 7A matrix;and the
Batch #3 composite was a welilspersed Ti-rich system, so the locaxtent of Ti
aggregationn Batch #3washigher than that oBatch #2 but not as high as iBatch #1
In summarythe extent of Ti aggredion alsofollowed the order:Batch #1> Batch #3>
Batch #2.The effect of canposite configuration on impadctitiated reactionwas
thereforeattributed to the located deformation favored in a-dggregated morphology.
In theTi-aggregated morphologithe PTFE A componentwasmore likely to be trapped
by the Ti component compared with a uniform morphology. In this case, the soft
component PTFE 7A was partially encompassethbyard segment Ti, which hindered
the further deformation of PTFE 7A particles uporpauat loadingandthus restricting
the deformation and interaction of PTFE 7A and Talocalizedarea

Similar phenomena werearlier reported byEakins andThadhani, where they
found that the flake Nispherical Al system requiredower shockenergy for compound
formation compared with the spieal Ni / Al system[9, 87]. The researchers later
simulated the shock compression process for both systems and found that the flake Ni
spherical Al gstem had a larger interface area than that of the spheri¢ahiNiystem,
which resulted in higher localized temperature and preggemeration8]. The results
wereex pl ained by the fAhard encompassing soft
Al was trapped bythe flake shapedhard component Ni, localizing the deformation,
pressure, and temperatuifeor the effect ofsample configuration on theeactivity of
impad-initiated reaction, narostructural simulatin was conductedto verify the

theoretical assumption proposed in thigsection(see Chaptevl).
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44 Summary

Taylor impact test results on large, medium, small, and even smaller dimension
samples fronthree batches at various impact velocities ranging frak8G-to~ 500 m/s
were shown andiscussed from different aspects:

(1) Ignition light / fume an indication of impaeinitiated reactionwas observed for
medium, smalland eva smaller dimension sgrtes forall PTFE 7A / Ti composite
batches atartain impact velocity rangelgnition lightconfirmed the impaateactivity of
thePTFE 7A / Ti composite systesin the time scale of microseconds.

(2) The impacinitiated reactivity was dependent on Ibothe impact velocity
(kinetic energy) and the shear strain / stress value. In other words, only when both the
impact velocity (kinetic energy) and the shear component of strain / stress exkceed
certain threshold valuedid the impactinitiated reactiortake place.

(3) The ample dimension had a remarkable effect on the ignition time and the
severity of reaction. Athe sample dimension reduced, the ignition time decreased, and
theseverity of thereactionincreased

(4) By comparing the configuration aneactivity of three batcheshe impact
initiated reaction othe PTFE 7A / Ti compositevasconcluded to prefea Ti-aggregated
structure. The "hardencompassingoft' structure wasable to resist the particle
defomation in regions, thus localizinthe stress and temperature accumniota to

accelerate the reaction
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CHAPTER V

COMPUTATIONAL ANALYSIS OF TAYLOR IMPACT TEST

ON PTFE 7A/ TI COMPOSITE

5.1 Constitutive Modéng

As described inSubsection2.5.2 and 2.5.5, the constitutive model applied on
PTFE 7A / Ti composite system was based on the modified Joi@wman strength
model developed bfRaftenberget al [14]. The format of the modifiedohnsorCook

model was reviewed iBubsectior?.5.5 ands repeatedn Equatiors5.1- 5.4

s(e”.q.6)=SRd) + He) der )W% §

m G = (5.1)
where,
T
Rz#) A + A sinh & %g
26 = (5.2
g@ = BO(Bi)'E(m (5.3)
&)= N, + N, sinh 5 28
G26 = (5.4

In the above equations, the von Misdfectivestress(, is a function othe plastic strain
¥, strainrate- and temperaturd. This model containthe sevenunknownparameterg\,,
A1, Bo, B1, No, N; and di,,, all of which neecd to be determined experimentallyhe

temperatural,, is defined aghat corresponding to zero strength. The normalizing strain
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rate- was chosen to be 1. By assuming aadiabati¢ constant densitgnd constant
strain rate processyhile also neglecting the work associated with eladetormation
First Law of Thermodynamicwas appliedo the rapid deformation process, that the
change ininternal energy per unit mass wagualto the ircrement m plastic work per
unit mass byEquation 5.5)

de = dW, (5.5
After a sequence of derivatisrand operatiog) the final expression ahe von Mises

effective stress is given in Equatio®.6and 5.7/14]:

smofer )< T pfa)+ B )der) o . a] 5

where,

iv 0P gé) { o &)1
é)Os +——I"d:-(é)+1cée ) H .

—
D
_©
B

~—

I
[y
('D>%CD

Results fromthe Instron andSHPB test (seeChapterlll) were used for fitting in
the modified JohnsorCook model to determine the seven unknown paramefgrsi,
Bo, B1, No, N; andd,.. The cetailed fitting process has been elaborated ieregice 14],
andthe four main steps are genezalihere:

(1) Esti mat e Kfoomnhg élastic megiahaf lthe survesrom the
InstronandSHPB test

(2) Convertthetrue strainnto the plastic strain in the stress.strain curve by:

- - - (5.8)
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(3) Fit the stresws. plastic strain curve witlEquation5.6 by usingthe Isgcurvefit
function in the Matlab software (Appendix A.1)to obtain four constantsd - ,0 - ,
0 - andd, at two specific strain rate(Figures 5.1 - 5.2). Two sets of constantsere
obtained from bothhe Instron test (0.05") andthe SHPB test (3108™) (Tabes 5.1 -

5.2):

2.40E+008

2.20E+008 - —— SHPB (2500 s™, 298K) -I

2.00E+008 4 =+ — Modified J-C Model (2500 s™, 298K)

1.80E+008
1.60E+008 -

1.40E+008

Stress (Pa)

1.20E+008 -

1.00E+008 -
8.00E+007

6.00E+007

r r r . r . r
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Plastic Strain

Figure 5.1 The experimentalbjack ling and fitted (reddot ling stressvs. strain curves ofhe
PTFE 7A/ Ti composite at the strain rate 2500s™

TaHe 5.1 Constants obtained frothe SHPB test at the strain rate aro@&00s*

Jo C, E (2500s” A (2500s) B (2500sY N dn
(ka/m?®)  (I/kgK) (GPa) (MPa) (GPa)  (2500sh)  (K)
2840 768.6 18.14 93.29 478 6.72 593
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23000000

22500000_- = SHPB (001 S-l, 298K)
1 == Modified J-C Model (0.01 s™, 298K)
22000000 - .
- - . -
21500000 )
] ..l.‘,'./.ll.
21000000 - a7
= ] R
2 20500000 = v
n 1 e
S 20000000 n”
= ] 'l
9 19500000 _"
19000000 -} ’ "
185000004 / ™
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18000000 1 -
T T T T
0.000 0.005 0.010 0.015 0.020

Plastic Strain

Figure 5.2. The experimentalblack doj and fitted (reddash dot stressvs. strain curves othe
PTFE 7A/ Ti composie at the strain rate of 0.81

TaHle 5.2 Constants obtained from Instron test at the strain rat®b&0.

Jo C, E (0.01s) A (0.01s') B (0.01s) N dn
(kg/m®)  (J/kgK) (MPa) (MPa) (MPa) (0.01sY (K)
2840 768.6 418 17.66 27.07 04741 593
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(4) Obtain the rest of the parameté&s A1, By, B, N and N; by evaluating

Equatiors 5.2 - 5.4 at the two specific strain rates (Tabld):

Tale 5.3 Parameters in thmodified J-C model fothe PTFE 7A/ Ti composite

Ao A, Bo B: No N, - dn
(MPa) (MPa) (MPa) Y (K)
17.61 9673 18.25 2.290 0.469 0.799 1 593

Samples fronBatch #2(51 wt% PTFE 7A / 49wt% Ti with uniform distribution)were
selectedrom the data generated wititistron and SHPB tegtand the fittegparameters to
the modified bhnsonCook model were specifically for thiparticularconstitution and
configuration.

In order to validate the modifiedlohnsorCook model at other strain regethe

fitted modelwas applied to the SHPB dataintsat 3600s* (Figure 5.3)
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6.00E+008
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Figure 5.3 The experimentalblack ling and fitted (reddash dat stressvs. strain curves othe
PTFE 7A/ Ti composie at the strain rate 8600s™

Except for the initial deviation from the experimental data, the modiftduthsorCook
model could give reasohly good fitting results at high strain ratéBhe parameters
shown in Table 5.3vere thereforeadopted for the modifiedohnsorCook model The
constitutive relatiorships for Finite Element Analysis (FEA) simulation are shown n

Equatiors5.9- 5.13
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sipler.a)=E 7 fRe) Bla)der ) ganl fa] 9
where,

p _ 1 € .- ﬁé) A b (et )+1 9D
fle ’&)_2840("7686@593- qr)‘?ﬁ(é)@ * )"y .19

6 Nt )+1 0
K#)=17.61+9.673Ginh (& 2) (5.11)
B &) =18.25(2.29) ¥ (5.12
NH{#) = 0.469+ 0.799Ginh (& 2) (5.13

Based on the fitted constitutivelatiorship shown in Egatiors 5.9 - 5.13 the
stressstrainstrain rate plane (the plot codeshown in Appendix A.2) othe PTFE 7A /
Ti compositeis providedin Figure 5.4 for later incorporatn into Abaqussoftware to

simulate the deformation @cess duringhe Taylor impact test
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Figure5.4. The stresstrainstrain rate plane fahe PTFE 7A / Ti composite

Simulation results caonn the one hantielp tovalidate the constitutive relatipn

and on the other hando provide more detailed information such as strésstrain /

strain rates scaletc, to helpbetterunderstand the initiation and

temperaturecontous,
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5.2 Results and Analyse

In this section, simulation results of Taylor impact testtb@a PTFE 7A / Ti
composite Batch #2, with large, medium, small and even smaller dimensions) were
analyzed and compared with the experimertata obtained from the high-speed
photography by using thA&baqus Explicitprogram (letailed procedureare shown in
Appendix B.2). Table 5.4 displayhe input material parameters thie Batch #2PTFE

7A | Ti composite

Table5.4. Input material parameters fore Batch #2PTFE 7A / Ti composite

Density Young¢ Poi ss Expansion Specific heat Inelastic heat

(t/mn?) modulus ratio coefficient (mJ/E) fraction
(MPa) are)

2.81x10° 519 0.37 1.4x10° 7.686X10° 0.5

5.2.1 Simulation Results ofLarge Dimension &amples

The simulation model setups for large dimendBaich #2samplesare shown in

Table 55;

Table 55. Input sample dimensions for the PTFE 7R Batch #2 compositéarge dimension

Simulation Sample diameter Sample length  Sample mass Anvil diameter

Setups (mm) (mm) (9) (mm)
Velocity
(m/s)
112.38 7.48 21.00 2.7276 50
201.01 7.48 21.45 2.7877 50
282.56 7.48 20.98 2.7221 50
406.44 7.48 20.74 2.7038 50
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Taylor impact tests with four different impact velocities ranging froh®6m/s to ~400
m/s were simulated iAbaqusto validate the matied JohnsorCook constitutive model.

Figure 5.5shows the stress contours &fatch #2I ar ge di mensi-on sam
section at each impact stage witle time interval of 2.515 at theimpact velocity of

112.38m/s:

Ous 2.5us 5us 7.5ps

10us 12.5ps 15ps 17.5us

Figure5.5. Simulation results of the Taylor impact tes¥at 112.38 m/s (Batch #2)
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20us 22.5pus 25us 27.5us

Figure5.5. Continued

Examiningthe stress contours in Figure 5.5, the maximum internal stress g @&d
areas) took place at the circumference of the front impact surfadbe Aspact process
proceededthe maximum internal stress moved to the central area of the cylindrical
sample,while also travahg towards the rear end of the sample. The \saliethe
maximum internal stresswerein the range of 124 152 MPa, varying little during the
impact process.

Figures 5.6 - 5.8 compare the simulation results with experimentages by

measuring sample radit certain axial intervals iRhotoshomat5 15, 1515 and 22.5s:
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Figure 5.6 Comparison plots of radiugs. axial position between the experimental image and
simulation resultat 5 5, V= 112.38 m/s
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Figure 5.7 Comparison plots of radiugs. axial position between the experimental image and
simulation resultat 15 15,V,=112.38 m/s
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Figure 5.8 Comparison plots of radiugs. axial position between the experimental image and
simulation resultat 22.5 15,V = 112.38 m/s

At 5 s, simulation results of the sample radius werdightly smaller than the values
measured from images. The maximum difference between simulation results and
experimental data at the front impact surface was about 6%. A¢,1fhe simulation

radius profile started deviating from experimental data points, especially at the front
impact surface where the radius difference was as much as 10%. The simulation radius
profile also showed bulge at the rear part of the sample compared with the experimental
profile. At 22.51s, the disagreemestwith experimental profile wre moreevident and

the radius difference #lhefront surface reached 20%. The bulge also moved towards the
rear part of the sample. Takingto account the pixel observation error time image
measurement, the simulation radius profile can reasonably describe the deformation

behavior ofthe PTFE 7A / Ti composite at early stages of the impact process at 112.38
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m/s. As time went on, the disagreenseah radius profiles became more and more
obvious, especially at the front impact surface. A bugpearedafter a certain impact
period at the rear part of the sample, and it moved towards the back part of sample as
impact proceeded.

Figure 59 showst he stress contour s s @dsssettianrage di m

each impact stage withetime interval of 25 at theimpact velocity 0201.01m/s:

8us 10us 12us 14ps

Figure5.9. Simulation results of the Taylor impact tes¥jat 201.01 m/s (Batch #2)
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16us 18us 20us 22us

Figure5.9. Continued

Stress contours in Figure 5d@monstrated the maximum internal stesss the sample

ranging from 134to 478 MPa from 2to 22 s with its position moving from the

circumference of the front impact surface to the central area of the front impact surface.
Figures 5.10 - 5.12 comparghe simulation results with experimental images by

measuring sample radius at certain axial intervaRhiotoshopat 65, 1015 and 18s:
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Figure 5.10 Comparison plots of radiugs. axial position between the experimental image and
simulation resultat 6 15, V;= 201.01 m/s
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Figure 5.11 Comparison plots of radiugs. axial position between the experimental image and
simulation resultat 10 15,V,= 201.01 m/s
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Figure 5.12 Comparison plots of radiugs. axial position between the experimental image and
simulation resultat 18 15,V,= 201.01 m/s

At 6 s, the simulation radius profile overall was undemizeomparedto the
experimental radius profile, and the maximum difference between them at the fron
impact surface was about 10%. At H) the simulation profile was still smaller than the
experimental profile but with reasonable agreemémtdimension, and the maximum
radius difference at the front impact surface was around 12%. p&,18e discrpancy
increased dramatically, especially at the front impact segment where the maximum radius
difference reached 29%. The simulation radius profile of the rear part did not show much
difference with the experimental one, but a small buigs still evidentn the simulation

results.
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Figure 513 shows the stress contours tifel ar ge di me n s i-geations amp|l e

at each impact stage withetime interval of 25 at theimpact velocity o282.56m/s:
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10us 12us 14us

Figure5.13. Simulation results of the Taylor impact test;at 282.56 m/s (Batch #2)
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16ps 18us

Figure5.13 Continued

The maximum internal stressin the sample varied from 20t 478 MPa from 2to 18
B8, and its position also moved from the circumference ofrtbre impact surface to the
central area of the front impact surface like described before.

Figures 5.14 - 5.15 compare the simulation results with experimental images by

measuring sample raidat certain axial intervals iRhotoshopat 615 and 105
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Figure 5.14 Comparison plots of radiugs. axial position between the experimental image and
simulation resultat 6 |5, V= 282.56 m/s
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Figure 5.15 Comparison plots of radiugs. axial position between the experimental image and
simulation resultat 10 15,V,= 282.56 m/s
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At 6 1B, the simulation radius profile was undersizmmpared with the experimental
radius profile,but the maximum difference between thdook place at the root area
where radius changed abruptly. The maximum radifisrence at the critical point was
about 12%, beyond whiche simulation radius profilehanged little At 10 15 the radis

difference enlargedfurther, and the maximum difference at the front impaatface

reached as much as 29%nlike the previous snulation resultspulge did not appean

the rear part of the sample

Figure 516 shows the stress contours tifel ar ge di men s i-geationsampl e

at each impact stage withetime interval of 25 |5 at theimpact velocity 0#406.44m/s:
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Figure5.16 Simulation results of the Taylor impact tesWat 406.44 m/s (Batch #2)

The maximum internal stressin the sample increased from 3@6639 MPa duringthe
period of2.5to0 7.5., it thenvibratedaround 55MPathroughout the rest of the images.
Figures 5.17 - 5.19 compare the simulation results with experimental images by

measuring sample radius at certain axial intervaPhiotoshopat 2.5, 55 and 7.55:
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Figure 5.17 Comparison plots of radiugs. axial position between the experimental image and
simulation resultat 2.5 15,V,= 406.44 m/s
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Figure 5.18 Comparison plots of radiugs. axial position between the experimental image and
simulation resultat 5 15, V; = 406.44 m/s
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Figure 5.19 Comparison plots of radiugs. axial position between the experimental image and
simulation resultat 7.5 15,V,= 406.44 m/s

At 2.5 15, the simulation radius profilevell fit the eyerimental resulisand the
maximum radius difference at the frantpact surface was less than 3%. As5and 7.5
18, the disagreememtbecame so edlent that simulation resultso longer properly

reflecedthe deformation behavior of the sample, especially at the front impact area.

5.2.2 Discussions

Based on thaeimulation results and comparisons between simulation radius profile
and image radius profileahe observations on the simulation output wef&) in the
impact velocity range from 200to ~ 400 m/s, the maximum internal stressnside the
sample increased from 15@ 639 MPa, and the location of the maximum stress in each

frame at one impact velocity moved from the circumference of the front impact surface to
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the central eea of the front impact surfacé?) as the impact velody increased, the
deformation behavior at the front impact area became more and more sde¢haethe
radical deformatiorexhibited amushroom shape at the impact velocity of 282rB§ and
406.44m/s, (3) compaing the simulation radius profiles witimage radius profiles taken
during Taylor impact test, reasonable agreeswstefoundat the early stage of impact
deformation for low impact velocities by takingto account of the pixel observation
error in image measurement, j& 112.38n/s until15 s and 201.0In/s until 10p5. At

later stages, differenséetween those profiles became evident, especially at the front
impact surface, and a small bulge appeared in the rear part of the simulation radius profile.
For high impact velocities, i.6282.56m/s and 406.44n/s, differences were observed
even atthe early stages, and the simulation results only destrtbe deformation
behaviorduring very shortmpact time, i.e.6 |5 at282.56m/s and 2.%s at 406.22m/s

and (4) the failure of themodified bhnsorCook constitutive model in describing the
dynamic deformation behavior fthe PTFE 7A / Ti composite at high impact weities

and lde stages at low impact veldes could be attributed to several possibilities
disregarding the intrinsic defects in the constitutive mog¢elg, no fracture criteria
assigned to predict the crack formation tlee PTFE 7A / Ti composite) (&) A solid-to-

solid phase tragition in the PTFE 7A component; k) Change in internalporosity
between particlesand (c) Possible light chemical reaction between PTFE 7A and Ti

components
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53 Summary

A modified Johonsoi€ook constitutive model was developed for the PTFE 7A /
Ti composite by fitting with the stress. strain data points obtained fraime Instron and
SHPB tests at two different strain rates. The built constitutive model was then
incorporated intdAbaqussoftware for simulating the Taylor impact test process for large
dimension samples at different impact velocities. By comparing the simulation results
with images taken during Taylor impact test, it was found t{Btthe modified dhnson
Cook model wasable to reasonably describe the deformation behavitire®TFE 7A /
Ti composite at the early stage of low impact velocitiesti{g)modified dhnsonCook
model failed to depict the dynamic deformation process of the composite at high impact
velocitiesand at the late stage of low impact velocities. Several possible reasons to
explan the fact could be ascribed t¢l) a solid-to-solid phase trasition inthe PTFE 7A
component; Z) change in the internal porosity between particles3) (possible light

chemical reaction between PTFE 7A and Ti components

135



CHAPTER VI

MICROSTRUCTURAL COMPUTATIONAL ANALYSIS OF THE
EFFECT OF CONFIGURATION ON PTFE 7A / TI IMPACT -

INITIATED REACTION

6.1 Overview

The transient images obtained frahe Taylor impact test on medium dimension
samples forthe three batche®f compositesprovided clear evidence of the effect of
sample configuration on the reactivity of impaatiated chemical reaction betweéme
PTFE 7A and Ti componentThe numerical snulation of microstructural deformation
inside the composits during highspeed loading offed insights into understanidg the
mechanism of particle deformar, mixingand ultimatelyreaction initiation.

In this chapter, real SEM images thfe PTFE 7A/ Ti composite from three
batches were imported infshaqussoftware to perform Taylor impact test simulation by
attaching the composite with miscrostructural pagtemto the copper projectile under

thesame impact velocity. The approach for image cosiwa will also be discussed.

6.2 Approach

Importing SEM images intcAbaqusfollowed the fourstep procedures generalized

below:
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1. Convered SEM images into binary images yhotoshopsoftware first
change the RGB images to grescale images irPhotoshopusalt he ficol or
function in Aoptionod menu to separate
component color and seleagirappropriate color tolerance; thest the Ti component as
white andthe PTFE 7Acomponents black to make them biryaimages. Some parts of
the imageequired manuahreshold to separatbetwo phases.

2. Construced vectorized images bydobe lllustratorsoftware usedt he il
traceo function in Aobjecto menu to del
images in *.dxf format.

3. Convered vectorized images ag.iges format: identified by Abaqus in
Rhinocerosoftware.

4. Imported*.igesimages inAbaqusfor simulation setup.

The original SEM images, binary images, and vectorized imaigéhee threecomposite

batches arexhibitedin Figure 6.1:
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(b)

(©)

binary imagand vectorized image (from left to right in each line) of (a)

and (dpatch #3

Figure 6.1 SEM image,
Batch #1, (bBatch #2,
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6.3 Constitutive Models and Input Parameters

The input material parameters for PTFE @welisted in Table 6.1.:

Table6.1 Input material parameters for PTFE 7A

Density Youngi¢ Poi ss Expansion Specific hea Inelastic heat

(mnr) modulus ratio coefficient (mJ/E) fraction
(MPa) are)

2.2x10° 516 0.4 1.640° 1.04.0° 0.5

Figure 6.2showsthe stressss. strain curves at different strain rate for PTREr@om
temperature copied frorthe data points inhe literature study by adquing the Zerilli-

Armstrong mode[73]:

T T T T T T T T T T ,
110 S ]
| <]
. ;
100 + —n—0016s p ]
1 —e—1145" PTEE {
90 29.7 Srll 206 K /{/ ]
1 —v—2650s <
= %97 5180 5™ < v -
© ] i . v
o —4— 22699 s P f
s 70+ (4 v _
N J . v
7] /< v/
o 604 (4 * 1
) ] ) *
= 50 PR ]
@ E /4/4 ’v/V -
g <~< ’vzv
2 404 o« v ]
— /{/{ _v’v/
- E /4,4/4 ¢ vy
30 4/44 /<_V_v_v—v e |
A 00 0@
1 :’V_V v ./._._.,.,./. ®
20 - ) 7./.7.,.,./.* .
.[ o ®® ® .’.’: :/:7./.7.7.7.7.,.,.,./l7-/-7.7./l n-E-E-H
_ .~
104 wmmm" ;
T T T T T T T T , y .
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Plastic Strain

Figure6.2 Stress vs. strain plots at various strain rates for PTFE material &t [Z8p
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The stresstrainstrain rate data sheet was then incorporated Atsaqusfor material
properties input.

The imput material parameters for Ti digted in Table 6.2:

Table6.2 Input material parameters for Ti

Density Young( Poi ss Expansion Specific heat Inelastic heat

(t/mn?) modulus ratio coefficient (mJ/E) fraction
(MPa) are)

4.51x10" 116000 0.32 9.7x10° 5.15x10° 0.9

The constitutive relation for iTwas referred to the study by Hoét al, in which the
Zerilli-Armstrongmodelwas applied with the consideration of the twinning effect of Ti

[52]. Figure 6.3 plots the stressrainstrain rate plane fothe Ti material

Figure 6.3 The stresstrainstrain rate plan fotheTi material with twinning effect at 296
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