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ABSTRACT

ANALYSISOF THE STUDY OF MATERIAL BEHAVIOR
AT IMPACT RATES OF STRAIN

By
Oishik Sen
Despite the practice of using cylindrical specimens in a Split-Hopkinson Pressure Bar
experiment, the use of non-cylindrical prismatic specimens is convenient when testing extra-soft
materials. A part of the current research aims to show the feasibility of using non-cylindrical
specimens in a Kolsky Bar. For this, experiments were conducted with different model cross-
sections at a nearly constant strain-rate in the Split Hopkinson Pressure Bar. The findings suggest
the use of a suitable characteristic cross-section dimension of the specimen to determine the
critical slenderness ratio while selecting a non-cylindrical prismatic specimen. The second part
of the investigation aims to use the SHPB to find out the strength of an adhesive-bonded single
lap joint. The current research focuses on extending existing models to predict the strength of
adhesive joints by introducing a term for strain acceleration, in order to explain the drastic effect
of overlap area of the joints on the dynamic strength of joints. Reasonably good agreement was
found between the experiments and the mathematical predictions at moderately high loading
rates. The third part of the research comprises of developing a Split-Hopkinson Tension Bar. The
design proposed here comprises of an incidence bar which is 10 feet in length. An end of the
incidence bar is coupled to a flange, whose diameter is greater than diameter than the incidence
bar. An annular projectile is alowed to impinge on the flange, thereby generating a tensile pulse

in the incidence bar. With this, the dynamic stress-strain properties of Copper were obtained.
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CHAPTER 1

THE SPLIT HOPKINSON
PRESSURE BAR



1.1INTRODUCTION

Materials and structures are often subjected to dynamic loadkagnites of dynamic loading
are forces applied to a body when it falls on the ground, collsidwo vehicles, impact of a
structure by a high velocity bullet, vigorous shaking of buildings duamgarthquake, impact of
ship by an iceberg etdl.1l] From the mechanics point of view, there are three main

consequences of a dynamic loadjfhg].

0] Stress waves or shock waves are propagated inside a body
(i) The material undergoes large inelastic deformation
(i)  As an end consequence of impact, the modes of vibration within a bodyenay

excited and the body can start “shaking” or vibrating vigorously

The material properties and behavior of solids are vigorousistedféy the type of loading.
There is a general trend among most solids to exhibit incrdlsedtress at higher rates of
loading, while the toughness of the body decrefs8k The term “strain-rate” is often used to
define how quickly the material deforms under dynamic loading. Strairgraie,defined as the rate of
change of strain with respect to time. At this point, it iphglto provide some examples of the

range of strain-rates encountered in typical dynamic problemmsnddan asteroid impact with

the earth, the peak strain-rate developed is in the ordePsf ! [1.1, 1.2]. For ballistic impact

when the velocity of collision is of the order of a few kilometees second, the typical strain
rate developed i80° - 1Ps L. For crash events (like an automobile crash), the typicahstrai

rate developed is in the order 1 - 10*s ™1, However, in practice, for example in the case of

ballistic impact and asteroid collision, the peak strain-ratdbeoultra-high strain rates (in the



orders ofL0°s™* and more) are sustained by a structure/solid for a very lowdpefittme, and

is usually preceded by a relatively longer time of highistrate (in the order 0103—1045_1).
It is in this long regime of high-strain rate that the matarndergoes large deformation and
therefore it is particularly important to understand the behavitheomaterial at this range of

strain-rate. The Split Hopkinson Pressure Bar (Kolsky Bag¥sentially a loading device that is

used to generate a high strain-raﬂé)z(— 1Cfls_1) loading condition in the specimen whose
dynamic properties are desired. In the most commonly adopted egp&airmethod with the
Kolsky Bar, the aim is to study the stress-strain relatiipnsf a material at a given temperature
under high-strain rate conditions.

1.2 THE SPLIT-HOPKINSON PRESSURE BAR: THEORY

The Kolsky Bar loading device is essentially the same akigersal Testing System for
compression, except for three major differences.

. The generation of load in the Kolsky Bar is generally not achiebgd a
hydraulic/pneumatic system, but is usually done by causing afeesto®y projectile to
impact one end of the set-up. However, in some modifications of trekyK8lar, often
one of the bars is subjected to a static load. This bar is hedddiymp at some point
along its length and then the clamp is suddenly released cahbsigad to propagate
towards the specimefi.4]

II.  The bars are not as stiff as the static load-frapies.

lll.  There is no “closed-loop” control system, i.e. the attainment sirate experimental
conditions is achieved through a series of trial t¢4tS] before embarking on the final

experiments. This is because the testing conditions are dependent on the sqopée res



The basic idea of the Kolsky Bar is that the specimen is defbbatween two bars, which
are used as force transducers and are excited above their refegaeincy. The main
advantage of this set-up is that it can successfully decouplaieéiects and high strain-rate
effects, which are generally coupled when materials arecalje dynamic loading. Figure 1.1

shows the schematic of a Kolsky Bar.

Sanal Conditioning Amplifiers > Oscilloscope
/\
vV, Strain Gage 1 Specimen Str ai/n Gage 2 \
| ¥
Striker| Inc. Bar - [ ®m TransBar G2

“—

Figure 1.1 Schematic Representation of the Split Hopkinson Pressure Bar

The SHPB technique comprises a specimen, whose material m®pei to be tested,
sandwiched between two cylindrical bars called the incidencendatha transmission bar. The
cross-sectional geometry of these two bars is, in general, tleessahthey are made of the same
material. An axial impact on the incident bar is caused fygfian air gun, which in turn
generates a travelling compressive wave in the incident baically, the material and the
cross-section of the specimen is not the same as that of tdenoei bar. Hence, due to the

mismatch of mechanical impedance of these two, when the travweting hits the specimen, a



part of it is reflected back into the striker bar and a pattisftransmitted through the specimen.
The transmitted wave impinges on the transmission bar ateslling through the specimen and
travels forth as a travelling wave, while a part of itaflected back into the specimen. If the
specimen is short enough compared to the length of the stresstpeisé is assumed that stress
equilibrium is achieved due to several reflections within the spatiin a time much shorter

than the duration of the test.

For a thin, longitudinal bar the equation of motion for the axial dispiantu, is given by

[1.6]
0%u _ 1 9% 1)
X% cy? ot? '

where Gy is the velocity of a longitudinal wave in the material of the bar and is given by

o B a2

where Eg and pg represent the Modulus of Elasticity and density of the matefighe

incidence/ transmission bar.

Incidence Bar Transmission Bar
_ Specimen >
I ncidence Wave
Transmitted Wave
4—
Reflected Wave
Interface 1 Interface 2

Figure 1.2. Schematic of the Specimen-Bar Interfaces



The solution to Equation (1.1) is given by the classical D’ Aletisbeule to obtain the

displacement as

u=f (x—cof) +g(x+cgf) (13)
Here the functionsandg are arbitrary functions to be determined by initial conditionhef
problem. The stress, strain,e, and particle velocityy can be determined from (1.3) as follows:

_0du _of adg _

M _ T Y sy .

¢ 0X 6x+6x 9 (1.4)
o=E(f'+g) (1.5)
._ou ' ) .

UZE:—COf +cog' =co(~f'+9’) (1.6)

Let the subscript denote the parameters related to the incidence pulge parameters
related to the reflected pulse anithe parameters those related to the transmitted pulse. Further,
let the subscripts 1 and 2 denote parameters related to interfaces 1 and 2, dsrdégote 2.1.

Thus, the displacements, stresses and strains at interfaces 1 and 2 may beddaeydétdijoevs.

w = fi(x—cd)+g(x+cd)=u +u, (1.7)
U = fo(x—cd)=w (1.8)
g=f+0 =y +u =5+ (1.9)
&=f=y =g (1.10)
o =Eo(g +&) (1.11)
05 = Eg& (1.12)
U =co(-¢ +&) (1.13)



b =—Cof (1.14)
The average stresgy in the specimen arises from the assumption that the force actitig

specimen is the average force from interfaces 1 and 2. Thus,

opto E
0, = 1A02A5 A0 _ 0“\0(‘.3i g +8) (1.15)

where Ag and A are the area of cross-section of the incidence/transmissiombatha

specimen respectively. The strain-rate in the specirdgn, is proportional to the relative

velocity of interfaces 1 and 2. This is therefore given by

. _UW—Uu
SS:%:IE(—& +& -5 (1.16)
S S

In Equation (1.16)ls denotes the length of the specim&he specimen strair§g , can thus

be obtained as

t

Eg= [ &1 (1.17)
=0
If the specimen deforms uniformly, then
§ +& L& (1.18)
Under these conditions, equations (1.15) and (1.16) modify as
B
o,=—"22g (1.19)
A
. 2
£=-¢ (1.20)



Figure 1.3 shows representative incidence, reflected and traegmiitses for a dynamic

experiment of Aluminum 6061-T6 specimen, and the corresponding strass:amtionship for

the same.
0.5 -
~ & /\W\ g
g T T T E
e 0 50 100 150 :
E o5 4
.% )
@o-1- Time (u9)
0 2 4
-1.5 - :
Strain (%)
—Incidence Pulse ——Reflected Pulse (b)
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(@)

Figure 1.3 Representative curves in a Kolsky Bar Experiment with Al666jp@cimen (a)
Profile of the pulses as measured by strain gages (b) Dynamic $te@s<sirve

For interpretation of the referencesto color in thisand all other figures, the reader isreferred

to the electronic version of thisthesis.

Equations (1.1) through (1.20) follow from Shukla and Ddllyj.

1.3 The Split Hopkinson Pressure Bar: Discussions

In order to attain a representative dynamic stress-sttave of the specimen, and to enable

post-impact observations, the following requirements must be ddlfilh a Kolsky Bar

experimen{1.5]



0] The specimen must deform at the desired strain-rate. Thisegognt means that the rise
time of the incidence pulse must be kept as small as possibdeipacison to the entire length
of the pulse. Ideally, for the impact of two elastic bodies, eangeilar pulse is generated in the
second body. However, in reality it is almost impossible to olatgoalse with a zero rise-time.
Therefore, the condition is usually achieved by using a long prejemtid adequate pulse
shaping techniques. In fact, it can be shown from one-dimensional glzatad theory[1.6]

that if the length of the projectile, whose densityjisis |, and the velocity of the projectile at

the time of impacting the incidence baMsthe peak amplitude of the strain-pulse developed in

the incidence bar is given by

_ A%
& ‘max_ﬁ (1.21)
while the duration of the total pul§g., is given by
2o
tinc =— (1.22)
0

If tj,c IS comparable to the rise time of the incidence pulse, then timeered peak strain is

considerably low. The results from such an experiment do not preseptegentative behavior
of the material as the peak strain-rate, because prior to auhitna peak strain-rate the material
has already been plastically deformed. If the length of thegtilejés long, then the numerator
in the right hand side of Equation (1.22) is considerably large, ticusasing the total duration
of the pulse. The rise time, in such pulses, are negligible cothparthe overall length of the
pulse.

The technique of pulse shaping comprises placing a thin sheet ofr"butierial (like

Copper, Rubber, Paper, Polycarbonate etc) between the incidence bz atriker. As the soft



material undergoes large deformation at impact, the matgadrally being of low mechanical
impedance than the incidence bar, causes a delay in the over-allgndse due to several
internal successive reflections of the pulse within it. This regltie amplitude of the incidence
pulse and considerably elongates the length of the pulse.

The topic of achieving desired test conditions by the pulse-shashgique has been an
active field of research. In a study by Fretwal. [1.7] an analytical model for the response of a
pulse shaper had been established for an elastic-plasticahatee recommendation was to use
a “dual” pulse shaper, the striker end of which was manufacturedrimaked copper and the
incidence bar end of the same was manufactured by mild steelddn tor generate dynamic
hysteresis loops, a similar technique was adopted by Song and[C8nn a research by
Vecchio and Jian@l.9], a comparison was made between a pulse-shaped SHPB experiment
and a non-pulse-shaped SHPB experiment. It was found that aftespafsag, a large zone of
constant strain-rate was maintained for both high work-hardeningiataitas well as for low
work-hardening materials. For testing brittle materials, Feeval. [1.10] used a thin disc of
annealed copper as pulse shaping material to ensure the attainm@métaht strain-rate prior to
material failure. For testing shape-memory alloys, a amupllse-shaping was used by Nemat-
Nassert. al. [1.11] except that he used a copper tube, instead of a copper dist¢utty @s the
dynamic strength of adhesive lap joints Srivastaval. [1.12] used a rubber pulse shaper for
the experiments.

(i) Deformation in the specimen is nearly uniform. This means tmatstrain in the
specimen is homogenous and the average value of the strain obtainggatrof (1.20) and
(1.17) defines the behavior of the entire specimen. If the specimem@d¢ifam is non-uniform,

for example due to wave-propagation effect, then the average valhe specimen will no

10



longer reflect the deformation history of the entire specimds.usually a practice in a Kolsky
Bar experiment to measure the specimen stress from fordéoggm considerations at interface
2 and the specimen strain and strain-rate from interfacasithién assumed that the stresses and
strain so obtained are the same at each point, and the stresses iastant of time from
interface 1 correspond to the value of strain at the same imdtéinte at interface 2. This can
only be assumed if the specimen deformation is uniform. This iganachieved by keeping
the length of the specimen small.

(i)  Stress in the specimen is uniform. This requires that theraligibée wave-propagation
effect in the specimen. This requirement amountsffiecively neglecting theffect of axial
inertia on the specimen. This is achieved by choosing the spet@mgth to be much shorter
than the total length of the incidence pulse.

Conditions (i) and (ii) have called for thorough research for the fpastecades. Both
conditions boil down to ensuring that the force at both ends of the spemaerform. This
condition is generally not met in the first few microsecondaroéxperiment. However, as the
incident stress-wave on the specimen undergoes successicgaeslethe stress builds up in the
specimen and a quasi-static condition is achieved. Based onstodgteamic analysis, attempts
have been made to quantify the equilibrium time in the specimen. Dawue Huntef1.13]
showed that at least three internal transits of the incident ar@vaeeded for achieving stress-
equilibrium in the specimen. Similar conclusions have been drawrollgnBbeect. al. [1.14],
Chen[1.15] and Wu and Gorhaii.16]. A more conservative estimate was provided by Subhash
and Ravichandrafil.17] who proposed that at least eight internal reflections of theance
wave is necessary for stress equilibrium. In a thorough analy¥arg and Shinjl.18], it was

demonstrated that a pulse with a finite rise time takesrlésae to be equilibrated than a

11



rectangular pulse. However, the conclusions have been based on uhegptass that the
specimen remains elastic till equilibrium is achieved.
(iv)  Specimen is loaded once by a well-defined loading history. This esqdirat the
specimen is not subjected to a train of pulses. If the incidenctharithnsmission bar are very
short compared to the travel time of the pulses along the incidedcgaamsmission bars, then
before the first incidence pulse is reflected back on therspecianother pulse impinges on the
specimen. The specimen is then subjected to successive loads anestharsd strain history on
the specimen cannot be obtained. Generally, by choosing the length aicitience and
transmission bars equal to 1m and by choosing a small strikefldmg enough to satisfy
condition i) this condition is satisfied. In practice, a strikeleofyth below 250 mm is found to
give satisfactory results.

In addition to the above mentioned requirements, there are also armirabgumptions that
have to be satisfied for Equations (1.17) through (1.20) to hold.
) The Hopkinson Bars remain linear elastic. This not only allows # ai bonded-
resistance strain-gages to measure the strains in the ineideddransmission bars repeatedly,
but also allows the use of the elastodynamic theory to estithatestress and strain in the
specimen. The bars are therefore generally made of metals with Hdjsty@ngth like maraging
steel or high yield-strength aluminum (Alloy 7075, for exampld)isTalso limits the input

velocity of the striker as follows.

V<Y (1.23)
o

where o is the yield-stress of the bar

12



(i) The effects of dispersion in the bars are small. This meanththatlses as recorded by
the strain-gages are representative of the strains at cdsrfa and 2. However, from
elastodynamic theory, it turns out that the phenomenon of longitudinal prvapagation in a bar
has a dispersive effect, in that the wave-length and the frequeEintlye waves are inter
dependant on one-another. Thus, the incident, reflected and transmittexichalsge as they
move along the input and output bars. However, Equations (1.1) through (1.2®ekavieased
assuming the condition that the shape of the pulse does not change teavitlealong the bars.
Two consequences of dispersion are important. First, dispersion inewitdbbes superimposed
oscillations in the loading of the specimen. Second, shorter gutses with sharper rise times
cause greater dispersion because of the greater high-frequeerient and the wider range. One
approach to minimizing the effects of dispersion is to use pulse-shapingatsdteat are placed
between the impacting projectile and input bar .This results ishthping of the incident wave
with a longer rise time and thus lower dispersion.

Davies[1.19] used numerical results from the Pochhammer—Chree frequencyoegutti
determine the dispersion of a travelling elastic wave. He foundantiia¢ Hopkinson bar test, the
wave belong to the first mode of vibration. Lifschitz.20] developed an algorithm for
viscoelastic corrections. Follansbete al. [1.21] repeated the calculations of dispersive wave,
originally made by Davies, to analyze split Hopkinson pressureebalts. They showed that the
fundamental mode of vibration is excited in the impact test of SH®B and a dispersion
correction was suggested to reduce the magnitude of the doscglaf the stress—strain curves.
In a numerical study by Govendet al. [1.22], evidences of higher modes of frequency being

excited was shown.
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(i)  Effects of radial inertia are negligibly smallhe compression loading is accompanied by
radial expansion of the specimen. This radial expansion is opposeddojahinertial effect
which increases by decreasing pulse length and increasing pulse amplitietaildd discussion
of radial inertia in samples in a Kolsky Bar Experiment is given in Chapterh2 oéport.

(iv)  The effects of end conditions are neglected. This effectively dous to stating that the
frictional coefficients at interfaces 1 and 2 are neghgsall. Indeed, Equation (1.1) through
(1.20) are based on a one-dimensional analysis. The effects iohfatthe ends cause a state of
non-uniform triaxial state in the specimen. Friction constraiiseddges of the specimen to
expand freely and results in an over-reading of the yield stress. In a stBaytbglf andKarnes
[1.23] the choice of critical specimen dimensions so that the frictional restreemsisimized as
well as axial equilibrium and minimal inertial stress tiaed are discussed. In addition, the
most widely adopted practice is to lubricate interfaces 1 amdtBas the effects of friction are
minimized. Lubricants are shown to be more effective in a higlinstate experiment than in a
static experiment, simply because the lubricant has a lowerttirfail. Molybdenum Disulfide,
Graphite, Petroleum Jelly, Teflon are the common forms of lubrgeamerally adopted. A report
of different lubricants and their effectiveness in reducing theficient of friction has been
widely studied[1.16, 1.22, 1.24, 1.25, 1.26]. In addition to effective lubrication, the specimen
dimensions also play an important role in ensuring minimal fricticestraints. Gorharfl.16]
pointed out that larger specimens deformed at the same strainnkative longer radial
displacement at higher velocities than in the case of smalinspes. Lubricant breakdown is
more likely under large displacements and loss of lubricant Ibiyngets enhanced at high
velocities This may subject the larger specimens to veldependent frictional restraints,

which can contribute to rima facie strain rate sensitivity of the material.
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1.4 The Split Hopkinson Pressure Bar: Modifications

The Split Hopkinson Pressure Bar technique has been developed sinceptson for testing
different types of materials. As the design of an experimeatkinlsky Bar is widely dependant
on the material response, there is a lack of “closed-loop” contro& fariori experimental
design. In this section a more-or-less generalized techniqueffienredt types of materials and
testing conditions are presented.

(i) Brittle Materials.

Brittle materials have the general characteristic that lla@e a linear elastic stress-strain
profile and have very little plastic deformation. The only reliatdta obtained in case of brittle
materials from a Kolsky Bar experiment is their failuess. These materials fail at low values
of strains and can fail prematurely from high stress concerigatit is therefore imperative to
ensure that the materials are in a state of equilibratexsb strel deformation before their failure.
Pulse shaping is critical to these types of materials. A special thagtle materials is ceramics.
In addition to the problems described above, ceramics being suffichemtly can indent the bar
surfaces, thus causing considerable stress-concentrations alongrdhmenference of the
specimen end faces. In a research by Subhash and Ravichgh@gnthe use of impedance-
matched tungsten-carbide insert was recommended at the spdxammterfaces. The inserts
are generally confined by a steel ring of slightly smalteckness than the inserts to ensure
maximum impedance match. However, the use of inserts can leagdated loading on the
specimen, therefore the use of sabot mass is recommended awediately produces a tensile
pulse following the initial compressive pulse in the incidence Has dauses the separation of
the bar-specimen interface immediately as the tensile pe&shes the specimen. Figure 1.4

shows the recommendations for a brittle material suggested by Suybtza$h
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Figure 1.4Modification for brittle materials in a Kolsky E [1.27].

A detailed research on the effect of sabot massnamaientum trap has been conductec
researcher$l1.28, 1.29, 1.30], while a research on the pulse shaping techniguneslimiting
strain-rates 1.7, 1.17, 1.27] indicate that a ramp loading generated kcopperpulse shaper is
ideally suited for testing brittle materie
(i) Low impedance materials

Low impedanceamaterials like polymers, rubbers, foams are pddrty difficult to test
because of the following reast

» Attainment of axial equilibrium takes a long tinmethes

* The transmitted signal is very I

Several modifications have been suggestedhis. Chen[1.31] useda hollow transmissio
bar for measuring the forces, the hollow transroisdvar, having a reduced area, llower
mechanical impedanand thus the signals are considerably amplifiethensameChen[1.32]
also used quartz-crystabhsducers at the specin-bar interfaceso enable direct measureme
of forces in the specimerHowever, in a study by Weerasool[1.33], the quartz cryste
transducer at the incidence face was found to g@yhsensitive to acceleration, thereby pg a

problem for accurate determination of the incidefacee, unless the reading are |-corrected
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for transducer acceleration. In a recent study by Hiermaer Meenken[1.34], the use of

Polyvinyl Denoflouride (PVDF) thin film sensors at the incideace transmission interfaces
has been demonstrated. The use of viscoelastic pressure barétition for attenuation and
dispersion have also been recommenide8b, 1.36, 1.37, 1.38, 1.39]. The use of viscoelastic

bars poses the added difficulty of post-correction of the strgmals in the incidence and
transmission bar. Several post-correction algorithms have been propodechost of these

require a precise knowledge of the material properties of thanpolused for accurate post-
correction of solutions. In a recent study by Johretoal. [1.40] an excellent comparison of the
testing techniques for soft materials has been provided. The asaswoelastic bar reduces the
level of noise and high-frequency oscillations in a Kolsky Bar, whaeverely brings down the
strain-rate. A hollow aluminum transmission bar, on the other hamdblemnhigher strain-rate

testing and the analysis is also easier, but the level of noise is rglaiyeér in this.

1.5 Description of the current resear ch work
The current research does not focus on characterization of aufsarticaterial using a Split
Hopkinson Bar, rather focuses on some theoretical aspects of the HopRerserperimental

techniques.

Chapter 2 proposes a standard for adopting non-cylindrical spscima Split Hopkinson
Pressure Bar. Despite the practice of using cylindricalis@es in a Split-Hopkinson Pressure
Bar (Kolsky Bar) experiment, the use of non-cylindrical prismagiecimens is not uncommon.
This is convenient when testing extra-soft materials like Hrssues, muscles or samples which
are brittle and cannot be machined to an exact cylindrical dik@peone-samples. The use of a

non-cylindrical sample with a flat surface also renders theirse® amenable to a 2-D image
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correlation algorithm. This part of the current research airshdw the feasibility of using non-
cylindrical specimens in a Kolsky Bar. For this, experimemése conducted with a model
material of different model cross-sections at a nearly conhsteain-rate in the Split Hopkinson
Pressure Bar. The findings suggest the use of a suitable chat@cteoss-section dimension of
the specimen to determine the critical slenderness ratio wgkeilecting a non-cylindrical
prismatic specimen. It has been shown that if the specimen degiguerned by the suggested
slenderness criterion, then there is no effect of specimen lengttoss-sectional shape on the
stress-strain curve of the material. Through the use of a conomafatode, the research also
shows the effect of non-uniform axial stress-distribution alongnb®s-section of the specimen,
resulting due to specimen geometry. On quantification of the stassiniformity along the
cross-section of the specimen, the findings indicate that the mdgrot the non-uniformity is

both small and temporary.

Chapter 3 addresses the issue of the drastic effects of owaeln adhesive bonded lap
joints for determination of the dynamic strength of the same.tlkisr experiments were
conducted at different loading rates, for identical metallic afttsr bonded by a two-part epoxy
adhesive. Four different types of specimens were adopted, alavgiven adhesive thickness.
The length of overlap and the out-of-plane thickness of the adherendsaviex, resulting in
four different area of overlap. It was found that the averagegskreas predicted by the Kolsky
Bar, increases with a decrease of overlap area. An elastoaynsodel for the shear strain of
the adhesive-bonded single lap joint was developed to investigatdrakisc effect of overlap
area on the average strength of the joint. The mathematical madd¢bund to be dependent on
both the material properties of the adherend and adhesive, as well stsuctural properties of

the joint, viz. the out-of-plane thickness and the thickness of the adhagere A combined
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experimental-numerical technique was used to predict the slistitbution over the length of
the bond in the adhesive. It was found that the edges of the adhestveuvgcted to maximum
strain, while a large part of the adhesive was found to exhitotstesar strain. For a given out-
of-plane thickness of the adhesive/adherends, reducing the overlap dkgigtly increased the
peak strain in the adhesive joint, however, the total length of non-zano &t the time of failure
remained the same. But, if the out-of-plane thickness is reduceddwen overlap length, the
maximum strain is decreased, along with a larger increadeedéngth of adhesive with non-
zero strain. The cumulative effect of averaging the strain dwerentire overlap area was
decreased shear-strain for an increased overlap area. The IBalskyas identified to predict
conservative estimate of the shear-strength of an adhesive bondeshiiapnder high rates of

loading.

Chapter 4 addresses a design of a new Tensile Hopkinson Bar Gortiposite Vehicle
Research Center. The design proposed here comprises of an indiderwekich is 10 feet in
length. An end of the incidence bar is coupled to a flange, whosectdiams greater than
diameter than the incidence bar. An annular projectile withinitger diameter equal to the
diameter of the incidence bar and outer diameter equal to the ffaalj@wved to impinge on the
flange, thereby generating a compressive pulse in the samd, trdorerses the entire length of
the flange and is reflected from the free end as a tensse.plihis pulse is used for loading the
specimen. Choice of a proper flange length, the use of a momemtorartd are found to be
crucial for the proper functioning of the Split Hopkinson Tensile Bapper was selected as the
model material and its dynamic tensile properties were dated using the Split Hopkinson

Tensile Bar.
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1.6 Conclusion

This chapter was aimed at developing the theoretical backgrofirtle Split Hopkinson
Pressure Bar technique. The technique of the Split Hopkinson Pressw@s described. The
equations for calculation of specimen stress, strain-rate aath stiere derived. Different
assumptions involved in the Kolsky Bar experimental technique was saddrealong with
relevant review of literature of the same. Issues relaiecharacterization of some types of
materials were addressed along with relevant review of literadf the same. Finally, the

chapter concluded with a brief abstract of the scope of the current reseakch wor
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CHAPTER 2

ON THE USE OF NON-CYLINDRICAL
SPECIMENSIN A KOLSKY BAR
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21 INTRODUCTION
The Split-Hopkinson Pressure Bar (SHPB) is a standard apparatmedsuring the mechanical

response of materials at high strain-rates. The SHPB techniguojerises a specimen, whose
material properties are to be tested, sandwiched between two cylif@dnisalalled the incidence
bar and the transmission bar. The cross-sectional geometry ofttéedars is, in general, the
same and they are made of the same material. An axiattiropdhe incident bar is caused by
firing an air gun, which in turn generates a travelling compresaiave in the incident bar.
Typically, the material and the cross-section of the specimarot the same as that of the
incidence bar. Hence, due to the mismatch of mechanical impedfticese two, when the
travelling wave hits the specimen, a part of it is refleceazk bnto the striker bar and a part of it
is transmitted through the specimen. The transmitted wave impinges on theitsams bar after
travelling through the specimen and travels forth as a travelage, while a part of it is
reflected back into the specimen. If the specimen is short enough reairipahe length of the
stress pulse, then it is assumed that stress equilibrium isvadhdue to several reflections

within the specimen in a time much shorter than the duration ofedte Based on one-

dimensional calculation.1], it has been established that the amplitude of the transmitted pulse

is a measure of stress in the specimen and the amplitude oéflbetead pulse is useful in

calculating the strain rate in the specimen. The equationsréssSg, strain rate€g and strain

&s in the specimen of cross-sectional adgand lengthlg deforming homogenously are

given by:
o5(t) :%t(t) 2.1)
s~ __Zcolir © (2.2)
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t
£q(t) = j é4(r)dr (2.3)
0

where Ay and Ej refer to the area of the cross-section and modulus of elastic¢lyg incidence

bar respectivelyg is the axial strain; while the subscriptgndr refer to the waves as recorded

as a transmitted wave in the transmission bar and reflectedimnvétve incident bar respectively;

(o is the velocity of propagation of a longitudinal wave in the bar of mass depgity

 =+/Eo/ Po (2.4)

Generally, the specimen whose material-properties are desoglhdrical. However, cases
when non-circular specimens are chosen are not uncommon. This @ulpdsti convenient
when working with specimens which are difficult to be machined intexact cylindrical shape
like muscles[2.2], bones[2.3], and have been commonly used for testing graphite epoxy
compositeg2.4], carbon-epoxy laminated composifés$], graphite epoxy-composite laminates
[2.6], RCC Materials[2.7]. Figure 2.1 shows some examples of specimens where an exact

cylindrical shape was difficult to prepare.

Y
o

(@) (b)

Figure 2.1: Examples of cases where machining cylindrical specimed#fecult

(a) Porcine Musclg2.2] (b) bovine cortical bonE2.3]
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With advancements in optical methods for full-field strain cateuia, the combination of
image-correlation techniques for specimen strain calculationspinech with impact loads
generated with a Kolsky Bar has been widely practiced and adfh&2.9]. Usually, if the
specimen is cylindrical, as is typically adopted, then a 3-Rgencorrelation algorithm is
adopted. In a recent study by Schmidt and Ty&ot0] the relative convenience of 2-D image
correlation over 3-D image correlation has been reported. If arBdge correlation is to be
adopted, then there is a necessity of a least one flat fattee @pecimen, which causes one to
deviate from cylindrical to non-cylindrical specimens. In a stug\Slviour [2.11], the use of
cuboidal specimens in a compression Hopkinson Bar has been demonstrated.

In a cylindrical specimen, the specimen design is governed byeclobian appropriate
slenderness ratio (which is the ratio of the length to dianoétihe sample). In such specimens,
the critical value of the slenderness ratio has been resed@h2d?.13]. However, in a non-
cylindrical specimen such a slenderness-ratio has not been defiroett Reidies on the effect
of specific cross-sectional shapes of specimens on the dynstneiss-strain curve in a
Hopkinson Bar Experiment have been carried out by Eyassu and Yidpand Pankovet. al.
[2.14] and the results indicate that the shape of the cross-section doaf$enbthe dynamic
stress-strain curve of the material drastically. In theectrinvestigation, a general design
criterion for any non-cylindrical samples is proposed by sumggesan appropriate cross-
sectional dimension and a slenderness ratio for a specimen \uitihargr cross-sectional
geometry. Furthermore, a model for radial inertia for non-cylmadirispecimen has been
proposed by extending the existing model of Sam@ghi#a] for cylindrical specimen. With the

use of a model material and model geometry of specimen crassasehe effect of cross-
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sectional shapes of a prismatic specimen has been studied wldesigreof specimen is carried

out based on the recommendations suggested in the current investigation.

2.2  Design of Specimen
In a Hopkinson Bar Experiment for material characterization etlexist several important
factors which guide the design of a specimen. The major consaderati designing a specimen
of appropriate dimension are:

» The effect of friction at the interface between the bars and the sample

* The effects of lateral inertia in the sample and,

» The necessity to ensure the condition that the specimen is sdbjeateiform stresses

throughout its length.

In the current investigation, Aluminum 6061 alloy has been chosen amti® material for
studying the effect of cross-sectional shapes. The model aosmal shapes of specimens
adopted are rectangular, square, and hexagonal; and are all abraganmest specimens with

circular cross-sections. Table 1 summarizes the specimens adopted inghtiouestigation.
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Table 2.1. Description of Specimens Adopted in the Current Investigation

Cross-section of the Specimen Length of the Specimen Nomenclature

Hexagon (Hex1) 5.5 mm Hex1short

Edge Size: 6 mm 8 mm Hex1llong
Hexagon (Hex2) 4.5 mm Hex2short

Edge Size: 4.5 mm 6 mm Hex2long
Rectangle (Recl) 3.5 mm Reclshort
Edge Sizes: 6 mm x 6mm 5 mm Recllong
Rectangle (Rec 2) 6 mm Rec2short
Edge Size: 6.5 mm x 12.7 mm 8 mm Rec2long
Circle (Circl) 6.4 mm Circlshort
Diameter: 12.7 mm 9 mm Circllong
Circle (Circ 2) 5.5 mm Circ2short
Diameter: 11 mm 8.3 mm Circ2long

Figure 2.2 Specimens adopted in the current investigation
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A major assumption involved in the calculations of the dynamic sttess behavior of a
specimen is that the specimen can be approximated as a one-dinesigectain which at any
given cross-section, the stress is the same, i.e., the radiabudien of stress is uniform.
However, as a specimen is subjected to a compressive wave, Hasgon’s effect, the cross-
section of the specimen tends to expand, which is resisted by &alia#ect. For specimens
with circular cross-section, the stress arising due to ratkalia has been widely studied and
researched. Details of these can be found in KolgKy,[Davies and Hunter2[16], Samanta
[2.15], Gorham P.17,2.18], Forrestalet. al.[2.19], Songet. al. [2.20], Warren and Forrestal
[2.21] and an excellent account of the same is given in a book chapkarbgsh 2.13]. In the
current investigation, we propose a model for radial inertia foranmootar specimens, following
the approach of Samanta by the use of material coordinates fepéoemen. The detailed
derivation and discussion regarding the same can be found in the appesfdixeApaper. Here,

however, we present the final result in equation (2.5).
_ J h). (3 n?),
Op =P —P| 5~ |E+P| o t— |¢ (2.5)

Heredp denotes the stress in the specimByy, is the traction at the specimen-transmission
bar interface,0 is the density of the specimed,and A refer to the polar moment of inertia

and area of the cross-section of the specimenhaigdthe length of the specimen. For a material
of high flow stress, the effect of inertia is negligibly smalhd as has been shown in the
appendix, is smaller by orders of magnitude for aluminum specinlersn be significant for

materials of low yield strength, as has also been reported in litefatiBe2.21].

In a typical Kolsky Bar experiment, stresses and stra@snmerasured from the signals
produced in the strain gages mounted on the transmitter bar and temagcbar respectively. It
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is assumed that the stress and strain are uniform throughout gitte ¢dérihe specimen. This in
turn, results in an assumption that neglects the effects of iagidila in the specimen and this
holds good only if the specimen is short enough so as to attaineguiibrium due to several
succesive reflections of the stress wave generated in thengmem a time much shorter than
the entire duration of the tej2.22, 2.23, 2.24, 2.25, 2.26]. From an elastodynamic analysis for
composite materials, Subhash and Ravichan{&tB, 2.24] showed that approximatly eight
internal reflections of a stress-wave in the specimen ardedetor axial equilibrium, and

provided the following equation for equilibrium time,

T-gls (2.6)
Cs

wherelg is the length of the specimen afglis the velocity of sound-wave in the specimen.
This shows that longer the length of the specimen, longer is tleevimen the assumption of
stress uniformity throughout the specimen holds. This implies thlabrder specimen is better in
terms of stress-uniformity throughout the length of the santydeiever, shorter the sample,
greater are the effects of interfacial friction. In theeca$ cylindrical specimens, the critical
slenderness ratio, based on the considerations of inertia, axial mityfaof stresses and
interfacial friction has been researched widely and for a saofptiameterd and length an
accepted value of slenderness r§#id4] is

I

—=05 2.7

g (2.7)
A less restrictive slenderness ratig2id5] is given by

g (2.8)

qs :
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Unlike in a cylindrical specimen, where the diameter is chasbe the characteristic cross-
sectional dimension, in a non-cylindrical specimen, the charaaterisiss-sectional dimension
needs to be arrived at. This arises from the derivation of ihsttésses in the sample, wherd if

is the polar-moment of inertia of the cross-section of the saamulé is the area of the cross-
section, then the characteristic cross-sectional dimen@ replaces the terms involving
diameter @) in the inertial stress terms. Thus, the more generah, t¢tJ/A (which is

equivalent tod/ 2J2 for a cylinder), forms the appropriate characteristic crestienal
dimension for a specimen of arbitrary cross-section. The crgieatlerness ratio of a specimen

of arbitrary cross-section therefore becomes

L (2.9a)

J

A
HEPPY: (2.9b)
f

A

< 2.8 (2.10)

On substitution of the value f@m for a circle, Equations (2.9)-(2.10) reduce to
Equations (2.7) - (2.8); however, Equations (2.9)-(2.10) is valid for a prismatic specithen w
any cross-sectional shape, whereas Equations (2.7)-(2.8) are valid for spetithe@nsular
cross-sections alone.

To check if the length of the specimen of a given cross-sectiectsathe dynamic stress-

strain curve, two different lengths of the specimen were adoptedcgdj® the restrictions
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imposed by Equation (2.9) and (2.10). Table 2.2 summarizes the value ofrséssdeatio for
each of the samples chosen.

Table 2.2: Slenderness ratio of the specimens adopted

Sample Name Slendernessratio |/(M)
Hex1llong 2
Hex1short 1.4
Hex2long 21
Hex2short 1.5
Recllong 2
Reclshort 1.4
Rec2long 1.9
Rec2short 1.5
Circllong 2
Circ1short 1.4
Circ2long 2.1
Circ2short 1.4

A major cause of erroneous results in a typical Hopkinson Bariegue is interfacial
friction. Friction at the interface of the specimen-incidencealarthe specimen-transmitter bar
causes the ends to be constrained against free expansion and &retes of non-uniform
triaxial stress in the specimen. Analysis and minimizationfrition in Hopkinson Bar
experiments has been an active field of resef2@&y, 2.28, 2.29, 2.30]. Interfacial friction is

highly dependent on thenaterial to be tested. In the current investigation, the methods of
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reducing interfacial friction for metallic specimens, as satgge by Hartleyet. al. [2.30] are
adopted and are briefly summarized. The rationale behind each ofltverig steps is beyond
the scope of current discussion and only the key points are summarized.

0] The ends of the incidence and transmission bar were polished u6bP@ait SiC

paper.
(i) The specimens were polished in a random fashion using a 1200-grit SiC paper
(i) A thin layer of Molybdenum Disulfide lubricant was applied at the eridse bar, to
avoid heavy lubrication.

(iv)  While sandwiching the sample, it was ensured that the sample is free to slide.

Having adopted the above mentioned measures to minimize the effewsgtiaf(due to the
choice of the model material), hon-uniform stress-distribution inrsgezimen (by appropriate
choice of specimen length) and interfacial friction (byahl& lubrication methods and choosing
appropriate specimen slenderness ratio), the samples wekdesiearly constant strain-rates to
study the effect of specimen geometry. To ensure that aflaimples were subjected to almost
the same strain-rates, irrespective of the different lengteaoh sample, different projectile
lengths (ranging from 203.2 mm and 101.6 mm) were adopted and differsatghalpers were
used for pulse-shaping. The strain-rate adopted was in the range ef40@8. The specimens
were sandwiched between two high-strength steel bars, eadhatf was 1.8288 m (6 ft) long
and 15.875 mm (5/8 inch) in diameter. The responses were measureglegitital resistance
strain gages, bonded to the middle of the incident and transmittercoarseected to Vishay
Signal Conditioning Amplifiers (Model 2310B); and the response fromstian gages were
recorded on a LeCroy digital oscilloscope (Model 354A). Equationsh(dugh (3) were then

used to obtain the time-resolved stress and strain history in the specimen.
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2.3  Resultsand Discussions
2.3.1 Effect of Specimen Length

The first effect of specimen length that was investigated tvascondition of force
equilibrium on both ends of the specimen. It was found that good equilibriists ex both the
end faces. The variation of axial forces with time on both endseo§pecimen, Rec2long, is

plotted in Figure 2.3.
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Figure 2.3. Check for axial equilibration of the Specimen (a) The pulses measured
from the strain-gage readings (b) Plot of Ratio of Forces at the Incidaneeier

Transmitter Face

The specimen was found to attain axial equilibrium in approxima@iyicroseconds for a

pulse that was over 100 microseconds in duration. Table 2.3 summarisepiif@ium time as

measured from strain-gage data in the specimens.
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Table 2.3: Axial Equilibrium time in Specimens

Specimen Equilibrium Timeas Equilibrium Time predicted from
Measured from Strain- Equation (6) (us)
Gages (us) (Approximated at First Decimal Place)

Hex1long 10 12

Hex1short 6 8

Hex2long 8 9

Hex2short 6 7

Recllong 6 7

Reclshort 4 5

Rec2long 10 12

Rec2short 8 9

Circllong 12 14

Circlshort 8 10

Circ2long 10 12

Circ2short 8 8

Dynamic stress-strain curves of each type of specimemanersn Figure 2.4. It was found
that except for the initial rising part of the curve (whishgenerally not of much concern in a
Hopkinson Bar experiment due to effects of varying strain-rateyetis no drastic effect of

specimen length of a given cross-section on the dynamic strassirve of the specimen (at

least after a strain of 0.01) and the stresses are within 4% of each other.
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2.3.2 Effect of Specimen Cross-Section
The influence of specimen cross-sectional shape is now studiedtte sffects of deviating
from a cylindrical to a non-cylindrical specimen. A comparisonhef $tress-strain curves of

specimens with non-circular cross-sections to those with circutas-sections is shown in

Figure 2.5.
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Figure 2.5. Comparison of Stress-strain Curves of Specimens of Differest<acsnal

Shapes (a) The Stress-strain Curves (b) Comparison of Yield Stress
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From Figure 2.5, it can be seen that the rectangular samgledy slinderestimate the
yield stress in the sample, however, the deviation of yield stress of agidataspecimen from a
cylindrical one remains within 10%. The specimen geometry is thusdf not to affect the
dynamic characteristic curves drastically, provided the speTistenderness ratio is guided by
Equations (2.9) and (2.10), and interfacial friction is properly takendotsideration. In the
ensuing section of the investigation, the assumption of stress-unifaloitg the cross-section

of the specimen has been investigated.

2.4 Analysis of Stress-Uniformity along the Cross-section of the Specimen

A Hopkinson Bar experiment rests on the fundamental assumptiorhéhsiréss in a specimen
is uniaxially uniform[2.16]. While this assumption is quite trivial when using cylindrical
specimens in combination with cylindrical bars, this may becom@naern when experiments
are performed using non-cylindrical specimens in combination withd bars. This section of
the investigation is aimed at studying and quantifying the tsfigicsharp edges in the specimen
on the assumption that the specimen stress is uniaxially unifored lmas numerical studies
using a commercial Finite Element Software ABAQUS 6.8. Aniexm@nalysis is performed
with the use of 8-noded linear brick elements with reduced integrahd hour-glass control
(C3D8R). The effect of friction has been neglected at the specimen-baagetednd frictionless
tangential contact conditions are used at the specimen-bar inserfache current modeling,
four types of specimen were chosen: a cylindrical sample wittmed&a 4mm, a hexagonal
sample with edge size 4.5mm, a rectangular sample with edgdram x 12mm, and a square
sample with edge size 10 mm. A trapezoidal load was given in tmediodistributed pressure at
one face of the incidence bar. Figure 6 shows a typical mode¢ @ntire assembly and the load

given at the incidence face.
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Figure 2.6 A Model of the SHPB Assembly Developed in ABAQUS

The axial stress was calculated at the centroid of daotelt at the incidence face. It was
osbserved that there is a variation of stresses in the specinmantovgtress concentration at the
sharp edges when using non-circular specimens. In a study by Perdof2.14], it was shown
that the non-uniformity of stresses along the specimen crossrsdae to the presence of sharp
edges is small in magnitude. If the standard deviation of the edre$sll the elements in the
cross-section of the specimen is calculated to quantify the amowatiation of stress along the
specimen cross-section, it can is found that not only is this gata#l (within 10% of the flow
stress of the material), but also the variation of stressdbe specimen is temporal and
diminishes with time. In Figure 2.7, the axial stress-distidioutin the incidence-face 8

microseconds after the incidence wave has reached the specimen is shown.
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Thus, the condition of uniaxially uniform specimen stress isisdtisbt instantly but after a

certain time. It was further observed that in the case of niomdagal specimen, the time for the

stress-uniformity along the sample cross-section (referrexd tte lateral equilibrium time) is

dependant on the specimen cross-sectidn’@\ value. This relationship is plotted in Figure 2.8

50

40

—— Circle
—¥— Hexagon
- -G - Rectangle

——Square

10

Std. Dev. of Stress in the Incident Face
M

(@)

Equilibrium Time (ps)

80

60

40

20

Figure 2.8 (a) Standard Deviation of Stresses in the Incident Face of then&péai Different

Types of Specimens and, (b) Lateral Equilibrium Time v/s Specimen Craigsgeroperty in a

Kolsky Bar Experiment

The above shows that the time for lateral equilibrium of str@ssespecimen increases with

an increase of the specimenld A value of the cross-section. The higher theA value, the

more is the time needed for the specimen to attain lateral equilibrium.
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2.5 Conclusion

In the current investigation, the feasability of using non-cylindrgg@cimens in a Split-

Hopkinson Pressure Bar was discussed. A general charactepstitmen cross-sectional

dimension,m, was shown to be a prudent choice and a critical slenderness ratio wa
established as an extension of the slenderness ratio establiskgtinfinical specimens. It was
shown that if the specimen slenderness ratio is as dictatdtel®stablished criterion, there is
negligible effect of specimen cross-section or length ordyfmamic stress-strain curve. It was
also shown that in a specimen with sharp edges, the effectesd-sbncentration is temporary

and diminishes with time.
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CHAPTER 3

ON THE DETERMINATION OF DYNAMIC
STRENGTH OF SINGLE LAP JOINTSUSING
THE SPLIT HOPKINSON PRESSURE BAR
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3.1INTRODUCTION

The use of adhesive bonded lap joints has gained increasing aittrdied to their increasing use
in aerospace structures, civil engineering applications, automotideistries, marine
applications. These joints are easy to manufacture, cost-effestd compared to bolted joints,
suffer lesser stress-concentration. An excellent summaittyeofelative advantages of adhesive
bonded lap joints over other methods of structural joining is given etent publication by
Osnes and McGeord8.1].

Due to the variety of loads that a structural joint may be delj¢a in different applications,
the understanding and determination of the dynamic strength of aelliesided lap joints has
been an active field of study. A dynamic wave propagation study asiaghbonded lap joints
has been conducted by Zachary and Buf8&] using photoelastic analysis. The failure of lap
joints under transverse impact has been studied by Park anfBBjmwhere the total damage
energy was estimated by firing a projectile onto the ceoftehe target using a gas gun. A
computational analysis of the process, together with experimentgtigation suggested the
existence of threshold energy after which sudden failure waswveldsetheir investigation
focused on simulating a joint subjected to ice impact. A studyaobwerse impact of adhesive
joints using a computational model by Vaidyhaal. [3.4] revealed that under transverse impact
due to excessive deflection of the bonded area, failure occurredhfeoedges. The failure was
attributed to peeling of the adhesive bond from the ends. In similar-pvapagation studies
was by Higuchkt. al. [3.5,3.6], the effect of Young’s Modulus of the adherends, overlap length
and adherend thickness on the maximum stress of the adhesive vsgated. The study of

adhesive failure due to in-plane loading under low velocity impacbeeas studied by Rasi.
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al.[3.7] In their study, a finite element modal analysis was usegbrédict the vibration
frequencies of the adhesive layer. In a study of adhesive bondedysintsan instrumented
impact pendulum, Goglio and Rosef&8] reported the increase in strength of adhesives under
impact loading. In a wave-propagation study by Sato and Ike[@®hi the impact behaviour of
lap joints and scarf joints under impact load was studied by propaswsgoelastic model for
the cured adhesive. Their study reflected that there was caldelstress-concentration at the
edges.

The determination of the impact strength of adhesive bonded lap godgsadribed in ASTM
D-950 03[3.10]. The standard recommends the use of a pendulum impact test for the
determination of the same. A critical analysis of this watbpaed by Adams and Harr{8.11]
and it was concluded that such a method was more suitable for gmlyga comparative
estimate.

For determining the impact strength of adhesive bonded lap joirdsyraanly used loading
device is the Split Hopkinson Pressure Bar (Kolsky Bar). Fterthining the strength of
adhesive lap-joints using a Kolsky Bar, the specimen is desgyadthat the one-dimensional
axial forces in the incidence bar give a pure shear fordeetadhesive-bonded test assembly. It
is further assumed that the only compliance in the test-assesblye to the adhesive bond
between the substrates and force is transmitted onto the tramsmiimr only as long as the
adhesive bond does not fail. A variety of different specimen designs been adopted by
various researchers for determination of the strength of adhzsieked joints. Srivastaeh. al.
[3.12] used a split cylinder lap joint specimen to investigate therdynatrength of adhesive
bonded lap joints. Yokoyama and Shim[A.13] determined the strength of an adhesive bonded

lap joint using a pin and collar specimen. Yokoyama and NEka#] used a hat-shaped
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specimen sandwiched between an incidence bar and a hollow transniasiowhere the
diameter of the transmission bar was larger than that of rntidence bar. For elevated
temperature tests on adhesive-bonded single lap joints, Adamvalli emdeRavaraf3.15] used
two short plates which were bonded by adhesive and the test-asseamsldandwiched between
the incidence and transmission bar. The maximum force, as calcédate the strain gage on
the transmission bar, was used to estimate the failure dtrehgjte adhesive joint at different
temperatures. Similar specimen and test method was used hya@teli[3.16] to study the
strength degradation of adhesive bonded single lap joints with tataperusing a tensile Split
Hopkinson Bar. Raykhermt. al. [3.17] used a torsional Split Hopkinson Bar to study the impact
strength of adhesive butt joint.

Closed form solutions for adhesive bonded lap joints under quasi-stalicglagas first
developed in a classical work by Volkerd@&il8], which have been extended subsequently by
Goland and Reissn¢B.19] and de Bruyng¢3.20] to include peel effects, Hart-Smith to include
the effects of inelastic adhesive deformatj8r21], Tsaiet. al [3.22] to include the effects of
shear deformation of the adherend, Osnes and McG¢8rjeto combine the effects of both
inelastic deformation of the adhesive and shear deformation of adhamhdly Chataignest.
al. [3.23] to propose a non-linear failure criterion for adhesive bonded double tap. jGither
detailed studies on this have been conducted by various resea®Bé&13.46], however, the
research has been limited to quasi-static cases.

In a research by Srivastastaal., [3.47] the effect of the bonding length and thickness on the
strength of adhesive bonded lap joint has been reported using the lspdiéichap joint. The aim
of the current research is to investigate and report the deditict of the bonding area on the

dynamic strength of adhesive bonded lap joints using the splideyllap joint specimen for
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experiments in a Split Hopkinson Pressure Bar and develop a matteémationale for the
same. In a Kolsky Bar experiment, an adhesive bonded lap joint ecsedjo different rates of
loading. In the current research, the proposed model of Osnes ansbige®as been extended
to include the effects of strain acceleration as well as epltamie adherend thickness in a single
lap joint, thereby enabling direct comparison of the proposed model with the exgafinresults

obtained from a Kolsky Bar. The theory can easily be extended to the cadeutii@ lap joint.

3.2 Dynamic Experiments

3.2.1 Description of Samples and Experimental Procedure

The split cylinder sample suggested by Srivasatval. [3.12] comprises two cylinders
which were cut along the longitudinal axis of symmetry. Thdanés were used for bonding the
specimens with a thin layer of Loctite Fixmastét#®h Performance Epoxy (99393), which is a
two-part epoxy adhesive with a mix-ratio of 1:1. The shear modultisechdhesive being not
provided by the manufacturer, an estimate of the shear modulussartteewas obtained from 5
different two-part epoxy adhesives of the same family and wasated to be 1200 MPa. The
bonding faces of adherends were polished using a 600 SiC grit, followd&80® SiC grit,
cleaned with a phosphoric acid surface cleaner, followed by neurgalidth ammonia water.
The surface cleaner and the neutralizer were obtained frohayislicro-measurements. The
bonded assembly was then cured at room temperature for 24 hours befiarenipg
experiments. The process resulted in near uniform adhesive layer with a thmk@é&ssm.

Two types of split cylinder specimens were taken in the cumeestigation, one having a
diameter () exactly equal to the diameter of the incidence and trangmibsirs (15.9 mm) and
the other having a slightly smaller diameter (12.7 mm). In each casédjfterent overlap length

(xl) were adopted, one being 10 mm and the other being 15 mm. A smallagaleft at either
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ends of the overlap length to ensure load transfer through adheslyei addition, for each of
the sample, a small flange was left for proper centemngrder to minimize the effects of
bending and associated peel stress. The flange was of the sanetedias the split cylinder,
without the axial cut. The material for the adherend was santieab®f the Hopkinson Bars.
(Aluminum Alloy 7075). Over 50 experiments were conducted to ensurehinaesults had a

well-defined error bar. Figure 3.1 shows a diagram of the specimen adopted.

Figure 3.1 (a) Schematic representation of the specimen adopted in the cyreeiment

(b) Specimens adopted in the current experiment
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Table 3.1. Details of the specimen adopted

Name Overlap Lengthx (mm) | DiameteXd)(mm) Overlap AreaAy), (mmz)
1 15 15.9 238.5
2 10 15.9 159
3 15 12.7 190.5
4 10 12.7 127

Both quasi-static and dynamic experiments were performed fagatheles adopted. The
guasi-static experiments were performed using an MTS-810 Miafeesting System with a
cross-head speed of 0.5mm/s. The maximum load to failure was récardkthen divided by
the over-lap area to estimate the shear strength of thte f@r the dynamic experiments using
the Split Hopkinson Pressure Bar, the specimens were sandwichezebedimo high strength
Aluminum (Alloy 7075) bars, each of which was 1.8 m (6 ft) long and @B (5/8 inch) in
diameter. The responses were measured with electricalaressstrain gages, bonded to the
middle of the incident and transmitter bars, connected to VishaalStpnditioning Amplifiers
(Model 2310B); and the response from the strain gages were recorded_@@roy digital
oscilloscope (Model 354A). To ensure that the samples were subjeda#fkrent loading-rates,
different projectile lengths (ranging from 203.2 mm and 76.2 mmg wdopted and different
pulse shapers were used for pulse-shaping. The following secticussis the calculation of

joint-strength from the SHPB technique.

3.2.2 Calculation of Joint Strength
The SHPB technique comprises a specimen, which in this case astwasadherends with
a thin layer of adhesive between them, sandwiched between two w@indars called the

incidence bar and the transmission bar. The cross-sectional ggarhéhese two bars is, in
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general, the same and they are made of the same matamialiah impact on the incident bar is
caused by firing an air gun, which in turn generates a travelbngpressive wave in the incident
bar. The material and the cross-section of the specimen iBenstitne as that of the incidence
bar, partially due to the presence of the thin layer of adhesive between trenddhed partially
due to area mismatch between the adherend and the incidence bar. Hence, due neetich ofis
mechanical impedance of these two, when the travelling wavehbitspecimen, a part of it is
reflected back into the striker bar and a part of it is tratted through the specimen. The
transmitted wave impinges on the transmission bar after trayehrough the specimen and
travels forth as a travelling wave, while a part of itaflected back into the specimen. If the
specimen is short enough compared to the length of the stresstipeisé is assumed that stress

equilibrium is achieved due to several reflections within the spaciin a time much shorter

than the duration of the test. 4,&,,& denote the incidence, reflected and transmitted strain
waves respectivelydi(t),o>(t) denote the stresses at the specimen-incidence bar and the
specimen transmission bar respectivél(f), P>(t) denote the forces at the specimen-incidence
bar and the specimen transmission bar respectiVvljyly, be the cross-sectional area and

Modulus of Elasticity of the transmission/incidence bar respegtasedl Ag be the bonded area

of the adhesive lap joint, then the following relations h8l2]:

R(t) = Ayou(t) = AEp{ & (1) + & (1)) (3.1)
B (t) = Ayoo(t) = AyBpsi (1) (3.2)
Is :%X (3.3)
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where Tg is the shear strength of the joint afpl(t) yax is the maximum transmitted load

through the adhesive lap joint. In the current investigation, the Ioaaliegf", is calculated
from the slope of the transmitted force, i.e.

dP, (t)

o (3.4)

Figure 3.2 shows a representative plot of the incidence, refleatetrammsmission pulses

obtained from the experiments.
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——Incidence Pulse— Reflected Pulse— Transmitted Pulse

Figure 3.2: Typical Pulses obtained in the Kolsky Bar Experiment

3.3Analytical Model for Shear Strain in Single L ap-Joints
3.3.1 Governing Equation

This section aims at deriving a mathematical model for astigy the strength of an
adhesive-bonded single lap shear joint, by extending the recently pdopuxiel for adhesive-
bonded double lap joints @snes and McGeorge [3.1] to include the effects of shear strain
acceleration of the adhesive and out-of-plane thickness of the adhditemdadhesive is

idealized to execute brittle, elastic behavior, as has been memailly indentified to be the
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typical behavior at high loading ratgs2]. The current analysis rests on the “shear lag” theory

of Volkersen[3.18,3.23]. The assumptions involved are as follows

The adherends are linear elastic

The axial stress is constant throughout the adherend thickness

Shear stress is constant throughout the adhesive thickness

Peeling stresses are negligible.
Figure 3.3 shows the schematic representation of the assentidyanfitesive bonded single
lap joint.

For the split cylinder samples adopted in the current investigdt®mut-of-plane adherend
thickness is not constant. The equations of motion for the outer and inner adherend may therefor
be written as follows.

For the outer adherend,

(To+0Ty) —To+27,r0x = p(g r 2axj 3 (3.5a)

0T, T2
O0—2+2r.r=|=r
x @ (2 jao (3.5b)
For the inner adherend,
W)
(To+5To)‘To—27af5X:,0(§r 0Xj6\ (3. 6a)
oT: )
O—-2rr==r
x 2 (2 jq (3. 6b)

In the above equationgy, T; represent the axial stress-resultant (positive in tension) of the

outer and inner adherend respectivedy, is the density of the adherends, is the adhesive
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shear stressg;, 8 represent the average acceleration of the cross-section iohtreand outer

adherend respectively andis the radius of the split cylinder specimen adopted.

To E. .0 G ¢ to X
i ¢ E.nG Ti r’
" z
Xl
X (a)
|—‘ Ip= 0 Uos
TO To + aTO
| —> i, to to
Ta0X o~ Ta Uoa
- a
- » Ta
Ta OX T =1 u
i =Ta ia
T Teor v b
<+— —> Z n | U|
— r; =0
X ! Uis
(b) (c) (d)

Figure 3.3 (a) Schematic representation of the adhesive bonded lap joint agbgiRtde-body
diagram of the adherends and adhesive layer (c) variation of shear streghiauge-thickness
direction of the adherends and (d) displacement profile in the through-thicknes®lioé the

adherends

If 7o(X,y,Z) and7;(X Y,Z") represent the shear stress in the outer and inner adherends
respectively, where',z" are local origins as defined by figure 3.8, is the shear stress at the

junction of the adhesive and the adherends,tg(y).t (y) are the thickness of the outer and
inner adherend respectively, then from the assumption of linear wariafi shear stress

throughout the adherend thickness,
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To =Ty {1— to?y)} (3.7a)

r=1, [1—J—y)} (3.7b)

Let )5, Y represent the shear strain in the outer and inner adherends regpact\@ be the

shear modulus of the adherends. Then, Equations 3.7(a) and 3.7(b) can be written as

:h 1- Z'
& G{ to(s/J (3.82)

Ta Z"
Y = 1- (3.8b)
G { f (y)}
From Equations 3.8(a) and 3.8(b), the equations for horizontal displacenagnite mritten

as

(0]

(3.9b)

= (%1)+ { Z -

whereugy and u; are the horizontal displacements of the outer and inner adherepastreely
andugy, andu;are the horizontal displacements at the interface of the adHagamreand the

outer and inner adherend respectively. The axial strain in theandanner adherendsyg, £y

thus become

12
Exo(X, Y, Z,t) = OUga +_Z 01, to(y) 075

ox 2Gty(y) ox 2G 0x

(3.10a)
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g , 2014 7% 074

(3.10b)
ox G ox 2Gt(y) ox

Ei(Xy,Z't)=

Noting that for a split-cylinder sample of radiyg, :\/rz—y2 Y =\/r2—y2 , the axial

stress-resultant$y andT; can be obtained as

r z
To=E _[ _[ Exo(X, Y, Z,t)dZdy (3.11a)
y=-1 2=0
r 7
T=E [ [ &(xy.2 t)d2dy (3.11b)
y=-r 2"=0

whereE is the Modulus of Elasticity of the adherend. Performing theiaten in Equation

(3.11), and re-arranging the terms,

auoa: 2Ty + 2r 07y (3.12a)
X Em? 9Gmr ax
Ouig _ 2T _ 2r 01y (3.12b)

X Em? 9Gm ox
If the adhesive thickness is denotedtjgnd the shear strain of the adhesive)jythen,

from the assumption of constant adhesive shear strain throughout the adhesive thickness,

= tia ~Yoa (3.13)

Va t

From Equations (3.12) and (3.13), it is therefore possible to show that

(3.14)

aj_aTo_Emz{t _4rGa}62ya
x ox 2 |? 9G] axl

Again, from Equations 3.9(a) and 3.9(b),

2 2 2 ,
éo(x,y,z,,t):a Uy _9°Ua , 2 azra_t_,azra (3.150)
a2 a2 26ty gt2 26 4t2
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2, o 7.
& (X, y,z",t)=a 4 =62u'a+£azra— 22 0% (3.15b)
% a2 G a2 2GY a2

whered, , § represent the accelerations of the outer and inner adherends vetpettie

average accelerationsyand g can then be obtained from Equations (15) as follows

r 7
[ ] &0cy.2itydzdy

2 2
_y= 7'=0 _ a uoa _ 2I’Ga a ya
3(x,t)= } T va "2 96 o2 (3.16)
Zl
y=-r2'=0

r 7
[ ] &y.z.dzdy

2 2
_y=-r 7'=0 _ 0 Uia 2rGa 0 Ya

i (X,1) = : = +

g (x1) 7 2 9Gr ol (3.17)
| ] ey
y=-rZ'=0
From Equations (3.13), (3.16) and (17), it is possible to show that

o =t _4rGa azya (3.18)

g ~9 a oG/T atz '

Subtracting Equation 3.6(b) from 3.5(b) and substituting equations (3.14) aB) (Be
governing differential equation of the system is obtained as

vy 193%,
ax2  ¢? ot?

Va (3.19)

Q|

Herea is a parameter depending on the material properties of the adhanehtie adhesive
as well on the structural properties of the bonded-lap joint, and is defined by

726,G
E(QGnrta - 4rZGa)

1 (3.20)
a
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whilec is the velocity of an elastic stress-wave of the adherend, defined by
c= \/E (3.21)
p
The initial conditions of the problem are given as
-n%Y _ -
y=0,—=0 att=0 (3.22)

To obtain the boundary conditions of the problem, Equations (3.12) and (3.13) armeecbm

to yield
O_V{Hﬁ}:i{ﬂ_ 2 } (3.23)
ox 9G] ty,|Em? Em?

Atx=0, T =0T, =-F(t) (3.24a)
At X=X , Ty ==F();T, =0 (3.24b)

Here,F(t) is the prescribed loading at the outer and inner adherends, théevaegigh
indicates that the nature of the load is compressive (as in te#\KBhr experiment), and the

prescribed loading is taken to be equal at both the ends to ensuhetha¢cimen is in a state of
stress-equilibrium with minimal wave-propagation effee§sdenotes the length of the overlap.

Equations (3.23) and (3.24) form the boundary conditions to the governing ditiéssuation,
described by Equation (3.19). Equations (3.19), (3.22), (3.23) and (3.24) corhpleefinhition

of the current problem.

3.3.2Solution of the Governing Equation and Comparison with Experimental Observations
To solve Equation (3.19), the loading functi(t) was determined from the incidence pulse,
measured directly from the strain-gage readings on the incidemcenultiplied by the area of

the incidence bar and the modulus of the incidence bar. Thus,
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F(0) = 4 ABps (1) (3.25)

wherey is the transmission coefficient, taking into account the aremateh between the
incidence bar and the split-cylinder sample. Equation (3.19) was éhexd snumerically using
the Galerkin Weighted-residual method, with the use of linear Lggrharierpolation Functions
for the spatial variation of the shear-strain in the joint anexaticit half-step central difference
scheme for obtaining the temporal variation of shear strain inoine A user developed

computational code was used for the calculation. The detailed denivigtiincluded in the

appendix. Once the adhesive shear strain was calculated, the adispigeementyl,,q along

the cross-section of the adherend was calculated by integesfi@tion 3.9(b) along the cross-

section of the inner adherend to yield

8rG
Uavg = {Uia(x =x,0)+ 9(3; Ya(X=Xx ,t)} (3.26)

The strain in the adherend»t x was thus obtained as

ou
£ (x=x,t) = —= (3.27)

From the condition of velocity compatibility of the inner adherenustrassion bar interface,

it can be stated that the velocity of the inner adherégd,and the velocity of the transmission

bar, 4 are equal, i.e.:

Vi (X=X,t) =\ (3.28a)

Ocgg (x=%.t) =c& (3.28D)
whereg, is the velocity of stress-wave in the transmission bar. Fromtiegués.28b), a

prediction of the peak value of the strain in the transmission bar is possible .
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3.4 Results and Discussions

From the readings on the strain-gages at the transmission ther tifhe taken to reach the peak
load be taken as the time for the joint to fail, then the tempadhtion of the strain in the
adhesive till failure can be determined from the mathematicalel. Figure 3.4 shows that the
shear strain is maximum in the adhesive layer at the edgdbatritle strain progresses from the
edges, straining more and more of the overlap length. Figures{®&)s the plot of shear strain

distribution at failure for all the four types of specimen adopted at a loading GA&SHN/s.
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Figure 3.4 (a) Transmitted Pulse as obtained from Strain-gage (b) StadaC#stribution along
the overlap length at 10 microseconds (c) Shear Strain Distribution along the deegth at 25
microseconds (d) Shear Strain Distribution along the overlap length at theftiaileire for

specimen 3 at a loading rate of 0.65 jkN/

57



0.2 0.2 -

S 0.15 S 0.15 -

% 0.1 8 0.1

& 0.05 & 0.05 -

T Y U— g 0~

g 02 46 810121416 O o 2 4 6 8 10
Overlap Length (mm) Overlap Length (mm)

@) (b)

— 0.2 ~ 0.2 —Actual

Q\O, 0.15 - § 0.15 - Strain

-% 01 - % —Average

5 & 0.1 - Strain

5 0.05 1 5 0.05-

5 O T h g e

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10

Overlap Length (mm) Overlap Length (mm)

© @
S 0.014- A= 127 sgmm
S 0.012 - —Sample 1
S 0.008 -
B 5006 - - A ;3;90-5 Sq MM — Sample 3
= = 239 sgmm
g 0.004 - ——Sample 4
o 0.002 -
% O T T T T T T T T T T T T T T T 1
3% 0 2 4 6 8 10 12 14 16

Overlap Length (mm)

(e)
Figure 3.5. Plot of Shear Strain distribution in the adhesive layer over thepolegrdgh for (a)

Sample 1 (b) Sample 2 (c) Sample 3 (d) Sample 4 (e) Average Shear Straite atf®r65

KN/us

58



Some immediate conclusions can be drawn from figure 3.5. They are as follows.

()Influence of overlap length for a given out-of-plane thickness. By comparing figures 3.5(a)
and 3.5(b) or similarly figures 3.5(c) and 3.5(d), it can be seendtiating the overlap length
slightly increases the peak strain in the adhesive joint, howevetottilelength of non-zero
strain at the time of failure remains the same. The efflecveraging the total strain over the
entire overlap length results in an increased average valggaoh for the case of reduced
overlap length, as the fraction of area of non-zero strain oeegrttire overlap length is higher
mainly due to the reduced overlap length in figures 3.5(b) and 3.5(d) pac@on to 3.5(a) and
3.5(c) respectively.

(i) Influence of out-of-plane thickness for a given over-lap area: In contrast to case (i), if the in-
plane thickness is reduced for a given overlap length, the maxinnaim ist decreased. This is
due to the dependence of the terman the out-of-plane thickness (in this case, the radius of the
split cylinder sample) in the governing differential equation i system as predicted by
Equations (3.19) and (3.20). Nevertheless, it can be immediately adbdsroemparing figures
3.5(a) and 3.5(c) or figures 3.5(b) and 3.5(d), that as the out-of-plane thickmedsced for a
given overlap area, the length of non-zero strain at the timelofefancreases considerably. It
turns out that the increase in the length of non-zero strain rhare dompensates for the
decrease in peak-strain value, resulting in an increase in thagavstrain over the overlap
length. The net result is lower the out-of-plane thickness fiven overlap length, higher is the
average shear-strain over the entire overlap length.

(iii) The net cumulative result ¢f) and(ii) is lower the overlap area, higher is the average strain
in the adhesive-bonded lap joint. This can be seen in figure 3.5(e)n As Kolsky Bar

experiment, the average shear strength over the entire bondetblysse measured from the
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readings on the transmission bar, it will be found that a KolsltyeRperiment predicts the same
trend as discussed above, as shown in Figure 3.6 and 3.7.

Figure (3.6) shows the experimental observations of the influéntmading rate on the
strength of the adhesive joints. In Figure (3.6) a comparison habesdaamade to the predicted
values of the peak strain in the transmission bar as obtained fijoatién 3.28(b), which was
then post-processed using equations (3.2) and (3.3) to compare with thenerfarpredicted

value of shear strength of the adhesive joint.
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Figure 3.6 Variation of Strength in Adhesive Joint with Loading Rate

From Figure (3.6), it can be seen that for all the four samplesedgddpe joint strength
increases with loading rate. There is a reasonably goodnagmédetween the experimental
observations and the computational values for moderately high loadirsg(tiit@ rate of 1
kN/us). However, at extremely high loading rates, there is consiéedsiation from the
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predicted response and the experimental observations. It is sdspkatethe lack of
information on the rate-sensitive behavior of the adhesive causedethation. In the current
analysis, a representative static value of the shear modulus adhksive has been adopted for
the current analysis. The development of a precise mathenmatickdl incorporating the rate-
sensitive plastic behavior of the adhesive is left for future trgaggons. Nonetheless, the model
presented here shows a reasonably accurate agreement witimerpa observations for a fair
range of loading-rates, and more importantly, it can be usexptaie the apparent variation of
joint strength with decrease in overlap area. Figure 3.7 showspkeraentally observed trend

of over-lap area on the joint-strength at given loading rates.
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Figure 3.7 Variation of Average Shear Strength of the Adhesive Bonded Lap lbi@werlap
Area

It can be seen from Figure 3.7 that a larger overlap a&aates the shear-strength of the

adhesive joint. This is because a Kolsky Bar experiment onlygiseitiie shear stress at failure,
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averaged over the entire length of the joint, and a detailed explao&tiois has been given in
the previous section of the investigation.
Finally, it must be mentioned here that the results were basedomstant thickness of the

adhesive layer and for the bonding of similar adherends.

3.5 Conclusion

This part of the current investigation aimed at analyzing tastidreffect of overlap area on the
prediction of the dynamic strength of an adhesive bonded single lapugongt a Kolsky Bar. A
mathematical model for shear strain in the adhesive joint wasopedeby extending existing
models for double lap joints to include the effect of strain-acatsbe of the adhesive and the
out-of-plane thickness of the adherend. A combined computational-exptinmeethod was
used to predict the shear strain distribution on the adhesive lentik time of failure. It was
observed that only a part of the adhesive layer was strainedluae.fa&urther, it was also
observed that by changing the in-plane thickness of the adhesive layenen awgr-lap length
of the adhesive decreased the maximum shear strain in the adhmgiveimultaneously
increased the total length of adhesive that is subjected to nonsgain- resulting in an
increased average strain of the entire adhesive layer. The firalsgysuggested that decreasing
the overlap length for a given out-of-plane thickness of the aghésyer had no effect on the
length of adhesive layer subjected to non-zero strain and the maxsinaim in the adhesive
changed slightly, as a result of which the average strain daérttiee adhesive layer increased
considerably. The net effect was found to increase the avedagsiee strain by decreasing the
overlap area of the adhesive. This was found in agreement with thieyk@ds experimental
results. It was also found like many earlier researchetsntieasing the loading rate increased
the adhesive strength considerably. Reasonably good agreements werebébwadn the
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theoretical and experimental predictions of the bond strength over aleratde range of
loading rate.

As a Kolsky Bar experiment only predicts the average \@ludke joint strength, it can be
said that a Kolsky Bar gives a conservative estimate of the adhesivgtkt the peak strength in
the adhesive may be higher than that predicted value in a KolskynBfact, it is seen that the
most conservative estimate is given by selecting the diamketbe adherend to be equal to the
bar diameter and by keeping the length of overlap as high ableoss as not to affect stress-
equilibrium on either faces of the joints during the duration of tperxent. A design based on
such experimental predictions is inevitably in the conservative limits.

Finally, the mathematical model presented here is valid oy thit Kolsky Bar specimen
has achieved stress-equilibrium. This has been indirectly incogpormatthe current model by
including a suitable transmission coefficient in Equation (3.25). Withbi#, the strain
prediction in the transmission bar with the use of Equation (3.28) would not have been possible.

The task of incorporating the rate-dependant behavior of the adhesivéhantxisting
mathematical model is left as a future work. In addition, thenskbn of the current model to

include the case of dissimilar adherends may also be undertaken in future.
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CHAPTER 4

Design of a Tensile Hopkinson Bar
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4.1 Introduction

Since the introduction of the Split Hopkinson Pressure Bar in the fotmoofsplit” bars acting

as transducers by Kolsky.L], shear and tensile versions of SHPB has been developed as well.
The tensile version of SHPB, described in this chapter as the FEpdikinson Tensile Bar
(SHTB), is necessary; as many materials like unidiredtionmposites behave differently in
compression than in tensiof.2]. Other examples include ductile materials, metals for exampl
which are stronger in tension than compression. The design of SHTB is genefatgntithan a
conventional SHPB; the reason for this being manifold and are discusdbe subsequent
sections of the chapter. In view of these difficulties, various dedigat have been previously
adopted and described are presented in the current investigation.

Broadly speaking, the design of SHTB is classified into teisgories. The first of these
involves generating a direct tensile pulse [8] by suddenly talpasored tensile energy in an
incident bar, hitherto loaded statically by a clamping mechani$ra. second type of design
principle involves the changing of a compressive stress wavtetwsside stress wave by allowing
it to reflect from a free end surface. Different designs involving this prinbgdebeen developed
[4.2, 4.3-4.11]. The third category is one which involves the modification of th@pressive
Hopkinson Bar (SHPB) in the sense that instead of altering tdentpenechanism, the specimen
geometry is changed, such that a part of the specimen is iortemgiile the remaining is in

compression4.12-4.13].
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4.2 Requisites of an acceptabledesign of aSHTB

Before discussing the various designs adopted in a SHTB appatraus)perative to look into
some requisites of a good design.

(2) Firstly, it is necessary to ensure that the tensile wamergeed has a finite rise time. In
fact, more the time needed for the pulse to attain a rise time better the progressive tensile
properties of the material can be studied. The rise of the wwatsepeak value should be smooth
as much as possible, so that there is no unloading or load decrerttenspecimen; at least till
the peak load is attained. This means that the specimen is nottedld@a train of pulses,
tensile-tensile or tensile-compressive. Thus, the generatecetesasié should have a trapezoidal
profile as much as possible, with a finite, but minimal rise time with réspdioe entire duration
of the pulse.

(2) A major assumption involved in Hopkinson Bar analysis is that thessimewes
measured with strain gages placed at approximately half thehlesfgthe incident and
transmittance bar is the true representative of the str@gs-at the specimen-bar interface. As a
stress wave, when undergoes impedance mismatch in its patlvelfiritg is partly reflected
back and is partly transmitted, and if dispersion effects arectedl impedance mismatch in a
bar of a given (homogenous) material can be caused only due teshamgoss-section (area)
of the bar. The condition that the cross-section of the incidence/ittarsre bar should be same
in the portion between the point of measurement of the incidence and transmissisapalde
interface between the bars and the sample is imperative ucedahsit the assumption discussed
above is valid. Ensuring validity of the assumption is generallgumtthg task, as gripping a
tensile specimen requires the incidence/transmission bar to laeledrewhich thereby causes

changes in the cross-section of the bars and often ‘distorts’ ttees-svaves and causes

66



successive reflections of the pulse in the threaded section. Howelerthreaded length of the
bar is less than the bar diameter, then the effect of the shwaliges in cross-section can be
neglected4.14].

(3) The testing of brittle materials often requires the use of pnapee shaping techniques
[4.15, 4.16]. A pulse shaper increases the rise time of the pulse and itruedits, is typically a
soft material like paper, copper etc. placed in front of thedemge bar, at the bar-striker
interface §.17]. A wave-generating mechanism, that allows pulse shapers todrponated in
the assembly, is thus desired.

4) The specimen in the Split Hopkinson Tensile Bar is usually, likeo#imsr tensile test, a
dog-bone specimen, or a specimen of a changing cross-section isldeggth. Trends in
combining the Split Hopkinson Bar technique with Digital Image CGatioe [4.19] requires a
design that enables the specimen to be viewed during a SHPB/8kpEBment using a high

speed digital camera.

4.3 Review of some of the previous designsof SHTB

In a method devised by Harding et d.4], the input bar is made of a hollow tube in which
the elastic bar assembly or the specimen weighbar assenfitigdsas illustrated in Figure 4.1.
The uniform elastic bar assembly is shown in Figure 4.1(a) witlt®wsurrounding weigh bar
tube. This bar is used first in an impact test to determinafpju¢ condition. A second identical
test is performed with the specimen and the inertia bar fittecthe weighbar tube as shown in
Figure 4.1(b). The loading is achieved by firing a striker tpaaot the weighbar. Any alteration
of the transmitted wave shape caused by the changes in crass-séthe tube was neglected.

The difference between the yoke velocity and the velocity of thergmkof the specimen, as
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obtained from the strain measurem, was used to construct stressain curves. The stress

the upper end of the specimen was assumed to besegpative of the stress throughout

specimen, i.e. the specimen inertia was negle@ette the load is applied to the specir
indirectly through the weighbar tube, any eccentricity inithpact will produceflexural stress
waves in the weighbar tube. However, due to theveslgpropagation velocity cflexural waves,
there was a sufficiently fig time for materials with a dinite yield pont to reach the upper yie
stress before the arrival 8&xural wave components. The same method was laterfied by
introducing an instrumented input bar preceding gpecimen and inertia bar and also slic
freely within the weighbar tube. This neversion of the split Hopkinson pressure bar wasl

by Harding and Welsh[5] for the tensile testing ofber+einforced composite:
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Figure 4.1 Set-up of the SHTB by Hardindg.p]
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In light of the criteria discussed in the previous section,nitb&a concluded that pulse
shaping is difficult to be achieved using the above configuration.

Hauseet. al.[4.6] proposed a different design of the tensile Hopkinson bar. In this set up,
the specimen is threaded inside two long elastic bars- the m@&dd the transmitter bar and a
tensile wave is generated in the incidence bar by attaching it by mleamsnsfer-connection to
other two long bars which are impacted by a projectile at nldeopposite to that, where it is
connected to the incidence bars by transfer-connections. Thus,ehenesof the tensile stress
in the incidence bar is determined both by the impact velocitheofprojectile as well as the
dimensions of the transfer connection. The entire assembly is shéugune 4.2. The amplified
input and output signals from the strain gauges at positions 1 and 2 are used in a onerdiimensi
stress wave analysis to obtain the stress, strain and steiof the tensile loading. Thus, as the
striker impacts the long bars, it generates a compressiwe iwdhe same, which are reflected at
the free end of the transfer connection as a tensile wavepfpahich travels back through the
long bars and the remaining passes into the incidence bar, whiskdsto load the specimen.
This apparatus provides the ease of pulse shaping, viewing the spdsiralso easy and the
tensile pulse, one generated in the incidence bars, does not undergougtgladmges in cross-
section of the same in its path of travelling (except at tleatlsr which connect the specimen to
the incidence bar). The major disadvantage of the design ist theajuires very long transfer
connections, to avoid overlapping of the compressive wave, first genbsaietpact, and the
tensile wave generated by reflection of the compressiwe vaa the free end of the transfer
connection. In the absence of such considerations, generating zotdapéke pulse is almost

next to impossible.
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Figure 4.2 Set up bHauser et. al.[4.6]
The third set up, discussed here, was proposed ibghtlm and Yeakly 4.12] which

comprised of the incidence bar and the transmrmsbkars (which was tubular in nature) to
equal crossection and the specimen was sandwiched in bettreetwo, very much alike to
conventional SHPB. A compressive wave was genenatdbe ircidence bar by impacting
with a projectile fired at a known velocity. Thelpmodification made was that the specin
was altered to a hahaped specimen. The actual gauge section of tisdeespecimen has fo
equal arms, each with a lengtindth ratio of approximately 2:1.The sap-is shown in Figur
43. The applied loading and deformation of the gpea are derived from stretime
measurements on the radial surfaces of the twdefaessure bars using diametrically oppo
strain gauges. Ithis analysis, the internal wavwveflectionin the specimen is neglected. T
technique is not accurate for determining the ilastodulus and may introduce sol
uncertainty at stresses near the vyield strengthhig occurs before stress equilibrium
established. In this designjiewing the specimen, pulse shaping and generating n
trapezoidal pulses, which undergo no abrupt chamgiee cros-section in the path of itravel,
is easy. Howeveit was found that the specimen strength falls bethat of round specimen
After a thorough investigatioby Lindholrr, it was found that this effect was due to geomeft
the specimen, in that the gage section was vernyahd there was a possibility of the existe
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of a bending stress, since the lof load application in the ‘hat’ specimen is notnmadent with

the centroid of the gauge section, as is the cageeiround tension specim

specimen  —f S S S SNS NN NNRRNTT

T AT

Inc. Bar Trans. Bar

|

0.550” E
Hr- .

0.500” |

0.800”

Figure 4.3 Seup of Lindholmet. al.[4.12]

A modification of the setp described by Hauset al.[4.6] was adopted bEskandari and
Nemes §.2] for the test of qua-isotropic laminate made of unidirectional piles graphite
epoxy composites. This set up uses specimens thatheeaded between the incidence
transmission bars (for metals) or are connecteitiéadwo using epoxy chambers . two side-
bars for transmitting the compressive wave intoide-bar connector, where in it would
reflected as a tensile wave, portion of which wotravel back into the si-bar connectors,
while the remaining of it would go into the incidenbar, wich was used for loading tt
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specimen. The modification made here was that tbggtile, instead of hitting the transmit
bars directly, would hit another s-bar connector, which was connected only to the-bars.
The details of the design are sin in Figure 4.4 In this design, the length of the pulse \
affected by the length of the s-bar connectors. The influence of the connector

approximately a twdeld increase in the length of the pulse; and duiné presence of the sar
instead of a quasectangular pulse, a qu-triangular pulse was reported to be generated.

also, the major disadvantage is that it requiresy Meng sid-bar connections, to avo
overlapping of the compressive wave, first generdg impact, and the tene wave generate

by reflection of the compressive wave at the free ef the sid-bar connectors.
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Figure 4.4 Setp of the SHTB by Eskandari and Nenjé2)]

A testset up was designed to generate a direct tenaNe what was generated by rese of
the stored load in a part of the incidence bar taals and Gilat4.3] The input and output ba

were both 12.7mm diameter 7¢-T651 aluminum, the input bar being 3.68m long #mel

72



output bar being 1.83m long. A clamp/load reacassembly was placed at approximately
midspan location of the input bar. The input loaasvgtored in the bar by initially tightening 1
clamp and then applying direct tension at the dnthe bar tirough a system of cables, pulle
and a hydraulic pump. When the clamp was releasedsdle wave of half the magnitude of
stored force propagated toward the specimen aadinip wave. A release wave propagate
the other direction toward the enf the input bar. A diagram showing the propagabbelastic
wave fronts in the apparatus is shown in Fi¢4.5. The major disadvantage of the- up is that
there is no control over the profile of the wavengmted, in that, pulse shaping techniqt

impossible.

SPECIMEN CLAMP APPLIED LOAD
. ik
‘."’ Y L
Y !
GAGE C GAGE B GAGE A

Figure 4.5A Direct Tensile Split Hopkinson B [4.3]

A more commonly adopted system is a modificatiotheiconventional SHPB4.7-4.9]. The
main dfferencesare that the input bar (bar 1) is twice the lengfththe transmitter bar (bar
and that the specimen is a three-end tensile specimen. A collar made of the samenah@as
the pressure bar is placeden the specimen anfirmly fitted against the shoulders of t
pressure bars. The ratios of the c-sectional areas of the collar and specimen to ths«-
sectional areas of the collar and the specimehdatos-sectional area of the pressure béare

3: 4 and 1:2 respectivelWWhen the input bar is struck by a striker that &@asaximum length c

73



less than half that of the transmitter bar, the input compressave ¢ transmitted almost
entirely through the collar to bar 2, with littléfect on the specimen. When this compressive
pulse reaches the free end of the transmitter bar, it sctefl as a tensile pulse. This tensile
pulse is used to load the specimen, since the collar is unabletamsaisy tensile load. The
calculation of the specimen stress and strain were done idgnéisan a conventional SHPB.

Figure 4.6 shows the details of the set-up.
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Figure 4.6 A Tensile Hopkinson Bat.9]

A commonly used set-up of the Tensile Hopkinson Bar involves a tulitiker,swhich
strikes a transfer flange, fixed at the end of the incideacgdtd0,4.11]. The striker strikes the
transfer flange and generates a compressive wave there i, iwhieflected at the free end of
the flange as a tensile pulse and travels through the incidenc@tbsa is used to load the
specimen, which is typically threaded on between the incidencenaha transmitter bar. The

schematic representation of the same is shown in Figure 4.7 sffdie gages locate at
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approximately the mid-span of the two bars record the stressyhastdrare used to calculate the

stress and strain in the specimen.

TRANSMITTED BAR INCIDENT BAR
TRANSFER FLANGE
E |
L1 L L] ]]
[ ]
SPECIMEN \
GAGE 1 GAGE 2 STRIKER BAR

Figure 4.7 A Tensile Hopkinson Bar using a transfer fladdgé®]

The last two set-ups described here satisfy most of the requisites of asigoadtithe
Hopkinson bar- the tensile pulse once generated undergoes no chamgessisection in its
path, generation of a clean tensile pulse is relatively easysmaaimen viewing is also easily
achievable. The only consideration with the design described in Hghiie that a part of the
initial compressive pulse generated is inevitably taken up bgpbeeimen, while as the collar
cannot take up tensile pulse, it has a tendency to collapse onto tiraespewhile the latter
undergoes tension. In the design described by Figure 4.7, pulse shagmnbgiesed only
indirectly, by placing the pulse shaper on the transfer flange.

Although small, distortion on the tensile pulse once generated is alaosable in all the
designs discussed here, due to the threaded connection between fticebalastand the
specimens. The use of M-Shaped specimens in a SHPB apparatherbftme been suggested
by Mohr and Gary4.13]. The M-specimen was designed to transform a compressive |aatding
its boundaries into tensile loading of its two gage sections. Tlarsge suggested by them and
its Finite Element Stress contour is Figure 4.8. Some importanideoatsons to be adopted
while designing the specimen was suggested as follows:

(2) Limit plastic deformation to the gage section.
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(2) Minimize bending deformation at the gage section
3) Prevent buckling of the segment at the boundaries as they are relatively thin

Based on the above considerations, is was concluded that the gagesbectid be as thin
and short as possible for optimal specimen performance in tdrfredd uniformity within the
gage section and of maximum strain rate. The disadvantage withethed is that many classes
of specimens are difficult to be machined into an M Shaped speceramples of which

include biological specimens like tissues, muscles, composite fibers likdstrBKevlar® , etc.
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Figure 4.8 (a) Details of the M Shaped Specimen (b) Structural and (c) Femtek!

Analysis of the Specimen (d) The Sandwiched M Shaped Specimen between the

Incidence and Transmission B§4s13]
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4.4 The Design of the Split Hopkinson Tension Bar
The tensile bars developed at the Composite Vehicle Researcér @employs the use of a

transfer flange for generating a tensile pulse. A schengiesentation of the bar is shown in

Figure 4.9.
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Figure 4.9 Schematic of the Kolsky Bar developed in CVRC

The Kolsky bar developed here rests on the principle that a campregess-wave reflects
from a free end as a tensile wave. A tubular striker with th&dmitliameter same as that of the
flange impinges on the flange to generate a compressive wahe game. The compressive
wave is reflected at the free end of the flange as a@enaNe and travels through the flange. A

part of it is transmitted into the incidence bar and a part of reflected as a travelling
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compressive wave in the flange itself. A momentum trap is prowadehe end of the flange
with the diameter exactly the same as the flange. Trendemompressive wave travels through
this momentum trap and after being reflected again as agevaie at the free end of the bar,
causes separation of the flange and the momentum trap, thus prewetrang of pulses to be
incident on the specimen. Bonded-resistance strain gages installdte ancidence and
transmission bars allow recording of the pulses therein and theadalysis is exactly the same
as that of the Split Hopkinson Pressure Bar. Figure 4.10 shows théi§pkinson Tensile Bar
developed.

The incidence bar, transmission bar, transfer flange, momentunmdr@pogectiles are made
of high yield strength aluminum (Alloy 7075). The incidence bar asasmission bar are 15.9
mm in diameter and the length of these are 3m and 1.2 m. Theemham trap is a solid
aluminum bar of diameter 50.8 mm and 1.8 m long. The flange is &Eb&mm diameter and
is 50.8 mm thick. Different projectiles of length 127mm, 102 mm, 76mm andnd®&ave
been prepared each with an outside diameter of 50.8 mm and an iasmetiof 15.8 mm. For
attaching specimens, the ends of the incidence and transmissionebarthreaded to a standard
size of %2-20 threads.

In another variation of the set-up, the incidence bar was threadetthentdomentum trap
itself, without the flange. This may be regarded as a Kolskyv8th a long flange, where the

flange length is 1.8 m.
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Figure 4.10 (a)-(g) Various views of the Tensile Hopkinson Bar

4.5 Calibration of the Tensile Hopkinson Bar

This section of the chapter aims to explore the general desayactéristics of the Tensile
Hopkinson Bar, i.e. to show the effect of threading the incidencébapecimen grip, and to
show the effect of coupling a flange, which in general does not hav&athe cross-sectional

area as the striker — the former being one with a solid-sexg®on and the latter being one with
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an annular cross-section. At this point, the reader is remindednttiaé icurrent design, two
alternatives were explored with respect to the flange; one fldeggth 50.8 mm) was shorter
than the striker (length 127 mm), designated hereby as theflsimg# and the other where the
length of the flange was 1.8 m, hereby referred to as the long flange.

(i) The first calibration of the tensile Hopkinson bar involves the detation of the length
of the pulse. From the theory of elastodynamics, if the prigeantid the bar where the projectile
impacts are of the same cross-sectional area, then thé lgnite pulse generated is twice the
length of the projectile. Here, however, this is not the casdhe projectile is of an annular
cross-section, while the transfer flange has a circutasesection. In case of the long flange, the
entire pulse is allowed to attain its full length, while inecas$ the short flange, even before the
whole pulse is generated, there will be reflections from the éred of the flange. Thus, the
length of the pulse is not equal to twice the striker lengthddftian to this, for a striker of a
given length, the pulse generated by coupling the incidence baheighort flange be expected
to be equal to that generated by coupling the incidence bar wighriker. Figure 4.11 shows a
typical incidence pulse for a striker of length 127 mm, which aase where the cross-sectional
areas of the striker and the flange are same would givesa pliluration approximately 3is.

In Figure 4.11, however, the duration of the pulse is 1S0for the long flange and

approximately 22@s for the short flange.
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Figure 4.11. Incident pulse for a striker of length 127 mm
(i) The second step in calibrating the Tensile Hopkinson Bar involves skhetansuring

that the incidence and the reflected pulses are the reflecti@ach other along the time-axis in
the absence of a specimen. This is independent of the loading mecl{aeistine choice of
flange); this check is crucial to ensure that the thread didtegtincidence pulse to a minimum.
For this, the specimen was detached from the incidence bakea sf known length (127 mm)
was fired from the gas gun and the incidence and reflectedspatsgenerated, were measured

from the strain-gage readings. A typical incidence and reflected pulsevis $n figure 4.12.
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Figure 4.12. Comparison of the Incidence and Reflected Pulses

From Figure 4.12, it can be seen that the incidence and reflected gaisgh not exact
mirror images of each other, are very similar in profile, i.ar traplitude are almost exactly the

same and the duration of both of them are also almost the Shmesmall mismatch in the
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profile is due to the threads on the downstream end of the incidencehbeln, causes some
pulse distortion; however, as the threaded length (12.6 mm) ishimsghe bar-diameter (15.9
mm), this distortion is negligibly small and can be conveniently ignored.

(i) The final calibration involved determination of the dynamiess-strain properties of a
known material using the tensile Hopkinson Bar. For this, OFHC Copperselacted as the
material. The copper specimen had a diameter of 2.5 mm and a leng@2ahm at the gage
section, while the ends of the specimen were threaded usingdarstathread size of ¥2"-20
threads. The length of the threaded portion of the copper was 12.7 gure Bil3 shows the

copper specimens that were adopted for the current calibration.

(iFS ]

Figure 4.13 Copper Specimens
For the determination of the dynamic properties of copper, exgeis were conducted in

two configurations, once using the short flange and then using thefetmm#. Figure 4.14

shows the typical response obtained in the experiment.
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Figure 4.14 (a) Representative Pulses generated in determination of theayraperties of

OFHC Copper (b) Stress-strain curve for OFHC copper

Compared to the stress-strain curve obtained by @ilH]] the stress-strain curve obtained
in the current SHTB shows an over-estimation of stress valuepfrpximately 10%. This is
because of the use of point-wise measurement (strain-gagescitate the stress-values and
arises due to the negligence of the threaded length of the spedlomsgiheless, the current
SHTB is found to give a reasonably good stress-strain charéictaisthe material whose
dynamic properties are to be determined.

(iv)Based on Figure 4.11 and 4.14 some immediate conclusions can be drawhefriovo
variants of the SHTB developed at CVRC, viz. SHTB with a shamgaand SHTB with a long

flange. They are as summarized below
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Table 4.1 Comparison of the Features of an SHTB with the long flange and short flange

Feature

SHTB with Short Flange

SHTB with Long Flange

Post-I mpact

Analysis

The SHTB, when used with

momentum-trap prevents Ssuccess
train of pulses from impinging on th
specimen. The specimen is th
amenable to post-impact analysis of

micro-structure.

arlhe SHTB with the long flang
iauses successive train of pulses
a@mpinge on the specimen. Po
of th

usnpact analysis

itmicrostructural details  of
specimen is thus not relevant to t
first set of pulses that impinge (¢

the specimen, unless the specin

of pulses.

thie

is loaded till failure by the first se

(4%

5 10

St-

D

he

n

nen

Amplitude of

Pulses

Given a striker length and strik
velocity, the SHTB with short flang
generates higher amplitude of pulg
compared to the one with long flang
Thus, higher strain-rate investigati
is facilitated by this configuration ¢
the design. The maximum stre
developed in the material is al
higher and this configuration is mo
suitable for materials with highe
like

yield/ultimate stress

ductilealso

bGiven a striker length and strik

evelocity, the SHTB with long
sdkange generates lower amplitude
jgulses compared to an SHTB with
bAange shorter than the length of t
fpulse. This configuration is tht
for

ssuitable investigating

smaterial characteristics at relative

p1stress developed in the specimer

lower and thus, th

thie

D
—

of

S

ly

réower strain-rates. The maximum

1S

materials, ceramics etc.

configuration is more suitable fc

DI
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Table 4.1 Continue

d

112}
—_

experiments with materials of low
yield/ultimate stress like composite

fibers, biological materials lik

1%

tissues etc.

Length of

the pulse

Given a striker and a striker velocityThe flange in this configuratio

this configuration generally facilitatesnay be considered semi-infinite

the generation of pulses of larg
length. This is because the length
the flange is shorter than the width

the pulse generated in a semi-infin

flange (i.e. a very long flange), whichresulting from internal reflections

results in successive intern

reflections of the pulse generated

the first impact of the projectile.

arvith respect to the length of the

@rojectile. This allows for th

adevelopment of the full pulse length

itend there is no successive overlap

U7

alhe resultant pulse generated

shorter magnitude

kthus  of
compared to the configuration wi
the flange being lesser than the

striker length.

Shape of the

pulses

With a given striker length an
velocity, this generates a relative
less “cleaner” pulse shape

compared to the configuration with
long flange. Nonetheless, the shape
the pulse starts distorting only in t

falling section of the pulse.

dThis configuration of the SHTB

Igenerates a cleaner tensile pu

—

ashe pulse is smooth throughout |ts
¢ength.
» of

ne
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It may thus be said that the choice of an SHTB with long flarggan SHTB with short
flange depends on the discretion and requirements of the engineers Thse specific and the
requirements of final yield/ultimate stress of the matedakired strain-rate and the need for
post-impact microstructural investigations govern the choice factah of the appropriate
experimental configuration of the SHTB developed at CVRC.

As a final remark, it may also be pointed out that the expsamdetermination of
dynamic stress-strain properties of a material requurdisipus design of the specimen in order
to get a smooth reflected pulse and ensure that threading thenspetistorts the reflected pulse
to a minimum. Like a Split Hopkinson Pressure Bar experiment, tis@leéeHopkisnon Bar
experiment also involves a series of trial specimen designs,ebéfal determination of
appropriate specimen dimensions for obtaining the stress-strainafuitve material. It must be
ensured that the deformation is limited to the gage section amsdndb®ccur at the edges. At
this point, it is worthy to note that apart from the above-mentioned cgppeimens, another set
of copper specimens, with a gage length of 5 mm was also mdchitmevever, in such

specimens, the deformation was found to occur at the edges rather than at-dectiage

4.6 Conclusion

In this chapter, a newly developed Split Hopkinson Tensile Badessribed. Different existing
designs were evaluated and the design adopted a principle of triéarsfer used for generation
of tensile wave by reflecting a compressive wave from the énd. Copper was selected as the

model material and its dynamic properties were determined.
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CHAPTER 5

Conclusion



5.1 Conclusion

The research work showed the effects of specimen size and shagsei of non-cylindrical
specimens in a Kolsky Bar. A simple model for radial inertia was proposeddasiiga criterion
for the judicious choice of non-cylindrical specimen was proposed and fowatk reasonably
well for the determination of the dynamic stress-strain pregsedf materials. The need for
lubricating the specimen-bar interfaces appropriately was eagohasized and the need for
maintaining proper test-conditions to avoid spurious results in a Kdskyexperiment was
shown. The second part of the research comprised of studying the dffesit of overlap area
on the strength of adhesive bonded single lap joints. A combined regméai-numerical
technigue was employed to predict the strain distribution in the igdh&tsthe time of failure.
This showed that there were significant stresses at the,etlgés a large part of the adhesive
layer was strain-free. Thgrima facie effect of overlap area on Kolsky bar prediction of the joint
strength was found to arise as an effect of averaging the strahe adhesive. Overall, the
Kolsky Bar was found to give a conservative estimate of the gpiahgth under high loading
rates. In addition to this, a Tensile Split Hopkinson Pressure bsaralga developed and

calibrated in the current thesis.

5.2 Scope for Future Work

In the study on non-circular specimens, the material was assumeel &4 homogenous and
isotropic material. As a future work, an estimate for inertiamisotropic composites can be
made by extending the proposed model for the same. As another @xteinsie current work, a

design criterion can be established for foam-like materials as thendesgegion suggested in the

current research may be found to be impractical for testingoafmetallic foams. This is
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because, testing of foam with larger void size requires a ldeggth of the sample to be tested
in order for continuum assumptions to hold good. The second part of thecheseaprised of
addressing the factor of determination of the dynamic strengtdloésive bonded single lap
joints. While the development of precise mathematical modelsgakio account the rate-
sensitive plasticity of the adhesive may has already pemted out as a scope for future work,
similar models can be developed taking into account the viscodiasticriscoplasticity of the

adhesive, while simultaneously retaining the strain-acceleration term.
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Appendix A

Radial Inertiafor Non-Cylindrical Specimens
In this section, a derivation for the inertial stresses in acybndrical specimen is shown. The

analysis follows that for cylindrical specimens from Sam§ib].

If the rate of deformation tensoui-,j is a function of time only, then using the Eulerian frame of

reference defined bpq, Xo, X3 as the independent spatial coordinates, Witgiving the axial

direction of the specimen,

1 _

E(Vi,j +Vj,i)—dij (t) (A1)

If the material is incompressible,

v,i=0 (A.2)
In the cylindrical coordinates,

% =d(t) (A.3)

and following (A.2)

M __
5 = 9z (A-4)

If h be the current height of the specimen anut) is the axial velocity acting on the specimen’s

end, then following Samanfa.15] it can be shown that
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V,=——2Z (A.5)

V=t (A.6)
Observing thavg =0, the following relations hold:

Vy =V; cos@ )y =V, sin@ ] (A.7)
tan(6)2¥ r = X2 + y2 (A.8)

From (A.6), (A.7) & (A.8),

u
Vy, =—X A.9
x =5 (A.9)
% :iy (A.10)
Y 2n '

From the first-law of thermodynamics, denoting the kinetic ggnewy K, the internal-energy by

W, and the surface traction by acting over the surface S,

D
E(K +W) :iFjvde (A.11)

D . L
Wherea denotes the material derivative.

If A be the cross-sectional area of the mateciﬁl,the Cauchy stress-tensbdtthe volume of the

specimendp the average yield-stress then
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—(W) = gjdjav =-uAgp

Again, as the tractions act only on the cross-section of the specimens at the end,

[ FjvidS=uApc
S

where pic is the mean traction acting at the face of the specimen in tovitacdhe incidence

bar, where the velocity is.

The kinetic energy of the specimen is

_1 2,0 2.2
K—Epj(vx VTV, )dV

D, , 1 D D D
E(K)—Ep\{(ZVXaVX+2vyD y Z\IZaVZjdV
2
(X +y) du 3(X +y) 2% du
= u—+= i
'Oj 4h? d¢ 8 p3 h2 dt

The polar moment of inertia of a body is defined as
J= .[(x +y )

A
Further,

\'[(x2+y2)dv :££(x2+ yz)dAdz:Jh
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(A.14)

(A.15)
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(A.16)



| Z2qV = [ zzdsz:AhT3 (A.18)

V Az

Combining (A.15), (A.17) and (A.18)

J du 3 3 Ah du
—(K)=p! —U—+—— 1 — A.|9
( ) {4hudt 8h2u 3udt} ( )

Substituting (A.12), (A.13), (A.19) into (A.11),

(A.20)

J du 3 J - hdu
—+— uc +
4Ah dt 8 AR? 3dt

9p =_pmu"'lo{

Due to the absence of shear-forces, the equation of motion in the axial directi@mibyg

do, D
—L£=p— A.21
0z p Dt( 2) ( )
_ _ phdu
Oo,=- + =T A.22
z= " Pmut Pm >t ( )
where Py is the surface traction at the transmission bar-specimen interface.
Combining (A.20) and (A.22),
J du 3 J 5 hdu
Op =Pyt ———F+——= U ——— A.23
D =" Pm '0{4Ah dt 8 An2 6dt} (A.23)
From the definition of natural axial strain,
u
E=—— A.24
H (A.24)
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(A.20) and (A.23) can be written as

op =— -p i+h—2 E+p i—h—z &2 A.25
D="Au=P ZAT 3 8A 3 (A.25)
Op = =Py =0 J b E+p i+h—2 &2 A.26
D="PM "P 77" 6 8A 6 (A.26)

Thus,

(o) :—E( + )_,0 i+h_2 :5:"',0 i—h_z 52 A.27
D =75 Pnu™ B A 12 8 12 (A.27)

(A.25) through (A.27) are the model for stresses in a non-cylindspatimen including the

effects of inertia. For a cylindrical specimen of radius

2

J
J_a® A.28
e ( )
(A.25) through (A.27) reduce to
Op =~Pru =P &L B0 (A.29)
D 8 3 16 3 '
O =—Pry — a_n? E+p a—2+h—2 &2 (A.30)
D =" Pm 8 6 16 6 '
0 :—E( + P ) =P a_2+h_2 E+p a_z_h_z &2 A.31
D =75\ Pmu™ P 8 12 16 12 (A-31)
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It can be seen that the inertial stresses in (A.26) comwsderms; an extra axial stress
occurring due to the effects of strain-acceleration and the wthien occurs due to the effects of

strain-rate. For a sample calculation of inertial stess®nsider an aluminum sample (

p= 270Ckgm_3 ), with a rectangular cross-section of dimensions 6 mm by 6 mm, and length 3.5

mm. The strain-rate as obtained from experiments using (2) isnshowigure A.1 (a). The
inertial stresses arising due to the strain-acceleration aedndue to the strain-rate terms are
shown in Figure A.1 (b) and Figure A.1 (c) respectively. The netiahestress as calculated

from (A.26) is then plotted in Figure A.1 (d).
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Figure A.1 Sample Calculation of Inertial Stresses (a) Stragnw/a time as obtained from
experiments (b) Inertial Stress arising due to Strain-rate tgrimgitial Stress arising due to the

Strain-acceleration term (d) Total Inertial Stress

It can thus be seen from (A.1) that the inertial stressesgitimenperiod of constant strain-rate is
extremely small, while the inertial stresses during thegef strain-acceleration is larger than

during the constant strain-rate phase.
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Appendix B

Solution of the Governing Equation for the Adhesive Strength of Lap Joints
For the problem of the adhesive strength of split-cylinder smmpl a Kolsky Bar, the

governing differential equation, from Equation (3.19), is as follows

0%y a(xt) _ 1 9%a(xt) _ 1
- =—V. X, t (Bl)
2 2 a2 a a(xt)

where ) is the shear strain of the adhesieds the wave-velocity of the adherend, amdis a

parameter, depending on the mechanical properties of the adherendsyeadisewell as the
diameter of the split-cylinder sample and the adhesive thickness. finite element defined by
Xg < X< X, the weighted residual statement is given by

Xp 2 2
[ 00 LD
" ox c ot a

(B.2)

whereW is a suitable weighting function. The weak-form is obtained byratang (B.2) by

parts to obtain

o) 2

t
J oW Ol )—lwya(x,t)——l wIale) (5 4y Oalxt)
" ox  Ox a c? ot2 ox

W 0y (X,t)

=0

X=Xp X=Xq

(B.3)

The exact shear strain is replaced by an approximate stiear, §, , defined by

2
Va =2 VSONF(0) (B.4)
j=1
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wherey‘jE is the shear strain at the j-th node emﬁ is the first order Lagrange Interpolation
Function for the e-telement. For a Galerkin weighted residual approach, the weidghtietgon
is selected the same as the interpolation function, i.e.
W=N;,i=12 (B.5)
On substituting (B.4) and (B.5) into (B.3) the semi-discretized suations for each finite

element is written as

ke e =) )

where
N
KE = RISV N, (B.7a)
oX ox a«a
1
M;i® =5 NiN; (B.7 b)
C
.
{red =t 1] = —aaﬁ aaﬁ (B.7¢)
Xlx=xg X X=Xy

The elemental systems are then assembled together to obtain the globsésetdiscretized

equations given by

[K}{7} +[m]{7} ={1) (8.8)
For time-integration, a half-step central difference schemead@agsted. The details can be

found in Cooket. al. [3.48]. Here however, only the key steps are summarized.

IMICF Y ”{[ K -—% W}W”-%]M} pt (8.9)
At At At

GOm0 £ Ky ©) (8.10)
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. 2
CIRES AR/ 2 (B.11)

In the above, the superscripdenotes the time-step at which the value of the nodal shear

strain vector{j} is evaluated. A convergence study, with respect to the shear strain at the mid

point of the adhesive layer was conducted for each case by vangirgdement size for a time-
increment of {is. It was found that by choosing an element size between 0.0375-0.05 mm in

resulted in converged solution for the given time-stepping.
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