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ABSTRACT

Low carbon steel is the most common grade of sirattsteel used; it has carbon
content of 0.05% to 0.25% and very low contentlldfyang elements. It is produced in
great quantities and provides material propertias are acceptable for many engineering
applications, particularly in the construction isthy in which low carbon steel is widely
used as the strengthening phase in civil structufidse overall goal of this dissertation
was to investigate the deformation response of Agigzle 50 steel when subjected to
impact loading. This steel has a 0.23% by weighbaa content and has less than 2%
additional alloying elements. The deformation natbms of this steel under shock
loading conditions include both dislocation motamd twin formation. The goal of this
work was achieved by performing experimental, anzy and numerical research in
three integrated tasks. The first is to determireerelationship between the evolution of
deformation twins and the impact pressure. Secondlystress criterion for twin
nucleation during high strain rate loading was dlgwed which can account for the strain
history or initial dislocation density. Lastly, method was applied for separating the
effects of dislocations and twins generated by kHoading in order to determine their
role in controlling the flow stress of the materidh this regard, the contents of this work

have been categorically organized.

First, the active mechanisms in body centeredcc(BCC) low carbon steel during
shock loading have been determined as being a csedpaf the competing mechanisms
of dislocations and deformation twins. This hagrbeletermined through a series of

shock loading tests of the as-received steel. shoek loading tests were done by plate



impact experiments at several impact pressuresngrigppm 2GPa up to 13GPa using a
single stage light gas gun. A relationship betwéem volume fraction and impact
pressure was determined and an analytical model utihged to simulate the shock

loading and twin evolution for these loading coiwts.

The second part of this research ties into the hmagefforts. Within the model for
predicting twin volume fraction is a twin growthuegion and a constant describing the
stress at which the twin nucleation will occur. Bsing a constant value for the twin
nucleation stress modeling efforts fail to accuyafgedict the growth and final twin
volume fraction. A second shock loading experirabstudy combined with high strain
rate compression tests using a split Hopkinsonspresbar were completed to determine
a twin nucleation stress equation as a functiodisibcation density. Steel specimens
were subjected to cold rolling to 3% strain andsaguently impacted using the gas gun
at different pressures. The increase in dislopatdensity due to pre-straining
substantially increased the twin nucleation stredgating that twin nucleation stress in
dependent upon prior strain history. This has egtained in terms of the velocity and
generation rates of both perfect and partial detioas. An explicit form of the critical
twin nucleation stress was developed and parameters determined through plate

impact tests and low temperature (77K) SHPB congimagests.

The final component in studying deformation twinamanisms in BCC steel extends
the research to the post-impact mechanical pregseand how the twin volume fraction
affects the dynamic flow stress. Compression téstsveen 293K and 923K at an
average strain rate of 4700 svere completed on the as-received and 3% preasttai

steels in both the initial condition and after lgpimpacted at pressures of 6GPa and



11GPa. Results of the experimental testing were usea thermal activation model in
order to distinguish separate components in therasi@cture contributing to the
enhanced flow stress caused by the shock loaditty.has been shown that the
dislocations generated from shock loading are edent to those produced under lower
rate straining and the addition of deformation simthe microstructure contribute to the

athermal stress by adding to the long range barrier
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PREFACE

This dissertation is prepared in manuscript format.

Chapter 1 is an introduction into the subject for teader to familiarize themselves
with basic concepts of mechanical testing and tiystallography and deformation of
metals. This is presented so that an understandlinpe terms and concepts used

throughout the dissertation can be fully understood

Chapter 2 outlines the design and developmentsuigle stage light gas gun built in
the Mechanics of Materials Research Lab. The ctsitef this chapter include the
motivation for the development and a brief des@ipbf gas guns in research. The full
design of the main gas gun components and the aséignsystem used is outlined in

detail

Chapter 3 is a manuscript published in the jouraflMaterials Science and
Engineering: A 528.27 (2011): 7875-7866. The warkthis chapter was done to
determine the effects of impact loading on the ostnucture and mechanical properties
of A572 grade 50 low carbon steel. Plate impaststevere conducted using a single
stage gas gun for shock loading specimens. Irepdéess was measured and correlated
with the volume fraction of deformation twins. Amalytical approach was utilized to
mathematically simulate the microstructural vadas based on the conservation of mass
and momentum equations. Results were discusseglation to quasi-static properties

linked to the impact loading.

Vi



Chapter 4 is a manuscript published in the jouraflMaterials Science and
Engineering: A 687 (2017): 28-38. In this chaptn extensive experimental
investigation of deformation twin nucleation is doeted through shock loading and
high strain rate compression tests at 77K and 293Kecifically the experimental work
was utilized in order to develop a critical twinaeation stress which accounts for a
materials strain history. This is developed imgrof the dislocation density evolution
and describes the mechanisms controlling twin raticde in body centered cubic steel.
This concept is utilized in an analytical model fpoedicting the volume fraction of twins
as function of impact pressure. The model preuhsti were enhanced through
comparison to experimental findings by includingtvein growth parameter which

accounts for the activation of multiple twin system

Chapter 5 is a manuscript under review in the jauafi Metallurgical and Materials
Transactions A. This chapter outlines the effedftshock loading on the post-impact
mechanical properties of low carbon steel. In thapter a physics based dynamic flow
stress model is presented. The model is deriveddban the concept of dislocations and
their interaction with thermal and athermal strbasiers which control the flow stress.
The microstructure evolution as function of shookding is studied in terms of the
contribution to long range and short range stremgidss. An experimental study
including high temperature compression testing a@spleted in order to separate the

contributions due to inherent microstructure feaswaind those induced by shock loading.

Chapter 6 presents major conclusions of the desentand future recommendations

for continuing with this work.

viii



The appendices include operating procedures forlighe gas gun as well as all
related mechanical drawings for the design. Alsduided in the appendices are the
Matlab code for the analytical model used and @aalysis for dynamic compression

testing.
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CHAPTER 1

INTRODUCTION

1.1. Statement of Problem

Impact loading is employed in many engineering i@pgbns including
manufacturing processes such as forming, weldind,campaction of metal and ceramic
powders. In addition to employed engineering tégpes, catastrophic events such as
explosions can result in high rate shock loadingd@mons. An important aspect in this
type of loading is the associated high strain natech dictates the microstructure
evolution characteristics of the impacted materi@urrent efforts to simulate the high
rate loading response of materials are carried uwmihg various numerical and/or
analytical models. These models are, in genet@@npmenological in nature, yet can
successfully predict the stress-strain responsengnget of prescribed loading conditions
and are capable of interpolating the outcomes. d¥ew the absence of explicit
microstructure parameters limits their extrapolatapability. Furthermore, deformation
response of materials under impact loading has showbe highly dependent on prior
strain history. While successful in accounting fourrent loading and material
conditions, the current models lack the abilityinclude prior strain history in their
simulation platforms. Additionally, the majority work done on impact loading focuses
on the microstructure and corresponding mechamgsponse during impact loading;

little information, however, is available on thdlience of the resulting microstructure



on the post impact mechanical behavior, which is pairticular importance for

manufacturing and structural survivability. It tiserefore of interest to identify the
relationship between post impact microstructure thomt stress. In doing so, material
selection and loading conditions can be tailorecdhieve desirable properties of the

final material state.

The goal of this research therefore is to estalaistress criterion for twin nucleation
which accounts for both loading conditions and psain history. This criterion is an
important component in numerical simulation mod#dsigned to predict impact related
flow stress and strain history. This will be cadiout by a combined experimental,
numerical, and analytical study. The experimewadk will consist of a series of impact
tests on low carbon steel using a gas gun follolyethicroscopic observation to identify
microstructure evolution. These specimens willseguently be used to identify post
impact stress-strain behavior through a series @hpression tests using a split
Hopkinson pressure bar. Results of this experiatembrk will be incorporated into a
thermal activation model to identify flow stress terms of its thermal and athermal

components which are in turn, functions of matearad loading conditions.

1.2. Justification

Of all the metals which have been subject to dyoassting, steel is one of the most
common materials. Its versatility has allowed Istede a widely studied and used metal
in structural engineering. For this reason, redeam all varieties of steel has been

carried out. The high strain rate properties ipaoniant for manufacturing processes such



as explosive forming and cutting to end-use appboa such as safety of structural
members in civil structures. In order to effeclyvadesign for the applications,
experimental testing of related materials is regpliover a broad spectrum of strain rates
and temperatures in order to understand the ewolwf microstructure features which
can facilitate in the development of physically dxhsconstitutive models. Several
techniques exist by which related experiments cartdnducted for strain rates in the
range of 16 s' up to 16 s® in laboratory settings [1] [2]. These tests ineud
compression and tension tests using a drop wesght,Hopkinson pressure bar (SHPB),
Taylor impacts, plate impacts using single or twage gas guns, and small scale
explosive loading of plates. Results from shockdlag studies include developing a
relationship between the shock loading pressure thadparticle velocity within the
material during shock loading and is one of the tnwatuable contributions that can be
made to the community for shock load modeling é¢ffor This, more commonly
expressed as pressure vs. specific volume, is cattyrhkaown as the Rankine-Hugoniot
relationship, of which the Los Alamos National lads provide extensive amounts of

data for a variety of materials [3] for this vegason.

The most common outcome related to microstructi@aures induced by high strain
rate loading in most materials, including body eeadl cubic, face centered cubic, and
hexagonally closed packed crystal structures; dedition can occur by two processes,
dislocation slip and/or mechanical twinning. Meyg#] found that the twin volume
fraction is a function of stress, and is indepenadérnemperature and strain rate and will
increase monotonically with increasing stress. s¥fiiset al. [5] established a relation for

the volume fraction of twins to the applied strdg®ugh a series of plate impacts in low



carbon steel. Shock loaded iron has been showenhibit significant twin formation in
by De Resseguier and Hallouin [6] using high-powasers pulses and Johnson and
Rohde [7] proposed a constitutive twinning modeldgiermine twin volume fraction.
Within a number of these studies the modeling &fartilize a stress based twin
nucleation criterion which contributes the finalinwolume fraction prediction. The
slip-twinning transition has been explained throwgmechanistic model proposed by
Armstrong and Worthington [8] based upon the Sw&lady relationship, grain-size
and temperature to predict the threshold stressvioning. Meyers [9] [10] discusses the
influence of strain rate, temperature, grain sem@] stress state on twin initiation for
FCC, BCC, and HCP materials and showed that twaleation is related to dislocation
motion and presented a model in which dislocatiberyps are considered a key aspect
in nucleation. Karaman et al. [11] suggested tahning occurs by pile ups of

dislocations from which partial separation occurs.

The above studies indicate that the twin nucleasimess is dependent upon several
intrinsic and extrinsic material properties; theref numerical modeling of twin
nucleation and growth should also include thestwfac Several authors have shown that
pre-straining at room temperature is effectiveupmessing deformation twin nucleation.
Twins have been shown to be suppressed in low nasta®l and in iron when testing at
liquid nitrogen temperatures after a prior preisirg to levels as low as 1% [12-15].
Pre-straining as little as 2% has also been shawbet effective in inhibiting twin
nucleation in iron and in molybdenum during shao#ding at 9GPa [16] [17]. What is
missing from these studies is an explicit form bé ttwin nucleation stress which

accounts for the prior strain history. This nutilea criterion can be explained in terms



of the increase in dislocation density. By stnagnthe material an increased distribution
of dislocations is generated and the propensitytvi;m becomes lower as plastic
deformation can be accommodated by slip [17]. @foee, prior mobile dislocation

density is indirectly proportional to the numberpsbbable twin nucleation sites. This
could indicate that the mobile dislocation densihd the degree of uniformity have a
direct correlation with the critical stress reqdire® twin. The characteristics of the
dislocations generation rate and velocity can floeeebe directly implemented into a

criterion governing twin nucleation.

The role of deformation twins on subsequent medahmroperties has been studied
by several authors. Twins have been shown to ibomér to fracture mechanisms [18,19]
including influence in crack path direction durirguasi-static loading [5], and a
correlation between deformation twins and the motiéracture has been established
[20]. Meyers et al. [9,10] noted that twinning daewve two significant effects upon the
flow stress; the twins act as barriers effectivaippdividing the grains, thereby increasing
the work hardening rate, and also contribute tstaleformation due to twinning shear.
Murr et al. [21] explain that the twin nucleatiaimess is highly dependent upon stacking-
fault energy. Their work examined twin formatioarithg shock loading and post-shock
mechanical response of Tantalum consisting of gstasic and dynamic compression
tests as well as microhardness measurements. chmejuded that twins are responsible
for additional hardening of the microstructure @edeloped parameters for the Johnson-
Cook model to account for the shock loading. Téggproach, while valid, does not
attempt to separate the contributions of the shodiced microstructural changes and is

still phenomenological in nature.



The studies mentioned above point out to diffenttributions that twins have on
the mechanical properties of metals during subseqtesting. Missing from these
efforts is a systematic examination of the micnostural variables influencing the
dynamic flow stress. Thus, as discussed in Chaptea physically based thermal
activation model is utilized by including shock uwdd microstructural effects and
separating these features into athermal and thestreds contributions. The flow stress
during plastic deformation is described by dislamatmotion and their resistance to
barriers. This stress is split into parts accaydim the type of barriers; short range and
long range. The thermal stress component corndisisort range barriers which, in BCC
metals, are controlled by the resistance of theaht¢attice and point defects within and is
affected by the strain rate and temperature [23]e athermal stress component consists
of long range barriers and is controlled by stfesdds from microstructural features such
as grain boundaries and secondary phases whiamahenergy is not sufficient to aid in
overcoming these obstacles [23,24]. The resulthisfmodel would, therefore, indicate
to what extent each shock induced parameter hath@mmagnitude and hardening

features of the flow stress in shock loaded mdteria

1.3. Approach

As previously discussed, the goal of this dissenais to establish a dynamic
deformation criterion for twin nucleation as a ftion of both loading conditions and
prior strain history as well as determining theluahce of deformation twins on the

overall flow stress. This goal will be carried dbhtough experimental, analytical, and



numerical studies. Mechanical properties and msicogture variation of impacted

specimens will be characterized at various tempegatand strain rates using several
experimental methods. These tests, which are skseclin the following section, are
divided on the basis of the strain rate level tht@e regimes; low, intermediate, and high

strain rate as shown in Figure 1-1. This figureveh a full range of achievable strain

rates in the laboratory setting and the typicaingsmethods used.

Strain 0 %0'8 {0‘6 %0‘4 %0'2 lIOO }02 %04
Rate (1) F\AH I — — 1 1 >
Testing Creep Testing Hydraulic or Drop SHPB Gas Gun,
Method Machines Screw Weight Explosive
Machines Tests Dniven Plate
Impact
Mechanical] Strain versus time | Constant strain  |[Mechanicall Plastic | Shock Wave
Response or Creep rate rate test Resonance| Wave Propagation
Propagation
Creep Low Stain Rate Intermediate High Strain
(Quasi-Static) Strain Rates Rates

4—— Isothermal Adiabattc ———p

> <

Figure 1-1: Strain rate regimes in mechanicalrigsif materials.

The low strain rate regime is the quasi-staticistrate range 10to 10 s™.

In the
current work, quasi-static tension and compressests were completed using MTS
servo-hydraulic testing systems at room temperatdiis strain rate level of testing is
used to generate material properties as well anpaters required in the formulations of
a constitutive model (Johnson-Cook model) usethimgtudy to simulate the response of
the material under different loading conditions.eTihtermediate testing regime is that
which corresponds to the strain rate rangé 010 s*. Testing in this range was

completed using a compression split Hopkinson presbar (SHPB) in the temperature
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range 73 K to 923 K. The SHPB testing serves thigectives in this dissertation. The
first objective is to determine constants for tlwnkon-Cook model as functions of
temperature and strain rate. The second objeativio determine the critical twin
nucleation stress in the body centered cubic drgstacture of the low carbon steel under
consideration. The third objective is to determmierostructural variables influencing
the two components of the flow stress; athermaltaednal, in the as-received and pre-
strained steel materials at various temperaturdssaain rates. The third loading regime
is the one corresponding to high strain rate whéchchieved by the shock loading of
both the as-received and cold rolled pre-strairtedl specimens. These specimens are
subsequently used to identify microstructure evolutas a result of impact loading
through microscopy as well as to identify post igtpsiress-strain behavior through a
series of intermediate strain rate compressiors.te$his level of high strain rate testing
required the design and construction of a singlgestight gas gun in the Mechanics of
Materials Research Lab (MMRL) in order to shockdidhe specimens by means of
planar plate impacts. The design and theory dftlgas guns is discussed in detail in

Chapter 2.

Results of the shock loading experiments will beestigated using analytical models
coupled with finite element analysis. These modélize material constitutive laws that
require the knowledge of material parameters whicthurn, are determined using results
from a set of tests performed at various tempegeatwithin the low and intermediate
strain rate regimes. These parameters are extetmleshock load modeling by
extrapolating their values to the high strain nagime. Three models are examined in

this dissertation; the empirically based JohnsookC@C) model, the deformation twin



model, and the thermal activation flow stress modeich are briefly discussed here and
are discussed in detail in Chapters 3, 4, and @h&pt

Several models for determining the flow stress unithepact loading exist in
literature; these include the Johnson-Cook (JC)ehaderrilli-Armstrong (ZA) model,
and Mechanical Threshold Stress (MTS) model. Thenddel has been widely utilized
in commercially available finite element prograrasch as Abaqus, due to its simplicity
and relative accuracy. As such, this model has lodigzed in this work in a numerical
procedure in order to provide initial impact pdgioselocity which is subsequently
required in developing a model to determine defdionatwin growth as a function of

impact condition pressure. The JC model expreseesduivalent von Mises flow stress

as a function of the equivalent plastic stragn, dimensionless plastic strain ra®, and

homologous temperaturg, , as follows [25]:

o= (A+Be") [1+CIn¢’] [L:rm] (1.1)

Strain Hardening Strain Rate Effect =~ Temperature Effe

where A,B, N,C, and Mare empirical material constants to be experimbntal
determined. The expression in the first brackptagents the strain hardening effects,
the second bracket represents the strain ratetgffaed the third set of terms represents

thermal effects. The dimensionless plastic straie is defined as
£ =¢/g, (1.2)

in which ¢ is the imposed strain rate afis a reference strain rate at which parameters

are determined. The homologous temperature ise®fas:



T = f (1.3)

whereT is the imposed temperatur&,is the reference temperature, ahgls the

melting temperature.

Determination of model constants requires a mininmimine tests, at three different
strain rates and three different temperatures. s@hgere performed at the low and
intermediate strain rate regimes. JC model cotstare implemented into a numerical
platform employing the commercial code Abaqus flatgimpact simulations which are
utilized for generating particle velocity profilet the impact surface of the target
specimen. These profiles are used as an inputptoysics based twin model to predict
the volume fraction of deformation twins during iagb loads. This twin model is

described by the laws of mass and momentum cortgaryavhich are written as

0
ou  do
IOOE-'-&:O (1.5)

where Q, is initial density, o is an evolved density, andis particle velocity during

impact at timet at a distance oK from the impact surface. The initial particle ety
profile imposed at the front surface of the targgcimen is a required input in order to
explicitly solve Equations (4) and (5) through tiraed distance. Plate impacts of as-

received and pre-strained steel specimens will de&l uo validate model predictions of
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twin volume fraction. Full details of calculatingin volume fraction and determination

of the critical deformation twin stress is providadChapter 4.

Finally, the effects of the shock loading on th&ideal flow stress of the material will
be determined. Impact specimens will be prepanethe as-received condition and in
different pre-strained states. Following plate atiptests, compression specimens will be
machined from the impacted target specimens andippsct tests will be carried out on
the specimens using a SHPB at several strain amggemperatures. In this part of the
study, the total flow stress is considered to be $bhm of the thermalpy, and the
athermalo, stress components. The thermal component ofssigeexpressed as a
function of both strain rate and temperature de\:

KT _\YaT¥P

A &

., =0|1-| —In— 1.6
oot ] as

r

where & is the mechanical threshold stress at OK, k isZzB@hnn's constant, T is current

temperature(s, is the energy of the Peierl's barrier per at@nis the imposed strain rate,
and &, is the reference strain rate. On the other hardathermal component of the flow

stress can be described by a simple power law iequiEtto experimental data as
o,=0&"+0, 1.7)

where £ is the straing” and N are the strain hardening sensitivity parameterd, @Gpis

the stress component due to the current microstreicivhich can be measured as the
yield stress at the critical temperature. An effgill be made to include the effects of

prior impact, due to residual microstructure vaoiati.e. dislocation networks and
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deformation twins, on the flow stress component3he model formulation and

determination of constants will be shown in Chapter

1.4. Mechanical Loading of Materials

An experimental study has been carried out in otdedetermine the deformation
response of low carbon steel at various temperatmd strain rates. This work has been
completed using several experimental methods ammhrafus. This section of the
dissertation will focus on the testing methods gmrdvide details of experimental
procedures, specimen preparations, results angsasiabs well as detailed theoretical
considerations. The performed tests are categbiizéerms of the strain rate which is
considered a significant factor in controlling tmécrostructural response of the material
under study. The range of the strain rates ig 8yl three regimes; low, intermediate,
and high strain rate.

The low strain rate regime in this work is consatketo be within the quasi-static
range, between 10to 10% s*, as this is the lowest strain rate used for charaing the
material studied. The quasi-static testing is usettie parametric study of constants for
the JC model and for material parameters for fieieament simulations.

The intermediate strain rate regime is in rangd@fto 10' s*, and was completed
using a split Hopkinson pressure bar (SHPB) for passion tests at low and high
temperatures. The SHPB compression tests are fosedetermining parameters for

several models throughout this study.
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The high strain rate regime is considered to bevatstrain rates of f0s*. These
tests are carried out using a single stage lightgya for shock loading specimens, the
design of which is detailed in Chapter 2. Fouratatiof the shock loading experiments
will be discussed in section 1.2.2.2.

The details of these three testing regimes areussd further in the following

sections.

1.4.1. Quas-Static Tension and Compression Testing (L ow Strain Rate)

Room temperature quasi-static tensile and commnedssts were completed using a
MTS electro-hydraulic testing machine, as shownFigure 1-2. From these tests,
Young's modulus, yield strength, and ultimate tenstrength are obtained. These
parameters are valuable input parameters for FE/sieaor numerical modeling. The
stress strain curves obtained from as-received speeimens also serve as a baseline for

comparing stress-strain from the split Hopkinsogspure bar experiments.
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Figure 1-2: MTS machine used for quasi-staticitenand compression tests.

The quasi-static testing was done at room temperatn both the as-received steel
and on post impacted samples. In order to obtegarate results, specimen dimensions
must meet ASTM standards when possible or otherlagseompared to other specimen
geometries for validation. Figure 1-3 shows thesile specimen dimensions for quasi-

static testing.
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Témm

®5mm

16mm 4mm

Figure 1-3: Specimens dimensions for monotonicsgsiatic tensile testing. Thickness
must be equal to or less than the gauge width ah4m

As shown in Figure 1-3, the gauge length of thecispen is 4x the width and the
radius leading into the gauge section is at a edqual to the width. The surfaces of the
specimens were ground flat using conventional sarfgrinding methods to a final
thickness of 4mm or less. The dimensions were ethasich that specimens could be
extracted from discs which had previously beenexttbfd to a shock load during plate

impact experiments. A schematic of this is showRigure 1-4.
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Figure 1-4: Tensile specimen extraction from platpact disc (76.2mm diameter) after
impact experiments. The gauge section is fullyhimwitthe impacted region (44.5mm
diameter).

The strain was measured using a MTS (model 6322I3Fnife edge extensometer

which has a gauge length of 10mm, as seen in Fipre

e e et =~
22300823 2RRNSNASnn

632,13F-20

Figure 1-5: MTS model 632-13F-20 knife edge extemster for quasi-static strain
measurements in tension or compression.
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The extensometer was attached to the gauge s&dttbe specimen using spring clip
attachments with half circles opposite the knifggeechs shown in Figure 1-6. This
extensometer can also be used for strain contraltédation of the MTS machine. By
doing so, the strain rate can be accurately sdheodesired level which is retained
throughout the entirety of the test. Strain rdteghese tests were betweeri*ldhd 10’

-1

s~. Comparison of stress-strain curves between tivesgates showed no appreciable

difference; therefore for reducing test time, tighkr rate of 18 s* was utilized.

Figure 1-6: Tensile Specimen with knife edge extemster attached for measuring strain

To check validity of the results, the stress-stm@iirthe tensile specimens shown in
Figure 1-3 were compared with stress-strain cufnggs circular cross section specimens
with the gauge section dimension were 0.800inemgth and 0.250in. in diameter. A

comparison of these curves is shown in Figure 1-7.
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Figure 1-7: Comparison of stress-strain curvesvéidating results for tensile specimen
dimensions. The cylindrical specimen had a gaeggth and diameter of 0.800in and
0.250in, respectively. The flat specimens both ¢aage length and width of 16mm and
4mm, respectively, with a thickness of just undana

As shown in Figure 1-7, two flat dog bone tenspe@mens were compared with a
cylindrical specimen. The yield point, elastic mbg, and hardening characteristics all
coincide. Large variations in stress and straia dan occur when testing specimens that
are dimensioned incorrectly and results must bekat before relying on the data for
further use. As shown in Figure 1-8, four cylir@ticompression specimens have been
tested, each with different length to diameterosatiln all tests, the surfaces of the
specimens were surface ground flat to ensure pésali between ends and to prevent
bending. The surfaces of the specimen and gripe weated in graphite lubricant to

reduce friction and barreling effects.
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Figure 1-8: Compression tests of specimens witlerdint length to diameter ratios.

As Figure 1-8 illustrates, the specimen lengthigoreter ratio significantly alters the
elastic modulus of the material as well as the @Venagnitude of the flow stress.
Dimensional effects have been shown to influeneerdésults in tensile tests by other
authors as well [26]. The specimens with L/D rmatad 2:1 and 3:1 both have similar
elastic modulus, yield strength, and hardening attaristics. The specimen with L/D
ratio of 2:1 (green curve) was a specimen teste@ronnstron screw driven machine
while all others were tested on the MTS machinenshim Figure 1-2. This difference in
the yielding behavior between the green and regtesurs due to the Instron machine
flexture and extracting the strain from the disptaent output data of the load train as

opposed to directly from a strain gauge or an esdasreter attached to the specimen.
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When running tension tests with an extensometacla¢td to the gauge section of the
specimen, the machine can be controlled in straintrol using the extensometer in a
feedback loop or in displacement control usingMies machines built in linear variable
displacement transducer (LVDT). A comparison @& thasults from these tests is shown
in Figure 1-9.

600
. 0 |

Stress (MPa)

(i [ PR (R | Straiti Cantrol

Disp Control

0 0.05 0.1 0.15 0.2

Strain (mm/mm)

Figure 1-9: Comparison of tension tests run ustrgin control using the attached
extensometer and displacement control using théimes built in LVDT.

As shown in the figure above, both tests provideueste and comparable stress-
strain curves of the steel. Strain control testngdvantageous in that the strain rate can
be directly maintained during the entire experimeMaterials which are highly strain
rate sensitive at low rates should be run in arstrantrolled method. However, as shown

in Figure 1-9 periodic load drops occur due to ghasitivity of the strain gauge and the
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constant feedback to the LVDT to maintain that.raléhe disadvantage of running in
displacement control is that the strain rate wébslily increase during the duration of the
experiment as the specimen is strained further. Figure 1-9 the strain controlled
specimen was maintained at a strain rate of 2B-fheughout the entire test and the
displacement controlled specimen had a strainreatging from 2E-58 up to 3E-5 3.
Within this strain rate range, this variation ist reignificant for this particular steel,

however other materials with high strain rate gensi may be affected.

Direct comparisons can also be made between gtagi-sompression and tension
tests. Figure 1-10 shows the quasi-static streasiscurves for a tension and

compression test.
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Figure 1-10: Comparison between quasi-static cesgion and tension stress strain
curves in both engineering and true stress anthstra
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The engineering stress and engineering strain @ngected to true stress and true

strain using the following equations

=xIn(1+,,) (1.8)

(1.9)

where in tension the conversion utilizes the pesisigns, and in compression the

equations utilize the negative signs.

After conversion to true stress and true straire turves both exhibit similar
hardening characteristics, despite the yield stoegsy slightly higher in the compression
test. Results from the quasi-static testing afezed in determining model parameters

for constitutive modeling and material charactdraain finite element simulation.

1.4.2. Dynamic Compression Testing (Inter mediate Strain Rate)

As defined previously, the intermediate strain retege within this work will be
between 1®and 16 s*. This range of strain rates can be achieved Higing a split
Hopkinson pressure bar (SHPB). The SHPB has beeddely accepted as being both
accurate and repeatable and has become recogrizedtandard piece of equipment in
material testing laboratories. The earliest degigmation of the SHPB was made first by
Bertram Hopkinson in 1913 [27]. Hopkinson preserdemiethod by which the duration
and pressure, therefore momentum, of an elastisepcan be determined. His early
design consisted of a long steel bar suspendeddmtally by strings, with another short

bar butted to the end. The wave in the long baprizuced by either a bullet or
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detonation of gun-cotton. Upon detonation, antelagave travels through the long steel
bar and passes into the short steel bar. The bhois caught in a pendulum momentum
trap. By varying the length of the short bar anebsuring the pendulum movement, the
maximum pressure and duration of the wave were aitu This early design was
revisited by Davies in 1948 [28] by adding condenmsé&rophones to directly measure
strain within the bars. In 1949 Kolsky [29] greaithproved upon the initial design by
adding a second bar behind the specimen. Therdasjgovements of Kolsky still exist
in their basic form in modern SHPB apparatus whith éxception of strain gauges and a
light gas gun, which were first introduced by Ktaff 1954 [30]. Several modifications
to the basic SHPB setup have been done since Knaffuding adaptation for tensile
loading in 1968 [31], combined compression andidarsn 1973 [32], and for fracture

dynamics in 1979 [33].

HPB Design

A schematic of the SHPB apparatus showing its megnponents in shown in
Figure 1-11. The striker, incident bar, and traiiga bar are all made of maraging 350
steel with a yield stress of 2GPa and a modulieadticity of 194GPa. The loading bars
are 0.750 inches in diameter and have a lengtl® ahéhes. It is important to maximize
the length to diameter ratio of the loading baroider to ensure that the axial stress
distributes uniformly to ensure one dimensional evgwopagation. The length to
diameter ratio of the bars used in this work is\8hile some suggest that a minimum of

20 is required [34], the large ratio also prevéhesincident pulse from overlapping.
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Figure 1-11: SHPB schematic showing major comptmehloading system: gas gun,
incident and transmitted bars
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The principle operation of a SHPB consists ostitapulses in a set of loading bars
which induce plastic deformation in the specimdiimere are large amounts of literature
describing in detail the SHPB design and theory-33iThe SHPB consists of three
main components; the gas gun, an incident bar anahamitted bar, and additionally a
data acquisition system. The gas gun is usedreodfistriker bar at the incident bar,
generating an incident compressive elastic stralseppropagating towards the specimen.
The magnitude of the pulse can be altered by chagrtje input pressure to the gas gun,
thereby changing the striker velocity. The dumatiof the pulse can be altered by
changing the length of the striker bar, which wai$o result in different levels of strain
for a given strain rate. A graphical representatid the wave propagation during a

SHPB compression test is shown in the time vsadc# diagram in Figure 1-12.

Striker Incident Bar Specimen Transmitted bar
/_/H A l A
i Ny g
| | = ] = |
\ “~__ Strain Strain _—"

Gauge 1 Gauge 2

Figure 1-12: Time vs. distance diagram of thetelagsave propagation during a SHPB
compression testg;, €, andg; represent the incident, reflected and transmipieides
respectively.
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As shown in Figure 1-12, when the striker contdhts incident bar, a compressive
pulse propagates within the striker and incidemt bdpon reaching the free surface of
the striker, the compressive pulse reverses sighdaection and travels back into the
striker as a tensile release wave. This incidentpressive strain pulse, determined in
duration by the length of the striker, travels tigb the incident bar to the specimen
interface. Upon reaching the specimen, a portiothe incident pulse is reflected,,
and a portion passes through the specimen andhattransmitted bag,. The amount
of reflection and transmission are a direct restilthe difference in impedance defined
by the loading bars and specimen geometries andriagbroperties. These three strains

and impedance relationship can be derived in thewog equations.

Governing Equations

The following equations are used to derive one dsi@al motion of elastic wave
propagation. The solution to the 1D wave equatdhbe the basis for the derivation of
stress and strain of the specimen during compnedsists using the SHPB apparatus.
The elastic stress wave can be mathematically ibescby looking at a small sectioak,

of the bar shown in Figure 1-13.

26



Striker Incident Bar

|

T
|_'_J
dx
ey <«— F+dF
‘ﬁ_,
dx

Figure 1-13: Differential area of the loading bmthe SHPB subjected to a force, F.

Newton's second law,

where the sum of the forces, is equal to the masm), times the acceleration, can be
applied to the condition in Figure 1-13, if we stfloge the mass term with the
differential distance along the bakg, whose area i8& and density i®. Equation (1.9)

can be rewritten as

-F +F +dF = pAdxa (2.10)

and sinceF = oA, Equation (1.10) becomes

—J+J+%—de:pdxa (12.11)
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and after rearranging, it reduces to

—=Zdx=a (1.12)
P OX

The acceleration from Equation (1.12) can be réeniin differential form as

100 0%u
__dX:_ 1.1
0 0X ot* (1.13)

Since this is an elastic stress, Hooke's laws epplnd the stress term can be written as

o=gc=gM (1.14)
0X

Substituting Equation (1.14) into Equation (1.13),

gueE_ou (1.15)

The longitudinal elastic wave spedd, is related to the elastic modulus and material

density as

c= |E (1.16)
Yo,

which can be substituted into Equation (1.15) sukein

0’u ., 0«

—C ' =— 1.17

ox? ot? (1.17)
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The second order partial differential, Equationl{)}, is the one dimensional wave
equation [38] used to analyze elastic stress wave®lembert's solution to the one

dimensional wave equation is written as [39]
u(xt) = f (x-Ct) +g(x+CQt) (1.18)

where U(X,t) is the displacement with the functioﬁ(X—Ct) corresponds to a wave

travel in the positive direction, and the functicg(X+Ct) corresponds to a wave
traveling in the negative direction. As such, thispthcement in the incident bar

(designated by a subscript 1911,(X,t) , and transmitted bar (designated by a subscrjpt 2)

u,(xt), can be written as
w(xt)=f(x-Gt)+g(x+Gt) =y +y, (1.19a)

u(xt)=h(x-Gt) =y (1.20a)

whereu,, U, and u, are the incident, reflected, and transmitted plartilisplacements,

respectively andC, represents the longitudinal wave speed in the, batsch is
equivalent in the incident and transmitted barfe $train in the bars can be derived by

differentiating Equations (1.19a) and (1.20a) wébkpect to distance, written as

ou,

& (xt) v f(x=Cpt)+g'(x+Cyt)=¢ +¢ (1.19b)
sz(x,t):%:h'(x—cbt):gt (1.20b)
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The particle velocityl, can be derived by differentiating Equations @a)land (1.20a)

with respect to time, written as

UAXJ):%%:—CRf(x—Cg)H%g(x+Cg):Cd—a+£J (1.19¢)
Uz(x,t):%:—Cbh'(x—cbt):—cbet (1.20c)

The forces acting on the bars can be written as
F=A0 =AE&=AE(5+&) (1.21)

F, = A0, = AEE, = AES (1.22)

where the subscripghb denotes properties of the loading bars. Onceirtbelent bar,
specimen, and transmitted bar reach a state ofilmquin, the force in the incident bar,

F,, and transmitted bafF,, are considered equal, thus
£ =68 (1.23)

These three pulses are measured using a set iof gitages mounted on each loading
bar. The strain gauges are connected to a sigmalittoning amplifier (Vishay 2310B)
which controls the excitation voltage of the gaugesl amplifies the signal. The
voltages are recorded using a high speed digitallascope. A more detailed description

of the apparatus can be found elsewhere [40]. p&y record is shown in Figure 1-14.
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Figure 1-14. Typical strain gauge record from aP8Hcompression test. The yellow
curve is the record from the strain gauge mountethe incident bar and the blue curve
is the record of the strain gauge mounted on Hresmitted bar.

Since the forces in the bars are in equilibriunossrthe specimen, the stress in the

specimen can be equated to either Equation (1r2(I).22), written as

F,=F - Ao,=A0, AJS:AZ— aa:Abeg (1.24)

where the subscrips denotes the specimen. The strain rate in theirspeccan be

described as

ou, du,
g = 0x - ot _uU.-y, (1.25)
ot ox |

where thés is the length of the specimen. Substituting Eiguat (1.19c¢), (1.20c), and

(1.23) into Equation (1.25), the strain rate in$pecimen can be rewritten as

(1.26)
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Integrating Equation (1.26) leads to the expresiostrain in the specimen, written as

540=1%ipx0m (1.27)

S

The amplitude of the stress can also be determised) the conservation of momentum

which states that impulse is equivalent to the gean momentum, written as

Fdt =d(my) (1.28)
whereU is the particle velocity. The force and mass tecan be rewritten as

oAdt =d( pAdxU ) (1.29)
and simplifying leads to

o = pCU (1.30)

For the case where the striker and incident baofaitlke same materidl is half the
impact velocity. Again, equating the forces, arp@dance match between the bars and

specimen can be described as
I:b = Fs - prbUbAb = psCsUsA% (131)

Assuming that the particle velocities must alsoeheivalent,U, =U_,=U , since they

are in intimate contact at all times, the equatemuces to

PCoA, = PLCA (1.32)
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When this equation holds true, there will be a twdus passage of the wave between

media. If the equation is not equivalent, then eveaflections are definite.

Equations (1.30) through (1.32) are useful whetingetup SHPB experiments for
estimating the specimen stress based on strikecitgland to ensure that the stress does
not exceed yield strength of the loading bars.c&the particle velocity is half the striker

velocity, the specimen stress can be written ims$eof striker velocityV, as

_PGA
g, oA Vv (1.33)

The impedance matching in Equation (1.32) is paldity important when dealing

with low or high temperature setups, discussedonendetail below.

Low and High Temperature Testing

When running SHPB compression tests at low or teghperatures, a set of tungsten
bars is inserted between the loading bars andpbeirmen. This configuration ensures
that minimal heat transfer occurs into the loadbays, thus keeping the properties
constant. A picture of the tungsten inserts moubigttveen the loading bars is shown in
Figure 1-15. Prior to testing, the specimen ighelplace by the tungsten insert bars.
The tungsten bars are heated along with the spacand are not in contact with the
incident and transmitted bars. Upon firing, a pnatic actuator moves the incident and
transmitted bars into position so that contact alenwith the heated tungsten bars for

only several milliseconds prior to loading.
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Incident Bar Tungsten Inserts Transmitted Bar

Figure 1-15: Tungsten insert setup mounted betweading bars on the SHPB for
compression testing at low or high temperaturesie Tungsten bars create a barrier
between the incident and transmitted bars, whiehumed to measure strain and must
have known constant properties.

The diameter of the tungsten inserts is an impbxtansideration in order to prevent
unwanted wave reflections at the tungsten insediloy bar interface and achieve
accurate results. The loading bars and tungstenrbast have an equivalent impedance

[41], such thato ¢, A = p,, G, Ay » Where the subscripfs andM represent the tungsten

inserts and the maraging steel loading bars, réispgc Since the tungsten carbide bars
are extremely difficult to machine, it is best tgaire a sample of the material prior to
ordering specific dimensions so that accurate nreasents of waves speeds can be done

and the bar diameters can be obtained without iadditin house grinding operations.
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The longitudinal and shear waves speeds presentdadhble 1 were measured using a
nondestructive ultrasonic wave reflection technjgwehose method is described

elsewhere [42,43].

Table 1-1: Elastic constants of A572 Grade 50 lavbon steel.

Using Ultrasonic Wave Technique
Material Maraging| Tungsten A572
Clongitudina (m/s) 5767 6790 5950
Cshea (M/S) 3035 4080 3255
Poissons Ratio 0.31 0.22 0.29
Youngs Modulus (Pa) 1.94E+15.85E+11| 2.13E+11
Shear Modulus (Pa) 7.43E+1@.40E+11| 8.28E+10
Bulk Modulus (Pa) 1.69E+113.45E+11| 1.66E+11
Density (kg/n) 8065 14431 7814

From the longitudinal and shear wave speeds intiaddio the density, Poisson's
ratio, v, Young's modulug, Shear moduluss, and Bulk modulus, can be determined

using the following relations, respectively

_ (1.34)
2—2{ j
_ CPp(1+v)(1- )
= i-v) (1.35)
G=Clp (1.36)
- E
K—3u_w) (1.37)
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For testing at low temperatures, a basin for fijlinith liquid nitrogen was fitted in
the tungsten bar holder, as shown in Figure 1-18sing this method, specimen

temperature is decreased to approximately 77K.

Specimen
Incident Transmission
Bar Bar

Tungsten Liquid Nitrogen
Carbide Inserts Container

Figure 1-16: Low temperature setup on SHPB forp@ssion testing at liquid nitrogen
temperatures. The tungsten bars create a baetarebn the incident and transmitted
bars, which are used to measure strain and mustkreown constant properties.

An induction heating system is fitted to the SHRB High temperature testing which
was done up to temperatures of 923K. Specimendetyre was monitored using K-
type thermocouple wires pinch welded to the outeméter of the tungsten close to the

specimen interface.

Typical SHPB Compression Test Results

Again, specimen dimensions are of utmost importate SHPB compression

testing, the specimen should meet certain requingntor accurate results. Smaller
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specimens are recommended in order to minimizedth@l inertia, which is proportional
to the square of the specimen radius, more dethidich have been previously outlined
[34]. The inertia effects are eliminated when $pecimen length to diameter aspect ratio

is chosen as

L/D :\/% (1.38)

where Poisson's ratioy, assumed to be equal to 0.333, results in a LA raf
approximately 0.5 [44]. Specimen L/D ratios wespkto 0.5 in this study, while it has
been suggested that the rate of change of eneiiynvihe specimen would imply that
the optimal L/D ratio is equal t83/4 to reduce axial and radial inertia [45]. Theaf
length of the specimen was achieved by surfacedigiinto ensure planar surfaces and
parallel contact with the loading bars. Specimarfages were coated with graphite
lubricant to reduce friction and prevent barreliofythe specimen. When using the
tungsten bars, specimen dimensions were approXdyn@t8750 in. in diameter and

0.1875 in. in length.

The diameter was maintained close to 80% of thengpdtar diameter to reduce the
effects of radial and longitudinal inertia and fion [46] and reduce the impedance
mismatch. Shorter length specimens also havedbendage of reaching equilibrium in
shorter time periods. One way in which the loadtngdition in the specimen can reach
steady state quicker, is to reduce oscillationthenload train by implementing a pulse
shaper between the striker and incident bar. ¢t been shown that this can promote
sample equilibrium faster than steep square pl#sgs Pulse shapers in this study were

made of aluminum 6061.
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The record of the strain gauge voltages is captwsdg a high speed digital
oscilloscope. One channel is used for the incitd@ntstrain gauge, recording the incident
and reflected pulse, and a second channel is usethd transmitted bar strain gauge,
recording only the transmitted pulse. These veltaignals are stored as .csv files and
transferred to the computer via a USB storage @eviData analysis consists of three
separate matlab programs; Read Data SHPB.m, Cleain gulses.m, and
Calculate_Specimen_Stress_Strain_SHPB.m whichvaiiéahble in the appendix section.
The first program, Read_Data_SHPB.m, reads the data, which contains time and
voltage, and coverts the voltage into strain. $tnain as a function of voltage is written
as

Vg

g=—— (1.39)
V.G, (GF)

where V is the measured voltag®, is the supplied voltage from the strain gauge
amplifiers, G; is the gain applied by the amplifier, aG# is the gauge factor, which is
3.3 for these particular gauges. The gain cardhested to amplify the signal to increase
the voltage signal for lower rate testing or redtioe signal for higher rate testing in
order to keep the signal within a desired rangbe ffrogram outputs three separate text
files containing line by line, time and strain, feach pulse; incident, transmitted, and

reflected.

After the raw voltage signals are converted toirsttaa second program is utilized,
Clean_strain_pulses.m, which reads, line by lihe,three text files generated from the
first program. This program takes a running averafgdata points (smoothing) in order
to smooth the high frequency oscillations inherarthe test and then reduces the number
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of data points (blocking). Again, the program augpthree text files for each of the three

separate strain pulses.

The third matlab program used for data analysis,
Calculate_Specimen_Stress_Strain_ SHPB.m, firshsalidne incident, transmitted, and
reflected strain pulses using a standard deviati@thod. Secondly, it calculates the
stress, strain rate, and strain of the specimdizing equations (1.24) (1.26), and (1.27)
respectively, and required inputs of the specimienedsions. A typical oscilloscope

record of the strain gauge signals is shown inf@dul?.

M 1.00ms

!Incident

100MS/s @& ™ |21 Jul
1M points -1.64V [[14:17:3

Figure 1-17: Typical record of voltage outputsnfrestrain gauges mounted on the
incident and transmitted bars of the SHPB. Not the compressive incident and
transmitted pulses are negative and the tensilectetl pulse is positive.

Note that the incident and transmitted pulse atertied as negative voltages and the
reflected pulse is positive. This is because th@rsgauge registers compressive strains

as negative and tensile strains as positive. Thelsage signals are converted to strains,

39



smoothed and blocked, and aligned using the thm&imprograms. Figure 1-18 shows

the alignment of the smoothed and blocked straisgsu

0.003 -

0.002
// Reflected

0.001 // \\-\\h*
-0.001 ‘*.__““-h- ‘ﬁ

-0.002 \\\l J//;

-0.003 \‘\‘.f »
-0.004

0.E+00 5.E-05 1.E-04 2.E-04 2.E-04 3.E-04
Time (sec)

—incident

=—Transmitted

Strain (mm/mm)

Figure 1-18: Alignment of the three strain puldesng a SHPB compression test.

To facilitate the alignment process, the reflecs&@in pulse can be compared with
the transmitted minus the incident strain pulse,ttesse are equivalent, as seen in

Equation (1.23), paying attention to the leadinge=df the pulses, as shown in Figure

1-19.
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Figure 1-19: Alignment of the reflected strain gmil(red) and the transmitted pulse
minus the incident strain pulse (grey). Good atignt is achieved when the leading

edges of the pulses are coincident.

The strain rate for this test is determined bynftfta straight line to the strain vs. time

data, as shown in Figure 1-20.
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Figure 1-20: Specimen strain vs. time plot fromahithe strain rate can be determined
by linear curve fitting.

After aligning the strain pulses, the strain antcesst can be determined using
Equations (1.27) and (1.33) and results can beeglot Figure 1-21 shows a typical

stress-strain curve before (red) and after (blaokdothing and blocking procedures.
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Figure 1-21: Stress vs. strain curves of a typ&dPB compression test. The red curve
is the raw stress-strain data, and the black cgrtfee smoothed and blocked stress-strain
data.

The dynamic compression tests using the SHPB rasudeneral, in a spread of data.
While the testing apparatus may be completely sanioperation, the results really come
down to the data analysis. After importing the rdata and converting the measured
voltage vs. time to strain vs. time, all three istiaulses must be aligned. The alignment
time of each pulse is adjusted so that the onséheofdeviation from zero strain in all
three pulses occurs at the same time. Alterngtitke slope of the leading edge of the
reflected strain pulseef can be aligned with the slope of the leading edfdhe
transmitted minus the incidend€;). Problems arise because of inherent vibrations i
the bars resulting in a somewhat noisy signal pothe actual strain pulse. The time
that the actual strain pulse begins can be difftmibetermine. Small adjustments in the

pulse time (~1-2is) can lead to variations in the overall level lué stress-strain curve.
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Because of this, it is best to run multiple SHP8tdeand take an average of the results.
This will provide confidence and undisputable vijidto the experimental results.
Figure 6-1 shows three stress-strain curves of cesspn tests. The strain rates varied

between 4.4E+3%to 4.8E+3 &, however overlapping of all three curves occurs.
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800 is"ﬁ?
”~
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600
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200 —A 800
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—4500
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100
0

0 0.05 0.1 0.15 0.2 025 03 035
True Strain {mm/mm)

Figure 1-22: Three true stress-true strain cureéscompression tests at room
temperature using the SHPB.

For averaging the results into one single curve data is first compiled into a single
data set of stress and strain, and then sorteddygasing strain using the built in sort
feature in excel. This is plotted as a single euand a polynomial trend line is fitted to

the data, as shown in 6-2.
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Figure 1-23: All three stress-strain data as glsidata set with a polynomial curve fit of
the plastic portion.

As shown in Figure 6-3 the trend line is plottedhathe original three stress-strain
curves, with an average strain rate of 4.6E+3T$e red trend line shown should be

utlitzed for data analysis and modeling purposes.
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Figure 1-24: Averaged stress-strain curve plottgd the original three curves.

1.4.3. Dynamic Compression Testing (High Strain Rate)

Impact loading of steel is a subject that has bsemlied widely; it has been
established that high strain rate loading of stedll result in a change of both the
microstructure as well as the mechanical propewieish individually affect the residual
life of the material. Research has also been pedd to assess blast loading and
deformation effects, particularly those of low aambsteel, which is considered a primary
reinforcing phase of civil structures. Furthermaesearch in shock wave analysis, while
in general utilizes the finite element method tmve solutions for the dynamic
response of the structures [39], requires impleatemt of microstructure constitutive
models to accurately capture changes in mechaprcgderties during high strain rate
loading. Various techniques are being used toigeothese models with material input
parameters and allow for the recovery of previousipacted specimens suitable for
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further analysis; see reviews by Field et al. [id &amesh [2]. These techniques include
drop weight testing, split Hopkinson pressure I&#PB), Taylor impacts, plate impacts,
and explosive loading. In these tests, SHPB presl@tastic-plastic wave propagation,

with maximum strain rates typically up to the ramgd ¢* s™.

To reach strain rates greater thafi 4 explosives, laser pulse techniques, and plate
impacts are utilized. The outcome of these higk eperiments are typically used for
obtaining Hugoniot curves, measuring spall strengtist impact mechanical testing, and
measuring phase change, the latter two of whichoéreoncern in this work. Using
explosives has the advantage of being directly nreable in a TNT equivalent scale,
however requires difficult acquisition of explossvand special facilities to accommodate
their detonation which for some, is not always iiglas Laser induced shock loading has
several advantages and disadvantages. One advasitdge the pulse duration is easily
adjustable down to the picoseconds range. Thendemdvantage is that the stress levels
can reach to the 100 GPa range, which is not aaghiewby other methods. Laser pulse
shock loading however has a disadvantage in tleataser diameter is extremely small
and limits the user to only post-impact imagingy afoses the door for further specimen
extraction for further testing. The most commopetyf shock loading tests conducted
are flyer plate impact experiments using a light gan system. The flyer plate is driven
down a barrel by the release of compressed gasygatts a target disc. The target disc
is normal to the projectile path. The impact @& fitojectile against the target produces a
shock wave within the material which is often meaduusing manganin stress gauges

bonded between the target and a backing platéyaagnsin Figure 1-25.
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Figure 1-25: Schematic of a normal and planarepiaipact configuration with a stress
gauge bonded between the target specimen and mpantate.

The shock loading tests used in this study were@lected using a single stage light
gas gun (SSLGG) and are considered "symmetric'epilaipacts experiments. This
describes a plate impact test that utilizes theesaraterial for the projectile and target,
such that the stress wave propagation in both tbggile and the target travel at the

same speed and amplitude, and are thus symmetticlantical.

Prior to impact, all the particles in the projestitave a velocity equal to the launch
velocity, V, which is measured with lasers perpeuldir to the barrel just before impact.
Upon impact with the target, the particle veloaitythe projectile is reduced, and the
particle velocity in the target (initially at resy increased until the particle velocity in
both the projectile and target are equal, as showRigure 1-26. In the case of a

symmetric impact, the stresses are also equal.
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Figure 1-26: Particle velocity profiles generateaim finite element simulation of a plate
impact at 418 m/s

This rapid increase in particle velocity producesoanpressive elastic wave, and if
the magnitude is sufficiently high to induce plastieformation, it is followed by a
compressive plastic wave propagating both in tlegeptile and the target in equal and
opposite directions. Figure 1-27 shows the lorfyital wave propagation diagram for a

symmetric plate impact experiment.
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Figure 1-27: Lagrangian time-distance wave propagadiagram for symmetric plate
impact experiments. The yellow line shown in tegend designates the interface
between the target and backing plate where thessgauge is bonded. The red lines are
the elastic waves and the blue lines are the plagives. Positive and negative signs
designate compressive (+) and tensile (-) waves.

As Figure 1-27 shows, at the projectile and tangetrface ¥=0) starting from time
zero, a compressive elastic and plastic wave paipamto the projectile and target,
designate by red and blue lines with "+" signspeesively. The back surface of the
projectile is typically supported by a low impedanaastic or foam or freely supported
by air. This lower impendence interface or fredate causes the compressive wave to
reverse signs as it reflects back into the prdgdtiaveling now as a tensile wave
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bringing the stress state back to zero [39]. Asaghin Figure 1-27, the duration of the
stress pulse can be altered by varying the thicknéshe projectiled. The stress wave

duration can be approximated as [39]

td =— (140)

As the initial compressive wave passes throughténget and back plate, it is
followed by the tensile release wave generated fitmenback surface of the projectile.
Upon reaching the free surface of the backing ptateinitial compressive wave reflects
as a tensile wave. These two tensile waves, wbs paths at a location determined by
the impactor and target/backing plate thicknessed,create a state of tension along that
plane. This will typically result in an internartsile failure of the material known as

spall fracture. An example of the fracture is showFigure 1-28.

Figure 1-28: Spall fracture in the backing platenf a plate impact test at 12 GPa.
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The experiments within this work were designed sttt the spall fracture always
occurs within the sacrificial backing plate suchttthe target plate can be used for post

impact analysis.

A stress wave generated by planar symmetric phagact typically has a generally

square pulse shape with several distinct featugepicted in Figure 1-29.

Y

Figure 1-29: Schematic of a shock wave generateal plate impact test with several
distinct features; 1. elastic wave front; 2. plastiave front; 3. peak pressure duration; 4.
release portion of wave.

The simplified wave shown in Figure 1-29 is ledtially by an elastic precursor
wave, 1, travelling at the longitudinal wave spedéthe amplitude of the elastic precursor
is the dynamic elastic limit of the material. lruaiaxial strain state, the amplitude of
transition into plastic deformation during compressloading is called the "Hugoniot
Elastic Limit" (HEL). The HEL is related to the mimmum resolved shear stress though

the relation [2,7,48]
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The HEL is clearly shown in the experimental sts® plots shown in Figure 1-30

for two tests at different impact velocities.
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Figure 1-30: Stress history of two impacts at eiies of 382 m/s and 561 m/s.

The curves shown in Figure 1-30 had peak amplitoflepproximately 7 GPa and 11
GPa, yet both exhibit the same amplitude HEL ofrapimately 1 GPa. However, it has
been shown that the HEL amplitude does decay witface within the specimen [7,39].
Following the elastic precursor, a plastic wavenfr@, is generated which travels at the
shock velocity,Us, of the material of which the peak stress durat&yns controlled by
the projectile thickness. This pressure pulser@sifht back to a state of zero stress by
the trailing release wave, 4. Other researcheve daveloped methods which alter this
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profile, for shockless high pressure impacts, knoas isentropic compression
experiments (ICE), in an effort to reduce tempearmtise during shock loading by the

use of functionally graded impedance impactors34p-

Starting with the conservation of momentum, the imasn impact pressuré?, can

be described as a function of the shock velotity, and particle velocityy , written as

I:):I. = :001LJ slU pl (142&)

P =P Yy (1.42b)

The shock velocity is defined by the well known atjpn of state (EOS) which relates

the shock velocityl) , to the particle velocityJ

Ug=Cy+SU,, (1.43a)

U, =C,,+SU (1.43b)

whereC, is the bulk wave speed afds an empirical constant, and the subscripts 1 and
2 represent the projectile and target, respectivalitilizing Equations (1.42-1.43) the
impact pressure can be calculated from the partielecity. Since the projectile and

target are made of the same materials in this stidge equations can be simplified by
equating several variables, whe@, =C,,=C,, o, =p0,,=p0,, and§=S,=S, and

the target is initially at rest so that , =0. Substituting Equations (1.43a) and (1.43b)
into (1.42a) and (1.42b) and settii) = P,, the particle velocity in the projectile and

target are
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U ==V (1.44)

which shows that, for a symmetric impact, the phtivelocity is exactly half of the

initial projectile velocity. Further details of thderivation are provided by Meyers [39].
The projectile velocity can then be directly rethte the stress using Equations (1.42)
and (1.44). This can be shown graphically by pigtin a stress-particle velocity space,

as shown in Figure 1-31. An extensive amount otkhdugonoit data is available by

LANL [3].
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Figure 1-31: Pressure vs. particle velocity foektarget (black) and 300 m/s projectiles
made of steel (blue) and another made of tungstebide (red). Data from [3]

Figure 1-31 shows the pressure-particle velociltgti@ship for an impact of a steel

target (black curve) for two cases; a steel prdgegtith an impact velocity of 300 m/s
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(blue curve) and a tungsten carbide projectile agh an impact velocity of 300 m/s
(red curve). The blue and red curves represerttiegprojectile are mirrored curves
about the y-axis, such that there intersection witd x-axis starts from the initial
projectile velocity and not from zero. As the figishows, for the same initial projectile
velocity of 300 m/s, the stress in the target steel be substantially increased from 5.5

GPaupto 7.5 GPa.

The target material will remain in a state of coagsion until the trailing tensile
wave releases it back to the original stress statee diameter of the projectile disc and
the target disc are several times larger thanhio&riess, such that the material remains
in a state of uniaxial strain and the radial wases delayed until the full longitudinal
stress wave is measured [52-54]. Several resoareegvailable which describe methods
to "catch" radial waves in a sacrificial momenturapt ring surrounding the specimen
[55-57] or employ the use of non-circular flyer tela [58] or tapered specimen edges
[7,57] in order to eliminate reflection back intoetcenter of the specimen to ensure a
state of 1D strain at all times. The thicknesthefprojectile and target disc are designed
such that the tensile waves reflected from the $rgéaces cross paths within a sacrificial
backing plate, eliminating the potential of spa#idture in the target disc to be studied.
The compressive and tensile wave propagation insgieeimen are shown in the time

series schematics in Figure 1-32.
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Figure 1-32: Time series schematics of planar eamtlal wave propagation in a
symmetric planar plate impact test at differentetisteps. Red lines are compressive
waves and blue lines are tensile waves.

As Figure 1-32 shows, upon impact a compressiveewawgenerated in both the
projectile and target. From the edges of the ptigeaadial waves propagate into the
target specimen. The plate impact experimentscansidered to be a uniaxial strain
loading condition within the time domain prior tadial waves traveling to the center
region of the disc. The dimensions of the targst dire much larger in the radial
direction than in the direction of loading and asls the radial strains are zero and non-
zero strain only occurs in the loading directiomiti®n in true strain as

E = Inl (1.45)
VO
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The stress in the uniaxial strain loading can bevdd from hydrostatic and
deviatoric components. The hydrostatic pressures Written as

p= %(ax +a,+0)) (1.46)

and since the specimen is symmetric about the ngadirection (x-axis),o, =o,,
Equation (1.46) can be rewritten as

1 2
P=§(0x+20y):0 ‘g(Ux‘Uy) (1.47)

X

The maximum shear stress is written as
-1 1.48
T—E(O'x—dy) (1.48)

Substituting Equation (1.48) into Equation (1.4Wdasolving for stress in the impact
direction;

o, = P+%r (1.49)

This stress is measured using in plane piezoresistianganin stress gauges bonded

between the target and backing plate, which wiltliseussed in more detail in Chapter 2.

A set of equations to describe the motion of a kheave in terms of the stress,
density, and energy across the shock front careberitbed by the conservation of mass,
momentum, and energy assuming that equilibriumtexis either side of the shock front.
This set of equations is known as the Rankine-Hiayaronservation equations [39,52-
54,59]. A shock wave is a considered a discontisusurface which has no apparent
thickness, across which there is a discontinuitypiessure, density, and temperature.
The conservation equations can be developed byidarirgy regions of material directly

ahead of shock front and directly behind the sHomhkt, designated by subscript 0 and 1,
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respectively. These equations can be written énettappropriate one dimensional form

being that the plate impact tests are considerée taniaxial strain loading.

The conservation of mass states that the mass alfi¢ld front and behind the front
are equal. Considering an area, A, whose partielecity and density of the material

ahead of and behind the shock front aygopgiand y ,p1, respectively, the

The mass ahead of the shock front is written as
Ap, (Us - uo) it (1.50a)
and the mass behind the shock front is
Ao, (U, —u)dt (1.50b)

Equating the Equations (1.50a) and (1.50b) andlstigiboth sides by area and tindel,

the equation reduces to

£ (Us—u) = 0,(Us —uy) (1.51a)

If the material is initially at rest, than=0, and Equation (1.51a) can be written as

A (U, -u) = pld, (1.51b)

Equation (1.51b) is the conservation of mass in dingension for a material which is

initially at rest.

The conservation of momentum states that the cheng@mentum across the shock

front is equal to the impulse imparted per unitssrsectional area. The momentum is
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product of the mass and velocity, in this caseasicle velocity,u. The impulse is
product of the difference in force across the shogkt and time. Using the mass from
Equation (1.50a) and (1.50b), and the particle aiglahead of and behind the front the

momentum across the shock front can be written as

The momentum ahead of and behind the shock fromtiiten as:
[ Ao, (U, —up)dt]u, (1.52a)

[ Ao, (U, -u,)dt Ju, (1.52b)
The impulse is written as:
[(P-R)A]dt (1.53)

Equating the Equation (1.52a) and (1.52b) with Equa(1.53), the conservation of

momentum is thus written as:
[ Ao, (U —u,)dt Ju,~[ Aoy(U, —ug)dtJu,=[ (P~ P,) Aldt (1.54a)

Since the target material is initially at rest,tisgt up)=0, andPy=0, and substituting in
Equation (1.51b) to eliminate the unknown density,the conservation of momentum

eqguation can be reduced to:

P=pUu, (1.54b)
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From the conservation of momentum Equation (1.5#1®) pressure or particle
velocity of the material under impact loading can determined if either the stress or

particle velocity is measured during plate impasting.

The conservation of energy states that the worledynthe shock load is equal to the
increase of internal and kinetic energy acrossstieck front. The work done can be

written in the form
W =(PA) (udt) (1.55)

where the produdPA is the force applied over a distancef. The total energy is the

sum of the kinetic and internal energy written a&sic form as:

1
Etotal = (E mv 2) + (Einternay unit masﬂn) (156)

Substituting in the mass defined by Equations @).5hd (1.50b) the conservation of

energy can be written as

(PlA) (uldt) - (POA) (uodt)

_ {%[ A, (U, ~w)dt]u? + [ Ap,(U, - u )dt]} (1.57a)

—{%[A,Oo (Us—up)dt Jug + Eo[ Aoy(Us—uy) dt]}

Again, the particle velocity ahead of the shocknfrm the undisturbed material can
be set to zeraj,=0, and the area and tim&dlt, can be divided out, from which Equation

(1.57a) reduces to:
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1
Ru, =2 (U —u)uf +Ep (U -u)-Epl, (1.57b)

Utilizing the conservation of mass, Equation (1)5Xbrther reduction can be done
resulting in a final form of the conservation ofeegy in terms of pressure, particle

velocity, density, and shock velocity.
1
Plu1:E,00U5u1+p(}JS(E—EO) (1.57c)

The three expression defining the conservation agsn(1.51b), the conservation of
momentum (48b), and the conservation of energy/€),3or a material which is initially
at rest, contain five unknown variables; pressynarticle velocity, shock velocity,
density, and energy. A fourth equation is neededdive this set of equations. The
following expression, known as the Equation of S{&OS) of the material, is a relation

between the shock velocity and the particle vejoaitthe material written as:
U, =C,+Su+Su’+..Su" (1.58)

where C, is the sound velocity at zero pressure, &dare empirical parameters
determined by fitting the equation to experimentatia. For most metals, a linear form of
the equation is sufficient. Applying a linear foohEquation (1.58) to the conservation
of momentum presented in Equation (1.54b), thespirescan be directly related to the

particle velocity as:

P = 0, (Cyu, + S, (1.59)
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From Equation (1.59), the shock parame$grcan be determined from experimental
data of symmetric plate impact tests of materiatsy wWnown sound velocities, in which
the projectile velocity and target stress are measu This curve, represented by
Equations (1.51b), (1.54b), (1.57c), and (1.58knewn as the Hugoniot of the material
and is typically represented in stress-volume oesstparticle velocity space. An
extensive collection of the shock Hugoniot data @il types of materials was

documented by LASL data center [3], of which a plbtseveral material Hugoniots is

shown in Figure 1-33.
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Figure 1-33: Material Hugoniots for several metapresented in pressure vs. particle
velocity space. Data acquired from [3]

Fitting Equation (1.59) to the data points in Fgdr33, the sound velocity and shock

parameter can be determined, and are presentedbie T-2. Values of LCdetermined
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from curve fitting the data are comparable to velwen calculating the bulk wave

speed from the longitudinal and shear wave spesidg the expression

c, =./c.? —%CSZ (1.60)

Table 1-2: Sound velocity at zero pressure andlsparameter determined from curve
fitting Equation (1.26) to data points shown in tig 1-33.

Tungsten Tantalum| Iron | Titanium| Aluminum
p (kg/mP) | 19235 16656 | 7856 4527 2703
Cp (Mm/s) 3948 3437 3782 5103 5316
S 1.37 1.17 1.63 0.86 1.36

The conservation of mass, momentum, and energyirations (1.51b), (1.54b), and
(1.57c), respectively, can be conveniently impleteénnto finite difference methods by
first rewriting the relations in differential forrm order to solve numerically through
distance and time. All three equations follow tiéion of an accumulation rate which is

equal to the input rate minus the output rate. ddmeservation of mass can be written as

[1]

Dp
—+ p0u=0 1.61a
or TP ( )

and in one dimensiona—u :%u =0, so Equation (1.61a) is written as

dy

Dp ou_ (1.61b)

Dt 0x

The Eulerian coordinatecan be transformed into the Lagrangian coordiXabg
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POX = pox (1.62)

thus multiplying and dividing both sides of Equati@.61b) by density and applying the

transformation in Equation (1.62), the conservatbmass is rewritten as

PP, 0 (1.63)

The total strain can be written and differentiateth respect to time as

e=1-Po . O()=0[1-Po| | 9E_pP0P (1.64)
P ot ot P ot p° ot

Applying Equation (1.64), Equation (1.63) can berenconveniently expressed in terms

of strain as
9s , 0u _ (1.65)
ot oX

Equation (1.63) and (1.65) represent the consemvatif mass in one dimensional
Lagrangian form. The same procedure can be apfgitite conservation of momentum,

written in Eulerian form as [39]

Du _

and in one dimension written as

PP g (1.66b)

65



Again, transforming into Lagrangian spacial cooat@s using Equation (1.62), the

conservation of momentum is written as

du oP
0.—+—=0 1.67a
Odt  aX ( )

When including the shear stress term, Equatior7é).6an thus be written as

du odo
~+22 -0 1.67b
P T ax ( )

where the stress, is defined by pressurf, and shear stress,in Equation (1.49). The

pressure from Equation (1.49) can also be writteteims of total strain as [7,60]

p-_Ke (1.68)

(1-se)’
where K is the bulk modulus of the material, and $1e empirical constant found curve

fitting experimental data using Equation (1.58]1b9).
Likewise, the conservation of energy can be writtedifferential Lagrangian form as

E L p_p (1.69)
d ' dt

These three conservation Equations, (1.65), (1&¥),(1.69), can be solved numerically
through distance and time using coding in standardputer programs or those found in
complex 3D dynamic finite element analysis prograumsh as LS-DYNA. The concepts
and equations detailed in this section are apgheoughout this work for determining

deformation characteristics of low carbon steelrdushock load deformation.
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1.5. Defor mation of M etals

The particular features of plastic deformationcfuae, or failure of a material can be
directly associated with their specific crystalusture and is most often intimately tied
with dislocation activity. Therefore, when discugsthe deformation of a particular
metal under extreme loading conditions, whethes ftigh strain rate and/or high or low
temperatures, a basic knowledge of crystallogragiy plastic deformation is necessary
in order to understand the influence of differeadding conditions. Much of the
information contained within the following sectioris fundamental and common
knowledge within the field of materials sciencehisTinformation can be found in any
basic mechanics of materials or metallurgy textkbodreferences for the following
sections included text written by Reed-Hill [61]ulHand Bacon [62], Smallman and
Bishop [63], and Dieter [64] for basic conceptsserged, while more in depth details are

referenced throughout.

1.5.1. BasicCrystal Structures
Figure 1-34 shows the three most common crystakstres of metals; the body-
centered cubic (BCC), the face-centered cubic (F@8y the hexagonal close-packed

(HCP).
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Figure 1-34: Common crystal structures of meta)sBody-centered cubic structure
showing the (1_10) plane and the[l_llj direction. b) Face-centered cubic structure

showing the(lll) plane and the{iOl] direction. c) Hexagonal close-packed structure
showing the(000]) plane and th¢1120]direction.

The BCC structure is made up of 8 atoms residingaath corner of the cubic
structure with an addition atom at the center, Iteguin 2 lattice points per unit cell.

Each side of the cube is of equivalent lengthidattonstant)a, whose angles are all 90
degrees. The atoms are in contact along the cislgemhls, i.e. in théll]} directions,
as shown in Figure 1-34a with an arrow in {Hei.iq direction, and is considered the
close-packed direction. Because they are in cgntlhae distance is equal to 4 atomic
radii, from which the lattice parameter can be ulalied asa:4r/x/§. There is not
close-packed plane in the BCC lattice, howeverdisest packed plane is tI{élC}.

Slip occurs on thd11Q, {1123, and{123 planes all along thé111) directions for a

total of 48 slip systems. Some common metals &itBCC structure include iron,

molybdenum, tungsten, and vanadium.
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The FCC structure is made up of atoms residingel eorner as well as 6 additional

atoms occupying each face of the crystal, for al tot 4 lattice points per unit cell. The

atoms are in contact along the face diagonals,(ﬂilél} close-packed directions, for
example along the[iOl]direction shown in Figure 1-34b. From this, thdtida

parameter can be determinedaas 2rv/2. The close-packed plane is of t{ﬂel]} type,

also shown in Figure 1-34b, which contains 3 clpaeked directions.
The HCP unit cell is shown in Figure 1-34c. The,tbottom, and center planes,
referred to as the basal planes, are the closesdgulienes. Typically slip will occur on

this plane, the[OOO]] plane shown in Figure 1-34c, and along one of3tlcéose-packed

directions, (11_20) also shown in the figure. Slip along the prismand pyramidal

planes is far less common, and therefore is tyfyicabtricted to a total of 3 independent
slip systems.
The material used in this research is a low cartieel with a primarilyo-ferrite

microstructure (BCC) with dispersed colonies ofrpts as shown in Figure 1-35.
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Figure 1-35: Low carbon steel SEM micrograph simgwdispersed pearlite grains in a
primarily a-ferrite microstructure.

Therefore, the details of the subsequent sectiafisfaeus primarily to the BCC

crystal structure.

1.5.2. Plastic Deformation

Imperfections or defects in crystals consist ofnpoline, planar, and surface or
volume defects. These defects are responsibladocommodating strain when applied
loads cause plastic deformation. There are thaselways in which plastic deformation
can occur in crystals. First, individual atoms canve from thermal activation in a
process known as diffusional creep. Second, liekeadls, entire planes of atoms can
displace through the lattice, known as dislocatstip. Third, planar defects, atoms
within the crystal can shift to produce a uniforhear of the lattice, and this process is

known as mechanical twinning. The latter two cqisedislocation slip and mechanical
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twinning will be discussed in detail in the follawg subsections, whose primary factors
influencing these types of deformation mechanismdemperature and strain rate. The
basic principles of plastic deformation are presdni the following subsections in order
to introduce basic concepts needed for an undelisigirof the work presented in the

subsequent chapters.

1.5.3. Didocation Slip
The two types of dislocations formed during plastsformation are edge and screw
dislocations. An edge dislocation is seen as aradralf plane of atoms inserted into an

otherwise perfect lattice arrangement, as shoviigare 1-36a.

a) Al b) c) L=

Figure 1-36: a) Edge dislocation b) Screw dislmeat) full Burger's vector step due to
dislocation slip

This half plane of atoms moves under an appliedrskgess perpendicular to its
plane and results in plastic deformation as a tegomic displacement. Three steps of
the movement of an edge dislocation are shown gurgi 1-37, looking at the plane

ABCD from Figure 1-36a.
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Figure 1-37: Movement of an edge dislocation.

A screw dislocation will result in the same dam@ment of atoms, however does not
require the movement of a half plane of atoms.tebs, a screw dislocation results in a
displacement planes of atoms with respect to plah@soms lying below the slip plane,
as shown in Figure 1-36b. The term "screw" is usedkscribe the spiral of atoms round
the dislocation line. From Figure 1-36b, if a pahfollowed around the crystal from
atom positiork, the path will lead to atom position, likewise if continued fronm to |,
the path will lead around the circuit to positieand so on. Three steps of the movement
of a screw dislocation are shown in Figure 1-38king down at plan&€FGH which is

above the slip plane from Figure 1-36b.

Figure 1-38: Movement of a screw dislocation.
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An edge dislocation results in a displacement ofmat normal to the dislocation line
and a screw dislocation results in a displacemeatams parallel to the dislocation line,
both of which have a magnitude of displacementedalhe Burger's vector, as shown in
Figure 1-36¢c. The norm of the Burger's vectorapaehdent upon the direction in which

the dislocation acts, and can be written as
||b||:%\/h2+k2+lz (1.70)

wherea is the lattice constant, aimgk, andl are the miller indices of the direction.

It is energetically favorable for a dislocation travel, or slip, in crystallographic
directions which are closest packed due to themum distance the dislocation plane
must travel until reaching the next atomic positi@nown as the slip direction. The
plane on which the dislocation lies must contaie ttlose-packed direction. The
preferential slip planes are ones that have thbesigdensity of atoms, or those which

have the widest spacing. The plane on which thleahtion lies and the direction in

which the dislocation is moving defines a slip syst For BCC metals, thélll)

direction is the close-packed direction and the glane is either thf112} or the{110}.

As the applied stress is increased, the plastiordettion increases, therefore the number
of dislocation within the material also increaseBhis increase in dislocation density

creates large stress fields within the materidie @islocation density has been shown to
be the root cause for increases in yield stresgjook hardening of metals. The stress is

related to the square of the dislocation densityubh the equation

o=0,+kp"? (1.71)
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wherex is a constantp is the dislocation density (¢fj and o,is the stress when the

density is extrapolated to zero [61].

As stated above, the dislocation will slip in thaterial with the application of shear
stress. The stress applied to the dislocatiomitaie motion is influenced by several
factors. The temperature and strain rate bothctatfeslocation motion which can be
attributed to influencing the stress field impedihg dislocation motion. This stress field
can be split according to the barrier type impedimg dislocation motion; short range,
long range, and drag components. The total fimess required for dislocations to move
is a summation of these stress components, walen

o=0,+0,, +0, (1.72)

where o,, o0;,, and g, are the athermal, thermal, and drag stress compsne

respectively [66,67].
In BCC metals, short range stress barriers, these than 10 atomic diameters [22],
are controlled by the resistance of the actuackt@nd point defects within. This stress

is controlled by the strain rate and temperatung, ia thus called thermal stress,,, .

Long range barriers, those greater than 10 atonaimeters, are controlled by stress
fields from forest dislocations and grain boundarjé9], and thermal energy is not
sufficient to aid in overcoming these obstacles.

In BCC metals, as described elsewhere [66-68],tlieemal stress is due to the
lattice itself which acts as the main resistancdistocation motion, and the dislocation
spacing should therefore be on the same ordereakttice spacing, therefdre b. For
FCC metals, the main source of short range barae¥dorest dislocations, therefore as

the dislocation density is increased, the disleratnean free path decreases which is
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described through the relatidre :I/\/; by several authors [8,9]. The stress field in the

lattice can be visualized for an edge dislocatiothe schematic of Figure 1-39.

[ LITLT]
[T

Figure 1-39: Stress field surround an edge disioca

The distortion in the surrounding lattice causedthsy dislocation creates an elastic
stress field. Above the slip plane a compressikesstis developed due to the addition of
the extra half plane of atoms. Below the slip plarntensile stress is developed due to the
lattice distortion attempting to retain the profatice spacing.

The stress required to overcome the long rangeéebaiare not affected by the strain

rate, and are only indirectly affected by tempeamatinrough the elastic shear modulus,

and is thus called the athermal stress compormrent, As the strain rate is increased, the

sensitivity of the flow to strain rate increaségis has largely been thought to be due to
dislocation drag caused by scattered phonons arttes@toms in the lattice [23,70].
However, it has been shown that the increase ebstin the 1910" s range is not
caused by dislocation drag, but rather by an irsg@alislocation generation rate [71],

while others have shown that the shift from thefyaattivated to viscous drag
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mechanism occurs at strain rates on the order ®100s™ [23,24]. The athermal and

thermal stress components are shown in Figure 1-40.
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Figure 1-40: Long range and short range intertedss field a dislocation must
overcome in order to glide [25].

As shown in Figure 1-40, the termis the flow stress required for a dislocation to

overcome a barrier when there is no available theemergy, i.e. at a temperature of O K.
As the temperature is increased, the short rangsssfield is reduced until reaching a
saturation limit for the temperature influence dtieh point only the long range, or
athermal stress, is relevant. Increasing the temye beyond this point has no further

effect on the flow stress value.

Several mechanisms exist which facilitate the mmotf dislocations. These
mechanisms arise in order to reduce the energyssaneto allow the dislocation to

move. Firstly, it should be known that a dislocatidoes not typically move as a
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perfectly rigid line. It wavers as it passes tlglouhe lattice moving from one low

energy position to the next.

Dislocation climb occurs when the dislocation plamersects an impurity, interstitial
atom, vacancy, or intersecting another dislocatioit high temperatures, the entire
dislocation, or a portion of it, can move perpentic out of its slip plane in order to
glide to the next lattice position. The verticedss created by climb of a portion of the

dislocation line are called jogs. This is showndn edge dislocation in Figure 1-41a and

for a screw dislocation in Figure 1-41c. Pure wcoislocations alone cannot climb,

however edge type jogs along the screw dislocatzmprovide sites to climb [62]. Steps

in the dislocation line which do not move the disitton out of its original slip plane are

called kinks. This is shown for an edge dislamatin Figure 1-41b and for a screw

dislocation in Figure 1-41d.
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Figure 1-41: a) Edge dislocation with 2 jogs (edgentation) resulting in a portion of
the dislocation to climb one Burger's vector toasafiel slip plane. b) Edge dislocation
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with 2 kinks (screw orientation) advancing a partwf the dislocation to the next lattice
position. ¢) Screw dislocation with a single jodde orientation) resulting in a portion of
the dislocation to act on a slip plane one Burgéestor above the original slip plane. d)
Screw dislocation with a single kink (edge orielmat advancing the dislocation line to
the next lattice position along the same slip plane

The kinks will form when the dislocation in unalite lie in one energy minimum
position. Both jogs and kinks possess the samgeBisrvector as the dislocation line on
which they occur [62]. The preferential positidnaadislocation is a location at which its
energy is minimized, known as a Peierl's valleys tAe dislocation moves between
lattice positions, it must exceed the frictionakess created by moving between lattice
positions, known as the Peierl's-Nabarro stres$f Way between positions shown in
Figure 1-37a and Figure 1-37b the dislocation gnéscat a maximum. Instead of the
dislocation moving entirely from one position teethext, smaller increments of the total
dislocation line can move between positions byléteral movement of kinks. The glide
of an edge dislocation by the lateral motion ofkkpairs is shown in the steps of Figure

1-42.
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C)AI?;’CE’)r d)Aéé

Figure 1-42: a) a perfect edge dislocation halhelling in the Peierl's valley position b
b) a pair of kinks formed on the dislocation, advag a portion of the dislocation to
position c. c) Lateral motion of the pair of kinkdvancing the dislocation to the next
lattice position. d) edge dislocation completebnslated to position ¢ by the motion of
kink pairs. Solid and dotted lines represent Psireninimums and maximums,
respectively.

Note that the component of the dislocation linet tmake up the kinks, shown in
Figure 1-42, are parallel to the burgers vectokintathem screw orientation. Instead of
the entire dislocation line moving rigidly from ptoen B to position C, smaller sections
of the dislocation line can translate to positiobythe lateral movement of the kinks.
Since the motion of kinks only involve a small nwenlof atoms, the energy required is
relatively low, and can be sustained by thermal/atibn [65]. Since the energy to move
a kink is lower than that to move an entire distmearigidly, kink mobility promotes
dislocation glide at low temperatures. It has bestablished that BCC metals exhibit a
strong temperature dependence at low temperatidn the Peierl's barrier is large, as
in the case of BCC metals, and there is minimaintla¢ energy available, glide will take
place by nucleation and motion of kink pairs [72,73

Kink nucleation and motion is particularly importawhen dealing with low

temperature or high strain rate loading conditioftshas been shown that the maximum
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energy required to nucleate a partial dislocat®less than that for a perfect dislocation
at high stresses [11]. Furthermore, at low tentpesa the jump frequency of partial
dislocations is higher than for perfect dislocasiaesulting in a preferential glide of
partial dislocations rather than dislocations wah full Burger's vector. These
characteristics of partial dislocation nucleatiord goropagation can provide a means of
deformation twin nucleation and growth, as willdscussed in the following section.

It has been shown that the dislocation motion geddent both on temperature and
strain rate. The dislocation will move from on#ite position to the next in a periodic
energy potential field, as shown in Figure 1-42,"mymping" the maximum Peierl's
energy barrier at a specific jump frequency. Turap frequency of a dislocation to move
one burgers vector by the lateral motion of kinkr'pavhen the length of kink pairs is

significantly smaller than the distance betweerk lgairs is given as [74]

_ 3
2Wk—+Tb] (1.73)

f. =1 ex
k= Ty p[ KT
where W, is the formation energy of a single kink,is Boltzmann's constan, is

temperature,f, is approximately equal to the Debye frequericig Burger's vector, and

r is the applied shear stress. The frequency athwaidislocation moves a burgers

vector
f=— (1.74)

where ¢ is the strain rate, ang is the dislocation density. As shown in Equations

(2.73) and (1.74), the jump frequencies from onerPe valley position to the next are

functions of both temperature and strain rate.
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The imposed strain rate must be matched by theadiBbn activity; i.e. for a specific
dislocation density, and burger's vector. Theirstan is related to the dislocation
density through the Orowan equation as
&= phl (1.75)
where pis the density of perfect dislocations aral is a full Burgers vector.
Differentiating the strain, Equation (1.75), theast rate is written as

. ol 0p
&=bp—+bl—=—= 1.76
'Oat P (1.76)

ol 0 .
where the derivativea—t Is the velocity of dislocations ang%) is the generation rate. The

velocity can be rewritten in terms of the jump freqcy and distance travelled, in this
case a Burger's vector, as

%I:v: fb (1.77)

The velocity, and therefore the jump frequencyaogberfect dislocation has upper
limits. Consequently, for a given dislocation dgndislocation slip alone has a limit to
the level of strain rate it can accommodate. Téeosd term in Equation (1.76), the
generation rate supplements dislocation slip byeasing the dislocation density. In
order to match the strain rate, the dislocationy mejuire a higher jump frequency,
which can be accomplished by dissociation intoigladislocations. The jump frequency
of partial dislocations is higher than that of petf dislocation and can therefore
accommodate higher strain rate loadings, higheesséis, and lower temperatures.
Furthermore, it has also been shown that at higiieapstresses, the energy required to

nucleate partial dislocations is less than thatiiredq to nucleate full perfect dislocations
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[74]. Equation (1.76) can thus be rewritten imtsrof perfect and partial dislocations for

impact loading conditions as

; ol 0p
E=bpo —+bl|l—*
°p°at "ot

(1.78)

where the existing perfect dislocations will glided the generation rate of perfect
dislocations was eliminated, assuming all new deions are partial. This condition
leads to the preexisting perfect dislocations regmcla maximum velocity, and the
generation of partial dislocations in the materigétting up a condition which is
preferential for twin formation.

Several authors have shown that straining BCC si@tabr to high strain rate impact
loading can decrease or completely suppress tmeatayn of deformation twins [6-10].
This has been shown experimentally and has beabustid to the increase in mobile
dislocation density. The increased number of neobliislocations in the material is
sufficient to relieve the strain in the short tiperiods of impact loading without the need
for the additional strain relief process of twinginThis observation and hypothesis can
be explained in terms of the dislocation velocity alislocation generation rate. In an
annealed material, the dislocation density is netht low; therefore in order to
accommodate the imposed strain rate, each distocatust travel at an average velocity
approaching the maximum. While dislocations veiowiere originally proposed to be
travelling with the shock wave front, Gilman [73jpwever, argues that supersonic
velocities are not possible because it impliesodations have an infinite angular
momenta, which also disproves the use of the slase velocity as a limiting value.

Gilman provided an equation for maximum velocity as
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Vo max= (Y1) (G/ )" (1.79)

whereG is the shear modulus apds the density of the material. Using Equatiorn’9),

the maximum velocity in low carbon steel with G=BtPa, and a material density of

p=7814 kg/m , the limiting velocity ISV na=1036 m/s  For annealed iron with a

dislocation density of 28 m?, and a burgers vector of b=2.485nd the generation rate
00 _ _ _ . :
set to zerOg =0, the velocity of dislocations would have to be mpgmately 2000 m/s

to accommodate an impact at a strain rat& sf5.0E + 5. If the material is pre-strained
by 3%, increasing the mobile dislocation densityl®® m?, the imposed strain rate can
be achieved with an average dislocation velocity20® m/s without the need for the

generation of new dislocations.

1.5.4. Deformation Twinningin the BCC Lattice

Deformation at of BCC metals at low temperaturekigh strain rates cannot always
be accommodated purely by dislocation slip. Athhigfrain rates, the dislocation
generation rate and glide velocity are not aloni#icsent to match the imposed strain
rate. Therefore, a second mode of deformationcisratied to accompany the slip
process, known as deformation or mechanical twmnirAn example of deformation
twins can be seen in the micrograph of low carlieelsvhich has been impacted at 9

GPa; see Figure 1-43.
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Figure 1-43: SEM micrograph of low carbon steeliokhwas impacted at 9 GPa
showing deformation twins within the ferrite grains

The reorientation of the lattice within the twinneegion allows the twins to be
revealed when etched and viewed under light or rsngnelectron microscopes as
opposed to dislocation lines which require transmis electron microscopy. It has been
shown that the amount of twinning during impactdiog is directly proportional to the
level of impact stress in BCC metals; see Cha@ensd 4.

A twin is a section of the lattice which has beeworrented with respect to the
orientation of the lattice within the grain it isrined. The twinning process can occur by
a homogeneous shear of parallel and consecutivepia a manner by which each layer
is sheared an amount proportional to the distamd¢be original habit plane. Wasilewski
[76] has also shown that a twin can be formed cal "shuffle” of atoms in which two
planes of atoms move opposite each other to r@sulte same orientation shift with

respect to the parent lattice as that formed byogrpssive shearing process. In BCC
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metals, the most common twinning system involves #111> and the {112} type
direction and plane, respectively. For completaitieof all possible twinning features

can be found in the extensive review by Christiad Kahajan [77].

Figure 1-44a shows th@._12) planes inside two BCC latt ices. Rotating thewod

the lattice such that tr{él.lq direction is directly out of the page, i.e. theeliconnecting
the B position atoms, the lattice is viewed normaihe(llo) plane, as shown in Figure

1-44b.

VRN

f -

Figure 1-44: 3D model of two BCC crystal latticasd b) the lattice rotated with the
(110) plane normal to the page and t(fe_lZ) planes connecting atoms of the same
lettering. Redrawn from Hull and Bacon [2]

Rotating the view again, the lattice shown in Fegir44b can be oriented such that

the (1_12) planes are horizontal, as shown in the perfettéabf Figure 1-45.
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Figure 1-45: Perfect BCC crystal structure progcof the(llO) plane

As Figure 1-45 shows, the stacking sequence ofLit®planes in a BCC lattice is

ABCDEFABCDEFAB... As mentioned previously, the mwed region can be
accomplished by the glide o%[ll]] partial dislocations on successi{#13 planes.

The partial dislocations can be directly emittemhirgrain boundaries, or can occur from
dissociation of existing perfect dislocations. &=V dislocation models exist which
explain the existence of the partial dislocatioeseassary to form a twin. Cottrell and

Bilby proposed a twin dislocation model, known &as pole mechanism, involving a
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%[11_1] glissile partial dislocation revolving or spiralirgound a%[llZ] sessile partial

dislocation (pole) from the dissociation of a scidiglocation reaction
1 1 -, —
=111 - =|112+—| 11
[11d - S113+ 103
However, this reaction was discredited by sugggdfirat the%[ll_lj twin dislocation

would be annihilated by the nucleation of a dipole%(ll]} partials [77] and for the

fact that this reaction is energetically unfavoeaf$3]. Hirth and Lothe [78] instead

suggested dissociation for the pole mechanism &yehction

1 1 1——
=111 - =| 221+ 11
[11d - Z[ 223+ 11
Priestner and Leslie [79] suggest a reaction reguftom the attraction of dislocations

on different slip planes leading to the formatidrasingle sessile dislocation
1~ 1r ~
=|111|+=| 111y - | 00
[114]+ 5[ 111 - [ o0}
where the[OO]] sessile dislocation would lead to a local stresscentration from pile-

ups, and in turn dissociate into multiple partisdeme of which lie along thEill]
direction and form a twin. Sleeswyk [80] proposkdt a%(ll]} edge dislocation may
split into three equivalent partials

1r, .= r, =, e m - =

E[111] - ES[111]+_6[ 111]+_6[ 111
and similarly by Ogawa who suggested that the glartmay spread onto successive

{113 planes [81]. This last model described by paddde dislocations is shown in the
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following figures where a progressive shear of plagent lattice will produce a shear
offset; i.e. plastic deformation, equal kb, wherek is the twinning shear, arfdis the

average thickness of the twin lamella. For BCGtalg twinning is most readily formed

on the{112 planes in the{111) direction which has & equal to 12 [7,21]. Each layer

of atoms shifts 1/3 burgers vector, equivalerat/ﬁ(ll]}. As such, the twinning shear in

BCC material can be derived as the ratio of thgtlef the Burger's vector of the partial
dislocation, a/6(111), to the interplanar spacing of t{&12 twinning planes [45].

Twinning by progressive shear of the parent laticeshown in Figure 1-46 through

Figure 1-48. The first stacking fault is createg the glide of an%[Ill]partial

dislocation on the(Z_LlZ) plane, labeled as *1Layer" in Figure 1-45.

15t Layer

Figure 1-46: 1 layer fault produced by glide of%ﬁill] partial dislocation
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Another %[Ill]partial dislocation glides above the*"layer" on the adjacent

(112) plane, labeled as ™ Layer", and another on the™®3.ayer" creating a stable 3

layer twin.

2nd Layer

[112] [001]

(110)—— [111]

Figure 1-47: 2 layer fault produced by glide obt%[lll] partial dislocations
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Shear Strain

[112] [001]

(110)—— [111]

As the twin region continues to grow, additionafdes are added to the structure.
Figure 1-49 shows a thicker, six layer twin. Theoass indicate the[OO]] direction in the
twin and parent lattice. The green highlightedises show the mirror patern across the

twin plane.
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Mirror across
Twin Plane

[172] [001]

(110)——[T11]

Figure 1-49: 6 layer twin. Bold red arrows inde#he the[OO]] direction in the parent
and twin lattice. The highlighted green sectiohsvs the mirror across the twinning
plane.

As discussed by Wasilewski [76], twin formation cawcur by two different
processes; progressive shear of the parent latticey an atomic shuffle within the
lattice, both of which create the same atomic geament within the twinning planes. As
shown in the figures above, the progressive shesults in a shear strain equallda
However, a local rearrangement or "shuffle" procedls produce no overall plastic
deformation, as is shown in Figure 1-50, where rgpldcement of atoms occurs on

either side of the twinned region.
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Figure 1-50: Twinned region by the local "shufflef atoms resulting in no plastic
deformation based on Wasilewski's theory [76].

As shown in the above figures, further deformatiah result in the twin to thicken
as additional partial dislocations glide on suceesplanes. Twinning will occur in BCC
metals when dealing with low temperatures or highirs rates, as in the case of plate
impacts, due to the fact that twins are formed @stial dislocation glide which are more
operative at these conditions, as discussed prslyiou The stress criteria for twin

nucleation will be discussed in detail in Chapter 4

1.6. Dissertation Overview

This dissertation describes the experimental andemigal work performed in order
to complete the objectives of this research, asries] in Section 1.1. Chapter 2

describes the development of the single stage ¢jghtgun including the background and
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purpose and the design of all major componentsap@hn 3 describes the effects of
impact loading on low carbon steel in terms of wétructure, particularly deformation

twinning, and mechanical properties. A model wébzad to simulate plate impact

loading in order to predict twin volume fractiona$unction of impact stress. Chapter 4
describes the twin nucleation process in low carbtmel. A dislocation based twin

nucleation criteria was developed for low carbogekin order to extend modeling to
materials that have been previously strained. €&hndp describes the effects of impact
loading on the post-impact dynamic flow stress.flodv stress model based on thermal
and athermal stress contributions was modifiechtdude the effects of impact loading
by including dislocation and deformation twinningntributions. Chapter 6 outlines the
major conclusions of this research and providesiréutrecommendations. This is
followed by the appendices which include gas guerajing procedures, mechanical

drawings, and Matlab code for data analysis.
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CHAPTER 2

DEVELOPMENT OF A SINGLE STAGE LIGHT GAS GUN

2.1. M otivation

This chapter describes the development of a sistgge light gas gun for plate
impact experiments. This project started as artyaca study of structural materials
subjected to shock waves as an interest from @ hiitigation group of the department
of homeland security. This work focuses on idgmid deformation and damage
mechanisms of the reinforcing low carbon steel (L@l&ase of civil structures subjected
blast loading. These mechanisms govern the posagétmgesidual life. A program has
been carried out in the MMRL focusing on variougmstructure factors including prior

deformation by cold rolling and post-impact perfamoe.

The work focuses on identifying microstructuraligtions in steel discs subjected to
impact pressures comparable to close range expldsads. This range is defined by
determining peak overpressuf®, due to spherical blast loading of explosive gear
see Figure 2-1, as a function of distance from lilzest, R, and an equivalent charge

weight of TNT,W, expressed as [22]

1772 114 108

RwW) () W

2.1)
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whereR is the distance from the blast aWbs the weight of TNT in kg.
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Figure 2-1: Pressure vs. distance for a 100kg dkfbnation

The simulated explosive pressure range is achiegaty the single stage light gas
gun system designed and built in the MMRL. Thedb¢rof such an apparatus over
conventional explosive testing is in the lab settiapeatability and ability to adjust the

loading conditions, such as stress magnitude, hgadliration, and temperature.

2.2. Background

The term "light gas gun” is derived from the nataféhe gas utilized in driving the
projectile. Typically the pressure chamber isfillwith a gas with a low molar (atomic)

mass gas, typically either hydrogen or helium, Whias a lower atomic weight and
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higher speed of sound than air and a higher volumetxpansion coefficient, thus

producing a faster projectile velocity.

For lower velocities, up to approximately 1000 nsiggle stage gas gun systems are
employed. The term single stage refers to thdesimigessure chamber used for launching
the projectile. This system consists of a pressheenber, a pressure release valve, and a
barrel. The compressed gas is released using adtrsg valve or rupture diaphragm and
drives the projectile down the length of the barrdpon exiting the barrel, the projectile
impacts the target specimen and is then recovemed deceleration chamber. A

simplified schematic of a single stage gas guhas in Figure 2-2.

1 2) 3 [N

Figure 2-2: Schematic of a single stage light gas with components labeled; 1.
Pressure chamber; 2.Fast acting valve; 3. Barrélrdjectile.

For velocities higher than 1000 m/s, two stageggassystems are utilized, as shown
in Figure 2-3. The first stage consists of a pawdember which accelerates a piston
using of gun powder or a light explosive. This pisthen travels through the second
stage pump tube and compresses a light gas ahedil] afeating extremely high
pressures. This high pressure gas is then usédvi® the projectile down the length of

the barrel.
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Figure 2-3: Schematic of a two stage light gas with components labeled; 1. Powder
chamber (stage 1); 2. compression piston; 3. pwhe filled with light gas(stage 2); 4.
Diaphragm; 5. launch tube or barrel; 6. projectile.

While the two stage gas gun system has the advaofagchieving higher velocities,
this type of gun requires a large facility to acecoodate the additional length of the
pressure chambers and barrel, as the length cdgparatus can be in excess of 55 feet
[1,2]. They also require sacrificial driving pistoto be machined for each experiment.
There exist numerous sources in literature whicécdiee designs and applications for

single stage and two stage light gas guns [1, 281Zs well as three stage gas guns [23].

The most common experiment using gas guns arergbdai& impacts. The impactor
plate is carried down the barrel of the gas guralsgcrificial sabot at a velocity, and
impacts a target disc which is at rest whose faceormal to the projectile trajectory.
Upon impact, the particle velocity in the targetdamnpactor plate equalize, thus
producing a compressive shock wave in both material general schematic of the

impact setup is shown in Figure 2-4.
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Figure 2-4: Schematic of a normal and planar pilagact configuration with a stress
gauge bonded between the target specimen and mpantate.

In Figure 2-4, a stress gauge is bonded in thetdrgtween the target specimen and a
backing plate which measures the incident compresgress wave as a function of time.
The projectile velocity can be varied by adjustihg input pressure to the gas gun. After
several trials, a trend of projectile velocity @instant mass) as a function of input

pressure can be plotted, as shown in Figure 2-5.
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Figure 2-5: Projectile velocity vs. main chambmeput pressure for projectile weights
between 170-185g.

The velocity largely depends upon the design of ghleot with the overall weight
being a major factor. Other considerations suctol@sance between the barrel, sealing
or piston rings, lubricant, and material coeffi¢ier friction are also key components

affecting velocities.

2.3. GasGun

The gas gun designed and built in the MMRL is ctiarézed as a single stage light
gas gun and is shown in Figure 2-6. The basicemnaf the gas gun design are similar

to those found in literature with several featumas;h as the breach system and vacuum
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configuration, setting it apart from the commoniges. The overall length of the entire
assembly is approximately 16ft with additional spaequired behind the catch camber.
All components of the pressure chamber and pressam&ol system are designed with
17-4PH stainless steel which has a yield stren§jt¥6,000 psi (1000MPa) in condition

A, up to 200,000 psi (1379 MPa) in condition H9@) flepending on the specific heat

treatments.
Catch Chamber Barrel Secondary Chamber
| Vacuum Chamber Main Chamber

Figure 2-6: Single Stage Light Gas Gun (SSLGG)gtexsi and built in the Mechanics of
Materials Research Lab (MMRL) at URI.

The gas gun designed in the MMRL has proven torbeftective tool in studying
shock waves in metals and through several desagatibns of sabots, velocity systems
and vacuum design arrangements, has reached a déwapeatability required for
experimental accuracy. All major components of pnessure chamber were designed
and assembled within the MMRL and machined by aside vendor. The remaining

components of the assembly were designed, machm¢dssembled by the MMRL.
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The gas gun has 5 main components which will beudised in detail within the
following sections

1. (Section 2.3.1) Pressure Chamber

N

. (Section 2.3.2) Pressure Control System

w

. (Section 2.3.3) Barrel and Vacuum Target Fixtu

I

. (Section 2.3.4) Specimen Catch Chamber

a1

. (Section 2.3.5) Diagnostic System

2.3.1. Pressure Chamber

The pressure chamber is the component of the gasvigich contains the driving gas
used to launch the projectile. The main presshanber consists of two sections tubing
specified to standard sizes; NPS8 schedule 160 g@gea NPS5 schedule 160 pipe
coupled together with a machined pressure necklepapd a back plate as shown in the
3D model of Figure 2-7. The pressure chamber ip@ued on the main frame of the gas
gun by two sub frames which have a height adjustrser®ws attached to the mounting

blocks, as shown in Figure 2-8.

110



Main Chamber Secondary Chamber
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(" NPS3—SCH160  NPS5—SCH160 ) Barrel

N | A N | N |
Back Plate Pressure Neck 1 Pressure Neck 2

Figure 2-7: 3D model of the pressure chambere®BSSLGG.

Height Adjustment Screws

NPS8 sub frame NPS5 sub frame

Figure 2-8: Sub frame supports for the pressure chamber sectitimeafas gun.
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The volume of the main pressure chamber is apprabeity 750 iff and the volume of
the barrel is 376 th As the projectile moves down the barrel, theacity is increased to
1126 irf. The large capacity of the pressure chamber alkine gas to expand down the
barrel behind the projectile and still retain 66#4t® original input pressure.

As seen in the schematic of the pressure chambEigure 2-7, tapered transitional
regions between differing pipe diameter sectionsewaade. The fluid velocity across
the pressure necks increase in velocity and deeiageessure due to continuity. Abrupt
decreases in diameters create a contraction inflthe flow area, known as vena
contracta, and cause eddies in the flow in theebamtrance. The optimal design would
be to have the pressure chamber the same diansethe darrel; however this is not a
feasible solution, as it would nearly double thegll of the assembly. Instead, two
pressure necks within the main chamber were utilineorder to decrease the diameter
from the largest section, the NPS8 pipe, down éortipture discs, and another tapered
section within the barrel mount.

The pressure chamber is designed for an input ymeedsnit of 6,000 psi. This
pressure is the maximum pressure that a tank airhedupplies. The design principles
of the cylinders are based on closed end, thickedalylinders, with an internal pressure,
p1, and an external atmospheric presqur. The stresses can be determined from the

loading condition for a thick walled cylinder asosin in Figure 2-9.
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Figure 2-9: Stress components for a thick walldahder with internal pressung.

The stress components developed within a thickedatylinder are expressed as [4];

az(rz _bz)
Ogp = pll’z(bz—az) (2.2)
az(r2 +b2)
Ogp = Py 2 (b2 ~ az) (2.3)
Y.
T2 =Pz _2 (2.4)
Tmax = a-max;O-min (25)

whereo,, , g,, andog,, are the radial, hoop, and longitudinal stressespectively. The

cylinder is subjected to an internal pressurgohas an internal radius and an outer
radiusb. Setting the radius, for the inner and outer radius, the minimum arakimum

stress components in each cylinder of the preshamber are tabulated in Table 1.
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Table 2-1: Principal stress components in the meessure chamber cylinder

NPS5 NPS8
Principal Stress inner wall| outer wall| inner wall | outer wall
or (psi) -6,000 0 -6,000 0
ces  (Psi) 24,068 18,068| 25,804 19,804
o, (psi) 9,034 9,034 9,902 9,902
Tma»_(PSI) 15,034 9,034 15,902 9,902

Considering the minimum yield stress of 17-4PHrdémis steel is 145,000 psi, the
safety factor of the cylinders expressed as thie K&t yield stress to applied stress is

calculated and the results are shown in Table 2.

Table 2-2: Factor of safety for main pressure dienaeylinders

NPS5 NPS8
Safety Factor inner wall| outer wall| inner wall | outer wall
Orr 23 - 23 -
Goo 6 8 5 7
022 15 15 14 14
Tma> 9 15 9 14

As shown in Table 3, the lowest safety factor afcsurs with the hoop stress in the
NPS8 pipe of the main pressure chamber. Thisilisastonservative value since the

yield stress of the material was assumed to beassdciated with the heat treatment of

condition A.
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The strain components in the pressure vessel cawi@uted in a similar manner.

The strain components are expressed as [4];

£, = é[a" ~V (04 +0,)] (2.6)
Eop =é[agg—v(0” +az):| (2.7)
£, :é[azz ~v (0, +0g)] (2.8)

with a Poisson's ratio of 0.272 and an elastic rhdof 28.5E6 psi (197E3 MPa) the

strains can be calculated and shown in Table 3.

Table 2-3: Principal Strain components in the ma@ssure chamber cylinders of the
SSLGG.

NPS5 NPS8
Principal Strain inner wall| outer wall| inner wall | outer wall
gr (in./in.) -0.001 0.000 -0.001 0.000
goo  (in./in.) 0.001 0.001 0.001 0.001
€, (in./in.) 0.000 0.000 0.000 0.000

From the strain values shown in Table 2-3, corredpw displacements can be

determined.

The maximum displacement of the dglis is approximately 0.009 in.,

which is within the limits of the machining tolexas (+ 0.010 in.), therefore no binding

or leaking from seals at interfaces will occur.

Each section of the chamber is held together bysidle 8 alloy steel 1"-8 bolts with

a class 3A fit which have a minimum tensile stréngt 170,000 psi. Designing for an
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input pressure of 6,000 psi yields a pressure df,582 Ibs on the chamber end cap.
Divided over the six bolts yields 64,000 psi onteholt.

The end cap of the pressure chamber, Figure 2al0be considered as a circular flat
plate with a circular hole in the center with fixedge boundary conditions, as shown in

Figure 2-11.

Figure 2-10: End caps of the main pressure chaiméleron by six 1"-8 bolts threaded
into the 17-4PH SS back plate with an additionalt@d steel plate held on by six grade
8 nuts.
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Figure 2-11: Loading and boundary condition faxgaure chamber end cap [19].

The plate has a diametex;, inside the chamber walls of 8 in. and a hole ¢apfor
1/2 in. NPT fitting, which has a diametéx, of approximately a 0.8 in. and is uniformly
loaded by an internal pressure of 6,000 psi. Thgnty of the plate is 1.250 in. thick,
however is only 1.045 in. thick at the o-ring greo\fhe maximum stress and deflection

can be calculated as [19]

2

a
o =k Fr’] (2.9)
_, pa’'
Wmax - kl Eh3 (210)

where the constantsandk; are based on the ratb andh is the thickness, set to 1.000
in. Timoshenko [19] has published valueskadndk; for several ratios. Extrapolating
his values to a ratie/b=10, gives values of approximately 0.83 and 0.28kf@ndk;,

respectively. Solving for the maximum stress whiee pressure chamber is filled to

6,000 psi yields a maximum stress @f,, = 73,40(psi and a maximum deflection of

W, =0.013in. This is still less than half of the yield stgth of the 17-4PH stainless

steel end cap when loaded to 6,000 psi. Thishglaer estimate of the predicted stress
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considering that the hole in the center of the eplist plugged with a high strength
connector. This hole however, in addition to thes Isafety factor of 2, is a potential
source for leaks when the plate deflects at higisgqures. For this reason, an additional

plate, 0.750 in. thick, made of D2 tool steel wddeal. The additional plate reduces the

maximum stress tar,,, = 24,87 7psi and the maximum deflection tw_ , =0.002n.

which increases the factor of safety to over 5.

2.3.2. Pressure Control System

The gas being used in the light gas gun is heliumchvis filled via high pressure
helium tanks, the maximum pressure of which is 8,06i. The feed lines are made of
3/8 in. stainless steel seamless tubing with 0.B65wall thickness connected with
stainless steel Swagelok fittings. The gas feestiesy is rated for a 6,200 psi allowable
working pressure. A high pressure manifold and legu was installed for a multiple
tank reservoir since the gas gun uses large qigantit gas during high pressure tests; see
Figure 2-12. The control panel for filling the gam is shown in Figure 2-13. The panel
includes two digital pressure gauges (Dwyer DPG)1dHich have a 5000 psi limit with
1 psi increments and an accuracy of 0.25%. Thegemmonitor the pressure in the main
and secondary chambers. The control panel has tialges for controlling the gas. The
control panel includes a dump valve, Valve 3 inufgg2-13, which evacuates the entire
system of its pressure in the event that therenisreor with the experimental setup and

the test needs to be cancelled.
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Chamber Regulator Tank 1 Tank2  Tank3
Fill Valve

Valve 3 Valve 1 Valve 2 Fill Valve

Figure 2-13: Gas gun pressure control panel. Vale used to close the feed to the
secondary chamber. Valve 2 is used to releasert#ssyre from the secondary chamber
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to fire the gas gun. Valve 3 is used to evacuaeentire system without firing the gas
gun.

The gas gun is triggered using a pressure relead®is consisting of two sets of
rupture discs enclosing the secondary pressure ldrarsimilar to that used by Gupta et

al. [20] and Sikka [21]. A close up 3D model oisteystem is shown in Figure 2-14.

Pressure Release System

-

-

Main econdary
Disc i e Disc

Figure 2-14: Gas gun pressure release system frotled launch of projectiles.

As shown in Figure 2-14, two sets of rupture desesused to separate the secondary
chamber (B from the main chamber {Pand the barrel section{P The advantage of
this double rupture disc setup is that it providesonsistent and controllable release of
pressure to the projectile, where as a single rapdisc setup, typically used in shock

tubes, the pressure is continuously increased th#ildisc ruptures. The single rupture
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disc setup only allows for blast pressures at memgs equal to the rupture disc break
pressures. The current design allows the useoritra the pressure to the level required
by the specific experiment. The system works goressure differential to break the

discs and launch the projectile.

A typical procedure for this pressure control iS@bws. As shown in Figure 2-14,
pressures associated with the main chamber, segondamber, and barrel section are
designated by £ P, and B, respectively. With valve 1 in the fully openeaksjiion, gas
is fed into the main and secondary chambers simedtasly such that,Pand B are
equivalent. Once the pressure, i the secondary chamber is at the desired I¢hel,
gas feed to the secondary chamber is closed witle i3 see Figure 2-13. Gas is then
fed only to the main chamber until the pressuiejsuch that B Pypture >Pi-P2. Once
the desired main chamber pressure is reached, Ralve@pened to bleed pressure from

the secondary chamber and launch the projectile.

Applying specific pressures to the outlined procedif the main chamber is to be
pressurized to 800 psi, the rupture discs should be set to begafipproximately
Prupture=1,000 psi. First, gas is fed into main and seaopadhambers until £P,=800
psi. After closing of the secondary chamber, Vélva Figure 2-13, gas is fed into only
the main chamber until the pressure600 psi. Now the difference between main and
secondary is 800 psi and between secondary andsphee is 800 psi; both below
Pupure  The gas gun is now ready to launch the progctiValve 2 is now opened to
begin bleeding the pressure from the secondary bbamand the pressure differential
across the diaphragms of the main and secondamb#rawill exceed the rupture

pressure and both sets of discs will break, laurtctiie projectile.
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The rupture discs are made of thin (0.004 in.) estgr sheets. The rupture disc
breaking pressure, RBure is varied by increasing the number of sheets useeach
section. Initial trials of determining the ruptusérength per sheet in this particular
configuration showed that each rupture disc brdmtaseen 70 and 100 psi. From this
range of rupture pressures per sheet, an acc@ateonship of the number of sheets to
be used for a given input pressure is determin&delationship between gas pressure

and number of rupture discs is shown in Figure 2-15

2000
1 Rupture Disc Range
— = |\lain Chamber (P1)
Ty = Seconcdary Chamber (P2)
2 1500 1 ==t Pressure Differential
& 5 v .
= ; : :
g 1000 e e MO Tt
9 ; ’ : ;
o
72}
g 500
O
0 ; ;

5 10 15 20
# of Rupture Discs

Figure 2-15: Gas pressure vs. number of ruptwsesdised in the trigger system of the
SSLGG. The black curve represents the main charpbessure, The red curve

represents the secondary chamber pressure, ardutecurve represents the pressure
differential between the two chambers. The greaahows the upper and lower limit

for the differential pressure at which the ruptdigcs break.
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2.3.3. Barre and Vacuum Target Fixture

The barrel section is made of seamless 316 staiske| tubing measuring 10 ft in
length with an inner diameter of 2in. and a waitkhess of 0.5in . To reduce friction
and increase projectile velocity, the ID of therbhwas honed to a surface finish of 8RA
or better.

The barrel is supported on the main frame by aokdétvo sub frames. Each sub
frame is equipped with height adjustment screwhe barrel is directly supported by a
set of polyurethane wheels so that the barrel @ectian be rolled forward when

uncoupling the pressure release system to charigemure discs; see Figure xxx.
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Figure 2-16: Barrel support sub frames showingyliteadjustment screws and wheel
supports

Prior to acquiring the barrel section, a study d@ase to determine the optimal length
of the barrel. Using Newton's second law, the dasguations of motion, and the ideal
gas law, the projectile velocity was incrementallgtermined as a function of the
pressure drop in the barrel and distance includegeffects of drag, and is shown in

Figure 2-17.
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Figure 2-17: Preliminary calculations of projeetitelocity vs. position in the barrel for
several input pressures.

As shown in the figure above, the projectile evahlyubegins to decelerate due to the
drag and friction forces and the loss of drivinggsure as the volume and pressure of the
driving gas changes. The optimal length for th@rtipular volume chamber is
approximately 15ft. For constraints of the fagilithe barrel was limited to 10ft.
However, the difference in velocities between tA#& and 15ft length barrels is only 3%.

Again, applying equations (2.2) through (2.5) tee tbarrel section, the stress
components and safety factors can be determineci@nghown in Table 2-4 and Table

2-5.
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Table 2-4: Principal stress components in thedaection

Barrel
Principal Stress inner wall| outer wall
or (psi) -6,000 0
ces  (psi) 15,600 9,600
oz, (psi) 4,800 4,800
Tmas_(PSI) 10,800 4,800

Table 2-5: Factor of safety for the barrel section

Barrel
Safety Factor inner wall | outer wall
Orr 23 -
Goo 9 15
Oz 29 29
Tmax 13 29

As shown in Table 2-4 and Table 2-5, the a pressymat of 6,000 psi would lead to
a maximum hoop stress of 15,600 psi with the loweas$tty factor of 9, which again is
conservative given that the barrel is continuoldbeding pressure out of the barrel end.

Attached to the end of the barrel is a vacuum clemilbhich also serves as the target

fixture and mount for the velocity lasers; see Feg-18.
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Laser Mounts

BNC Cable to Dynasen
Pulse Power Supply

Target Specimen

Wire to Stress Gauge

Fiber Optic Cables to
Photodiodes

Figure 2-18: Vacuum chamber and target and veldaster mount at end of the SSLGG
barrel.

As seen at the top of Figure 2-18, the velocityelasare mounted directly to the
vacuum chamber. These lasers pass a beam pemgandicthe barrel mouth. The light
from the lasers are received by fiber optic cabltached on the other side of the vacuum
chamber. This light is collected in high speedtpbdmdes, which converts light intensity
into voltage recorded on the oscilloscope. Thesporthe vacuum chamber for both the

lasers and the fiber optic cables are sealed Isg gléindows and O-rings.

The entire barrel section and target mount is ma@etl under vacuum using a
mechanical vacuum pump which evacuates the bamtetarget fixture into the 10torr
range. The vacuum serves two purposes. Firsdicaum is drawn between rupture disc
2 and the projectile to load the projectile. Seltpnthe vacuum serves to reduce the drag
on the projectile to increase the velocity as vesllto prevent premature air shock or

disturbance of the target specimen. This is esfigémportant to ensure a planar impact
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with the target specimen. The target specimen ismaal directly to the end of the
vacuum chamber, and the face of the target specimeztes a vacuum seal against an O-

ring embedded groove at the end of the vacuumrixteigure 2-19.

L

Figure 2-19: Vacuum chamber mouth at which thgeaspecimen is mounted.

The distance from the end of the barrel mouth éof#ite of the target is such that the
5in long projectile remains partially within therbal section upon impacting the target.

This ensures that the target plate and impactoe ple consistently planar during impact.

2.3.4. Specimen Catch Chamber

During the plate impact test, the specimen is irgzh@t the end of the vacuum
chamber and the projectile and target package beusoft recovered in order to preserve
the specimen integrity and to not introduce seconaapact effects. A catch camber is
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located at the end of the barrel. The chambelf iisemounted on linear sliders and

attached to the gas gun frame with a separatersiéthat is attached to a shock absorber
system. This provides the necessary blow backeottiamber to allow the pressure relief
of the excess helium while still containing any delirom the plastic sabot; see Figure

2-20.

Figure 2-20: Shock absorber system for blow backatch chamber during pressure
release.

Within the catch chamber, a specimen catch boxasnted to upper and lower 2in.
diameter solid steel posts. This catch box igdilivith a high density, non-hardening

clay in order to decelerate the target plate as seEigure 2-21.
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Figure 2-21: a) Specimen Catch Bx filled with rhiensity non-hardening oil based
clay for soft recovery of specimens and b) specioestoh chamber access door
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Containing the catch box assembly and absorbing aléside of the vacuum avoids
interference with the vacuum quality and laser #&ibdr optic ports due to the clay
outgassing and splatter. This reduces the downtimenaintenance of the vacuum

chamber and catch chamber between each experiment.

2.3.5. Diagnostic System

Recording the plate impact event is done using lardeix DPO3034 high speed
digital phosphorus oscilloscope. This is a 4 clehrwscilloscope with a 300MHz
bandwidth and a sample rate of 2.5 GS/s. Theu#enlof the oscilloscope is more than
sufficient for these plate impact experiments gitieat the oscilloscope records at 2.5
samples per nanosecond, while the rise time oinitident stress pulse is on the order of
100ns. The recording start time is triggered @ \elocity lasers mounted at the end of
the SSLGG barrel. The trigger position in the lbestope is set such that data is
captured 400s prior to the event and for 1.6ms after the detand is triggered to ensure
that the entire event is captured. When the astbipe is triggered to record from the
velocity lasers, it simultaneously sends an outpgger signal via BNC cable to the
Dynasen pulse power supply to excite the stresgegauA schematic of the full
diagnostic system is shown in Figure 2-22, the camepts of which will be described in

the following sections.
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Figure 2-22: Schematic of gas gun diagnostic syste measuring impact velocity and
stress. Components are labeled as 1. vacuum clhathbmarrel and projectile, 3. target
package with manganin stress gauges, 4. lasel&sds. drivers, 6. DC power supply, 7.
fiber optic cables, 8. photodetectors, 9. Dynadesss gauge power supply, 10. digital
oscilloscope.

All of the electronics for the velocity and stresgeasurement are mounted in a
separate electrical stack. The stack is locateclase proximity to the barrel exit and
catch chamber in order to reduce the cable lengdded for the stress gauge. The

control panel has power switches for each individoaponent, shown in Figure 2-23.
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Power for

Trigger Channel
on Dynasen
Pcl)werto Powerto
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(mounted Cables
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Trigger Output Photodetector
from to Oscilloscope
Oscilloscope Cables

Figure 2-23: Diagnostics control panel for the gaa. Each channel is labeled Y/B/R
which correspond the color coordination of eachncleh on the oscilloscope. The
photodetectors are mounted directly to the badk@fpanel, with connections on front to
attach the fiber optics.

The control panel has individual power switchesdach laser with indicating LEDs,
while the photodetectors share the same power lswithe switch labeled "DYN TRIG
POWER" is used the power switch for the triggerneted output of the oscilloscope
feeding into the trigger input of the Dynasen powepply. The switch amplifies the
signal from the oscilloscope up to the requirecoBsvneeded for triggering the Dynasen
power supply. Each photodetector is mounted dydotthe panel, with connectors in
front for directly attaching the fiber optic cableEach photodetector has its own output
cable feeding into separate channels on the oscdlze mounted above. All channels are
labeled with designations Y/B/R, corresponding te tyellow, blue, or red color
coordination of each channel on the oscilloscofée DC power supply is mounted
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directly to the right of the panel which suppliee hecessary 9 volt source for the lasers,

photodetectors, and trigger channel.

2.3.5.1. Vedocity Measurement
The projectile velocity is measured using a set hojh power lasers and

photodetectors mounted perpendicular to the b&meeheen the barrel mouth and the
target specimen, as seen in Figure 2-18. Witlreaf®e to the schematic shown in Figure
2-22, a 9 volt DC power supply powers a set of tamtscurrent laser drivers (5), which
drive the 660nm lasers (4). The laser light ine&d by high speed photodetectors (8),
via fiber optic cables (7) mounted across the bam@uth, opposite to the lasers. The
photodetectors convert the intensity of incideghtiinto a voltage which is recorded on
the high speed oscilloscope (10). The through lseam sequentially interrupted by the
passing projectile (2). This causes the voltagguufrom the photodiodes to drop to
zero. A typical screen shot of the signal from phetodetector voltage output is shown

in Figure 2-24.
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Figure 2-24:. Typical recording of voltage drop miotodetectors when a projectile
interrupts the laser signal.

With known distances between the lasers, and detergnthe time between voltage
drop from the photodetector signal, the projectddocity just prior to impact can be
determined. Several other methods exist by whiol projectile velocity can be
measured, such as the flash x-ray measurementigeehf12] or by the use of velocity
shorting pins [9,13,15-18]

The laser signals are received using ThorLabs Isigked reverse-biased silicon
photodetectors (DET10A). The measured output atiieelinearly proportional to input
optical power. When coupled with a 50 terminattme response time of the
photodetector is as little as 1ns. These deteei@sapable of receiving light between
200 and 1100 nm in wavelength. The responsivityiclvis a measure of the electrical
output per optical input, of the photodetector tbe given wavelengths is shown in

Figure 2-25.
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Figure 2-25: Responsivity of ThorLabs DET10A plddtector for a range of
wavelengths [5]

Based on the responsivity of the photodetectors,ufe lasers selected are 660nm
wavelength (LPC-826) diodes with a maximum powetpot of 250mW. By using
660nm wavelength lasers, it is still within theibie spectrum making alignment an
easier task and, staying close to the peak wawlerthe output voltage of the
photodetector is maximized. In order to achieve mmaximum output voltage of the
photodetectors, proper alignment of the laseretessary. The fiber optic cables have a
very low acceptance angle, therefore the laserstsdwave the ability for fine lateral and
tilt adjustments; see Figure 2-26. (Note: Extrecagtion should be taken and eye

protection should be worn when using these highgudasers as eye damage can occur.)
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Figure 2-26: Laser mounts for velocity measurensgatem.

2.3.5.2. Stress Measurement

The stress during plate impacts is measured usempgesistive manganin foil stress

gauges bonded between the target specimen andkiadpatate in a manner ensuring that

the gauge grid is oriented perpendicular to thdilgadirection. Manganin is composed

of 83-87% copper, 12-13% manganese, and 0-4% n|Ckel This material has a low

temperature resistivity coefficient and a largezpresistance coefficient, making this

material ideal for measuring large changes in stregthout capturing effects of

temperature rise associated with high strain rape®ments. The thin foil gauge has

been shown to be optimal for measuring in planesstrduring uniaxial strain shock

experiments, as opposed to manganin wire gaugeshwdlso tend to capture the

137



transverse stress along the gauge's width [8,8]addition, the foil gauges tend to be
thinner than wire gauges, resulting in less interiee of the shock wave within the target
assembly [8].

The stress gauges used in this study a® Bfanganin gauges (J2M-SS-210FD-
050/SP60) manufactured by Micro-Measurement, adsubion of Vishay. The foil is
0.0005in. thick and has an active grid area of @ir21lby 0.250in. This gauge is
encapsulated in a 0.0008in. thick polymide (Kapthim). A picture of the manganin

gauge grid is shown in Figure 2-27.

Figure 2-27: Piezoresistive @0manganin foil stress gauge (J2M-SS-210FD-050/SP60)
grid used in plate impact experiments.

The maximum stresses achieved in the current waekewp to 16 GPa. Stress
limitations exist with the use of manganin stressuges bonded within metallic
specimens. The manganin must be encapsulatechvathbn-conductive layer, such as
polyamide, epoxy, or PTFE layers, when using cotidgeidarget and backing plates,
however there does exists a threshold for certaterals at which the insulating layer

becomes conductive, creating a bridge between dangegyand the conductive specimen.
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It has been shown that the pressure limit for kapsoaround 9 GPa [10]. The gauge
however is bonded in the specimen with layers okgpwhich has been shown to have a
transition pressure of approximately 23GPa, whiah be further increased by adding

thin layers of PTFE between the gauge and specjirign

The gauges are excited using a constant voltagee pndwer supply (Dynasen KC2-
50/0.050-300). This power supply can operate witiingle or double gauge set up, with
voltages up to 300 volts for pulse width duratiapsto 150Qs. The power supply is
trigger using an auxiliary output channel from thexilloscope which supplies a trigger
channel on the power supply with 9 volts (6-10Q Vialit). The 5@2 gauge is excited by
the power supply by a $Dcoaxial cable to ensure impedance matching. Tiage
signal is then recorded by the oscilloscope udegaX2 output from the power supply
for the fastest response times (20ns) andtédminator to reduces wave reflections, as
shown in Figure 2-28. Complete details of the apeg and setup procedure of the

power supply are provided in the instruction mar@hl
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Figure 2-28: Screen shot of the oscilloscope shgvan impact stress record for an
impact with projectile velocity of 400 m/s

In order to convert the recorded voltage signal etstress-time plot, the first step is
converting the change in voltage to a relative geaim stress gauge resistance. In this
work, two methods were used for comparative purpodée first method employed was
the procedure outlined by the Dynasen manual peavigith the pulse power supply [6].
The stress gauge signal was transferred via @ @&axial cable utilized the ¥b
unattenuated bridge output from the pulse poweplsugpplying a 78 termination at
the oscilloscope. As such, the first calibratiguation, relating the change in voltage of

the calibrated signatfV, to the initial gauge resistand®, is expressed as

AV,

Kss = R . R (2.11)
(R&le'[&mwa}
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AR, is the change in gauge resistance Bnas the resistance of the 3 additional legs
completing the Wheatstone bridge. The relativengkan resistance of the gauge is then

expressed as

[Bj%: Rl 1 .1 Ril100 (2.12)
R, R, R,

The change of the gauge resistance can be usestdonine the impact stress using
the calibration curve provided by Dynasen [6]. Tadibration equation from Dynasen

written in units of GPa, is expressed as

5(ARJ _ o.osz(ARj + o.oooo%ARj
R R R

10

(2.13)
Rosenberg also provides a calibration equatiomi@nganin gauges written as [9]
AR ARY . . (8RY ., (oR)
R, R, R, R,

with A =0.572, A =29.59, A =95.20, A =-312.74 and A =331.77where the

stress is in GPa. A plot of these calibration esris shown in Figure 2-29.
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Figure 2-29: Calibration curves for manganin srgauge

As shown in Figure 2-29, there is only a slightiaton between Dynasen's and
Rosenberg's calibration curves and when utilizinttpee curve, there are negligible
differences in the stress results. The stresscalzsilated using both calibration curves
provided by equations (2.13) and (2.14). A typistaess curve using these methods is

shown in Figure 2-30.
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Figure 2-30: Stress results from a plate impagtt wélizing calibration curves provided
by Dyansen (black curve) and Rosenberg (red curve).

2.3.6. Projectileand Target Specimen

The projectile for the plate impact experimentssisinof the impactor plate, 1.750in.
in diameter and 0.125in. thick, bonded to the froh& carrier assembly called a sabot,
typically made of a plastic material. The sabotaissacrificial component that is
demolished each experiment and serves only to ¢taerympactor plate at a fixed angle
down the barrel to the target specimen. The baaetion inner diameter of the gas gun is
2.037in. The tolerance between the sabot andahelldD has to be such that the sabot
is free to slide yet can still provide an adeqssal for the pressurized driving gas. If
there is an excess amount of gas blowing by thgeqite, it could potentially interfere

with the target specimen by dislodging it from slder. The projectiles for the plate
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impact tests took several design iterations urifiithal design proved to be robust enough

to be subjected to the high pressure driving gasefisas consistent in dimensions.

Initial attempts were made to decrease sabot ptmiutme by using a design made
by a rapid prototype machine. While intricate dasiwere possible in order to reduce
overall mass and contact area between the bardetrensabot, the layered ABS plastic
sabots from the rapid prototype machine were nangt enough to endure the high
pressures needed for higher pressure plate impaetrienents. Figure 2-31 shows two

preliminary rapid prototyped designs

/ -~

Figure 2-31: Two preliminary rapid prototype desigf sabots.

Using conventional machining, several UHMV polydéme sabots were made.
While the strength of the material and the low Gomint of friction were adequate, the
high thermal expansion during the turning processated problems when attempting to

keep a tight tolerance with the barrel.

The final design of the sabots is made of gray RW&erial. High strength and
machinability, this material has proven to be csiesit for predicting projectile
velocities. To compensate for the high coefficiehtriction, a light oil lubricant is used

in the barrel. The sabot consists of a main bodgenfrom a PVC tube turned to
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approximately 2.030in. outside diameter with theeindiameter machined to 1.468in.
The front and back of the main body tube are capp#dPVC plugs to hold the driving
pressure and to hold the impactor plate. The toéaght of the sabot and impactor plate

is approximately 185 grams. Figure 2-32 showshamatic of the projectile assembly.

Sabot Impactor
. Plate
! —|
2.030 in+
- 1 J \ Y ) LT_}
0.650 in 4.000 in 0.400 in

Figure 2-32: Components and dimensions of thd §ahot design machined from gray
PVC.

This sabot/impactor plate assembly is driven doha barrel of the gas gun and
impacts the target specimen. The target is moupegendicular to the projectile
direction at the end of the vacuum chamber attathéae barrel. An O-ring between the
vacuum chamber and target face create the vacuwh isethe chamber. This
configuration eliminates the need for electricad#roughs into the vacuum chamber for

the stress gauge. Figure 2-33 shows the targgh sebunted to the gas gun.
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Figure 2-33: Target mounted the end of the vacabhamber of the gas gun.

As shown in Figure 2-33, the specimen is held inHvge 3/8"-16 bolts. These bolts
have the cross section behind the bolt head tudogd to a diameter of approximately

0.0625in, as shown in Figure 2-34.
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Figure 2-34: 3/8"-16 bolt used for mounting thegt to the vacuum chamber. The
diameter has been turned down to 1/16in. to reduedorce to break during impact of
the specimen.

This allows for the bolts to break when the prajecexerts a static pressure of
approximately 4MPa. Nylon bolts were initially dsehowever extraction of the stud
proved to be cumbersome, as the break always @ctyust below the surface of the
vacuum chamber face.

The distance between the barrel exit and the tdieget is shorter than the sabot,
which allows the sabot to remain partially in trerel to eliminate free flight ensure a
planar impact. The faces of the target and backlatge were surface ground to ensure
planarity between the impact face and the gridhef $tress gauge, which is bonded
between the target and the backing plate usingogptwt epoxy. The gauge setup within

the target is shown in the schematic of Figure 243& the picture of Figure 2-36.
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Figure 2-35: Schematic showing the embedded strasge bonded centrally between
the target and backing plate using two part epoxy.

Figure 2-36: Picture of a target specimen readydsting with the stress gauge bonded
and with wire leads soldered to the stress gauge ta

The target disc was machined to 0.250in., whicldasible the thickness of the
impactor disc. The backing plate was ground toigimum thickness of 0.275in. This
ensures that the spall plane does not occur wittentarget, and the sacrificial backing

plate always fails by spall fracture during the=stg.
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3.1. Abstract

The effects of impact loading on changes in micumstire have been studied in low
carbon steel. Low to moderate shock loading testee been carried out on steel
specimens using a single stage gas gun with pi@eetiocities ranging from 200 to 500
m/sec. Stress history at the back face of theetasgecimen and projectile velocity prior
to impact were recorded via manganin stress gaaiges/elocity lasers, respectively. A
Johnson-Cook constitutive material model was engaoto numerically simulate the
material behavior of low carbon steel during impaatl obtain the particle velocity at the
impact surface as well the pressure distributiorogs the specimens as a function of
impact duration. An analytical approach was usedetermine the twin volume fraction
as a function of blast loading. The amount of tvimg within thea-ferrite phase was
measured in post-impact specimens. A comparistwmdes experimental and numerical
stress histories, and analytical and experimemah tvolume fraction were used to
optimize the material and deformation models artdbdish a correlation between impact
pressure and deformation response of the steel @x@enination. Strain rate controlled
tensile tests were carried out on post-impact specs. Results of these tests are
discussed in relation to the effects of impact iogdon the yield and ultimate tensile

strength as well as the hardening and strain ersrgsacteristics.

Keywords: Low Carbon Seel, Shock, Impact Loading, Twinning, Post-lmpact

3.2. I ntroduction

Impact loading of steel is a subject that has bstwied widely for structural

applications and material characterization. It haen established that high strain rate
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loading of steel will result in a change of bothcrostructural and mechanical properties
which individually affect the residual life of threaterial. Vast amounts of research has
been done in order to assess blast loading andndafion effects, much of it being on
steel as it is a primary reinforcing phase of dtrees. Research in blast analysis, while in
general utilizes the finite element technique tovpde solutions for the dynamic response
of the structures [1], requires implementation oicnestructure constitutive models
required to accurately capture changes in mechlapioperties during high strain rate

loading.

In order to replicate the pressure profile and hstiain rate deformation caused by
explosive loading and recover intact specimensablégtfor further testing and analysis,
various techniques exist of which Field et al. p2pvide a detailed review. Some basic
techniques which are of main concern to materiaratierization are drop weight
testing, split Hopkins pressure bar, Taylor impaptate impacts, and explosive loading.
While SHPB tests produce elastic-plastic wave pgapan, the maximum strain rates
achieved are typically in the range of 3. Plate impact tests are often used to replicate
explosive loading due to the fact that the straies, greater than 4,0and planar shock
waves achieved clearly simulate that of explosikeck wave loading. During plate
impacts at high velocities, a state of one dimeraicstrain is produced until lateral
release waves from the edge of the projectile arget specimen reach the center of the
impact area. To achieve the highest velocitiesvahlkm/s, two and three stage gas
guns are used. These techniques are typically tmedbtaining Hugoniot curves,
measuring spall strength, post-impact mechanidingg, and measuring phase change,

the latter of which is the concern of the work praed herein.
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An important aspect in the post-impact analysisnaterials is the phase change of
the microstructure, which is generally incorporateid analytical modeling in order to
predict deformation response. Recent studies, l®g@y et al. [3], of recovered pipe
bomb fragments provided basis for characterizatiplain carbon-steel subject to high
rate deformation. They observed metallurgicalatasns of the steel in order to estimate
explosive loading severity. It was found that esple loading resulted in elongation in
grains in both the-ferrite and pearlite phases, intersecting slipdsaand cross slip, as
well as mechanical twin formation. Firrao et &] pubjected stainless steel to plane
shock wave loading by means of spherical plastiastves with varying charge weights
and varying charge-target distances. Changes @nostructure on the impact surface
included oxidations, partial melting at grain boands, isolated slip bands, and
mechanical twins in areas around fragment impaicttpo Changes through the thickness
of the specimen were limited to mechanical twingliscontinuous layers bordering the
exposed surface, but never across the entire théskn Through X-ray analysis it was
found that dislocation density remains unchangedhvipg that deformation by
dislocation slip, and subsequently plastic yieldwgs not reached, which is also evident
through measurement of thickness variations. Bageoh observed twinning and
estimated explosive pressures, Firrao et al. [4tewable to calculate critical stress
required for twinning, and proved that twin nucleatoccurs prior to yielding. De
Resseguier and Hallouin [5] studied iron disks iffledent thickness submitted to shock
loading by means high-power laser pulses. Postksktudies of the iron microstructure
revealed significant twin formation. Using a congtve twinning model proposed by

Johnson and Rohde [6] accurate predictions of weinime fraction and elastic-plastic
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response of the material have been made [5,7].y Tised plate impacts to examine
shock-loaded iron and analytically predict twin wole fraction in recovered specimens
as a function of impact stress. Atroshenko et8lekamined the strengthening properties
of materials, including copper, aluminum, titanivend steel, due to spherical loading by
means of explosives, and uniaxial loading usingghtigas gun. The strength of the
material was measured as a function of distanaa filee impact using microhardness
measurements. In all materials except aluminumgrastructure refinement and

increases in hardness occurred. Smida and BosdB$kprovide experimental and

fractographical analysis of ferritic structural edten order to provide a correlation

between the role of deformation twins and moderadttire. Tensile and Charpy impact
tests were carried out and the occurrence of deftbom twins on the fracture surface
were studied Murr et al. [10] observed profuse mechanical twagnin Tantalum when

subjected to shock wave deformation of magnitudgedou4d5 GPa. From post-impact
testing, shock hardening was observed which haea b#ributed to twins as barriers to

plastic deformation.

Deformation in BCC materials by means of shock ilegds described as being
composed of the competing mechanisms of slip amthing. Murr et al. [10] rationalize
that critical twinning stress is highly dependepon and directly proportional to the
stacking-fault energy. Their work examined twinnfiation during shock loading and
twinning effect on the post-shock mechanical respoof Tantalum. Murr et al. found
that twinning was more predominant at the impadiase than at the back surface. Post-
shock testing consisted of quasi-static and dynaotmpression tests as well as

microhardness measurements. The rationale oftwiipring transition was explained
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through experimental observations and a mechansbdidel proposed by Armstrong and
Worthington. A model was presented to predict ¢hiécal threshold stress for twin
initiation which is based upon the Swegle-Gradgtiehship, grain-size and temperature.
Meyers et al. [11,12] recognize the fact that tmiiation and growth is closely tied to
dislocation motion which is highly strain rate aedhperature sensitive. They note that
twinning can have two significant effects upon ptadeformation; it increases the work
hardening rate by creating more barriers, effettiv@ibdividing the grains, and it
contributes to plastic deformation due to twinnstggar. Meyers briefly describes the
effects of strain rate, temperature, grain sizetute, and stress state effects upon
twinning nucleation. The model used is based wpsmilar theory for FCC material in
Murr’s study of Tantalum [10], in which dislocatigle-ups are a key aspect to twin
nucleation. Equations for critical shear stregstfdning are presented for BCC, FCC,
and HCP materials, all of which are dependent ugtoain rate, temperature, and the
Hall-Petch relation for grain size. They desciibat the twins per grain is a function of
stress which is independent of temperature anthstate and the amount of twins will
increase monotonically with increasing stress. @helent common aspect in all these
works is the twin formation in steel during highrast rate loading. A correlation
however does not exists between blast conditioassirain rate and stress state, and twin
volume fraction, from which a unique criteria défig material integrity can be
established. This criterion is the objective aststudy. For this purpose, the effect of
blast loading up to strain rates of’1€}, on the microstructure deformation mechanisms
of low carbon steel will be examined. Discs of loarbon steel were subjected to high

velocity impact loading using a light gas gun. #&uopspecimens were analyzed by
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measurement of microstructural variations and mmeichh properties. Attempts are
made to study the deformation pattern in steelgusmaterial and deformation models.
Results of this analysis are linked with the experntal work in order to assess the
validity of the approach. Prediction of impact do&y conditions will be achieved
through a relationship between twin volume fractamm impact stress history and linked
to post-impact mechanical properties. An expertaleprocedure was used to impact
low carbon steel specimens and experimental obengaof microstructure. In addition,
numerical methods used and means of obtaining atcuesults are described. An
analytical model of dynamic deformation based ugplijm and twinning is described and

results are compared with experimental findings.

3.3. Material and Experimental Procedure

The as received microstructure of the low carbeelstis shown in Figure 1, consists
of primarily a-ferrite phase with colonies of pearlite. The pigardolonies are made af
ferrite and FegC cementite lamellas; Figure 3-1. Average grame $§ 50um with 9%
volume fraction of the pearlite phase. Tensigg®f as received material showed yield
strength of the material to be 348 MPa at 0.2%eodffst room temperature with a
Young’'s modulus of 197 GPa. Preparation of allcepens was done by mechanical

polishing to 1 micron and chemical etching usingiital solution.
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Figure 3-1: Optical micrograph of as received Agfdde 50 structural steel. Lighter
grains arex-ferrite, and darker grains are pearlite

This material was prepared into round discs by teledischarge machining and
tested by subjecting it to different impact loadsng a single stage light gas gun. A
series of five plate impact experiments have bemned out using a single stage light
gas gun; Figure 3-2a. Fixed back conditions, FEgB#2b, were employed in order to
minimize energy loss and provide means for recagepost impact specimens; Figure
3-2c provides a schematic of the experimental pet The projectile measurements are
31.75mm diameter and 3mm thick, while the targek dind backing plate measurements
are 57.15mm diameter and 6mm thick. The targetedsions allowed for tensile

specimens to be machined from deformed specimenm&sible mechanical testing.
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Figure 3-2: a.) Photograph of experimental gasajthb.) fixed back apparatus for plate
impact tests.  ¢.) Schematic of gas gun ancttagparatus

Projectile velocities ranging from 200 to 500 m/se&re measured using two lasers
which were mounted perpendicular to the projectitel in front of the target. Input
pressure was used to control projectile velocidied magnitude of impact loads. Input
pressure of Helium gas was used to control prdgeetlocities and achievable stress
levels. Longitudinal stress histories were recdrdsing manganin stress gauges bonded

centrally between the back surface of the targsk dnd a steel backing plate.

Typical results of normal stress versus time cuaresshown in Figure 3, for the five
different impact velocities. These curves, gereetdtom data recorded from the back
surface of the impacted target disk, are charaaedrby four distinct features; the elastic
precursor, the plastic wave, the peak stress lavelduration, and the unloading wave.
The Hugoniot elastic limitgyg, which is the amplitude of the initial elastic veavs

related to the shear stressthrough the relation:
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wherev is Poisson’s ratio. From the impact stress-tins¢ohes, the elastic limit for all
curves is reached at 1 GPa. cAg. of 1 GPa corresponds to a 0.285 GPa maximum
resolved shear stress, and for shear stress gthatethis, it is suggested that dislocation

slip accommodates plastic deformation [6].

The time between impact and that at which the sigesige at the back surface begins
to register the elastic wave can be estimated usiagrelocity of the elastic precursor.

The wave speed of the elastic precurgfasic, is described as [13]:

Coiasic = \/ Ed-v) (2
pA+V)A-2v)

where E, ang are the elastic modulus and material density,eesgely. Using the
calculated elastic wave speed with a 6 mm thickispen, the elastic wave will reach the
back surface in 1.0@8sec. If the projectile and target are of the samagerial, identical
waves will simultaneously propagate in both. Thggztile will stay in contact with the
specimen until the elastic wave in the projeciftects off of the free surface and returns
to the contact surface. The projectile and takgidit remain in contact for the time

duration tcontaet, determined as [13]:

161



2L,

CEIastic

t =

Contact

3)

where Ly is the projectile thickness. Since the projeasilbalf the thickness of the target
specimen, they will separate in the same time thstie wave reaches the back of the

target, at 1.03sec.
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Figure 3-3: Impact Stress data recorded at the backce of target disk
Each of the stress-time curves shown in the FigiB will be compared to that
obtained numerically as will be detailed in a laection, for the same impact condition

and will be used as a reference for obtaining glartvelocity at the impact surface.

Simulated particle velocity of the target impactface will be used as an input into
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analytical constitutive equations formulated as blasis of the Johnson and Rohde, in

order to calculate twin volume fraction as a fumictof local shear stress and time.

3.1 Experimental Results

Post impact target specimens show that plastic roefion took place in the
impacted area and back surface as accompaniechwitficrease in total diameter of the
target disk. The area of impact was discoloredyssting a large and rapid increase in
temperature on the front surface during impact.ec8pen surfaces were ground flat
using a surface grinder under coolant, and poligretetched. Optical microscopy was
conducted on post impact test specimens and thégehow the presence of mechanical
twins within theo-ferrite grains; see Figure 3-4. Micrographs af titoss-section just
below the impact surface showed a lack of twindclwisuggests that the temperature rise

was high enough to suppress twin formation in th&act region.

Figure 3-4: Example of optical micrographs of pwspact steel specimens a.) 7 GPa
peak stress yielding 3.4% twins, b.) 9 GPa peaésstryielding 4.3% twins. Lighter
grains areo-ferrite, and darker grains are pearlite; blaclowas indicate deformation
twins.
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Results of these optical micrographs show thabfdlhe twins are of lenticular shape,
which is indicative of the mechanism by which teens form. The majority of the
grains have parallel twins extending between gb@mundaries. However, there are also
large amounts of twin-twin interaction in which bsi terminate at other twins, or
continue through the intersections, which suggéstsiation on multiple planes [14].
Volume fraction of the twins was calculated usin§T E562-05, standard test method
involving systematic manual point count method [13]his count provides an average
estimation of twin volume fraction which was coateld to impact stress, as shown in
Table 1. Figure 3-5 shows that macro hardnesdst positively correlated to impact

stress.

Table 3-1: Peak impact stress and measured twinmafraction

Impact stress (GPa) 0.00 4.34 7.05 7.63 7.30 8.90
Mean Twin \f (%) 0.00 1.93 3.38 3.73 4.05 4.16

56
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Figure 3-5: Post-impact macro hardness as a funofiampact stress
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The increase in hardness, which indicates an isergmayield strength of the material,
can be attributed to strain hardening [16], andotesence of twin-matrix interfaces,
which provide additional barriers for further disédion slip. There may exist a unique
relationship between the twinning and hardness etms, however since hardness also
increases in the absence of twinning, no attemgtiegn made in this study to examine

the unique relationship between hardness and tagnni

3.4. Numerical and Analytical Analysis

The analysis of the impact process will be caroatfirst by calculating the patrticle
velocity for each impact condition. This velociwll then be utilized to calculate the

corresponding deformation field and correspondmig t/olume fraction.

3.1.1. Particle Velocity Smulation

Dynamic-explicit finite element simulation was uséd model plate impacts.
Simulation of impact conditions provides knowledfempact wave parameters as well
as a description of the blast related stress digian within the impacted steel. Input
parameters for boundary and loading conditions abtained from experimental
procedures. From the simulation, the longitudistaéss distribution is matched with
experimental stresses recorded. Once good coorelakists, particle velocity at the

impact surface is extracted from numerical resattd used as an input for analytical

165



modeling of twin volume fraction as a function efipact loading. In order to obtain
stress histories in accordance with experimentalltg parameters for a rate dependent
model were required. For this purpose, the Jom@&mok (JC) constitutive model [17]
was used to express the equivalent Von-Mises teffleilv stress as a function of the

equivalent plastic strain, strain rate, and temjpeea This stress is expressed as [13,17]

. £ T-T. )
o=(A+Be") 1+cm(£—0] 1—[ﬁ) %)

%/_J
Strain hardening

Strain rate effect  temperature dependenc

where g is the Von-Mises tensile flow stress, which is #pplied stress in the loading
direction for the uniaxial tensile test cagejs the equivalent plastic strain, which equals
the strain in the loading direction for the unidxi@nsile test caseA, B and n are
material constants to characterize the strain mandebehavior of the material is the
material constant to describe the strain rate gfféed m is the material constant to
describe the temperature dependency. Values foerrahtconstants, Table 2, were
optimized using a room temperature stress-stramnvecwf the as received material

obtained from the work of Maciejewski et al. [16¢e Figure 3-6.
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Figure 3-6: Stress strain curve of as receivecenatplotted with JC model output. The
curve was obtained at room temperature with arstede of 5x16 s™.

Table 3-2: Material properties and JC model caonstdor use in Finite Element
Simulation

Inelastic Heat

Young's Modulus Poisson's ratio Density Specific Heat

Fraction
200 GPa 0.3 7850 kgfn 0.864 0.465 KJ/kg*K
A B C n m
348 900 0.032 0.434 1

Once the parameters for equation 4 are optimizedylation of the plate impact is
preceded. To obtain comparabig, during simulation, the constaAtis adjusted from
the static to the dynamic yield strength of theenat. In this simulation, symmetry of
the impacted test specimen permits simulation ¢y one quarter of the specimen, as
illustrated in Figure 3-7a; however model boundamyg loading conditions replicate that

of the actual experiment, as illustrated in FigBHgb.
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Projectile
Target

Figure 3-7: Quarter plate model of axis-symmetriaeget disk, and predefined velocity
imparted on flyer plate in finite element simulatio

Step time period was Bsec and included adiabatic heating effects. Thdeainwas
symmetrically bounded on edges to prevent rotadiwshtranslation on the cross-sectional
areas. The displacement and rotation of the seid&¢he backing plate was fixed in the
axial direction corresponding to experimental setlipe temperature of the parts and the
velocity of the projectile were defined as a preaued field. The mesh is standard hex
type element CD38R with 12,416 and 1,848 elememtshé target and flyer plate,
respectively, and is approximately 1x1 mm on thdase and refined to 0.375 mm in the

axial direction.

Numerical stress history of the target specimenindurmpact show comparable
profiles to experimental impact results. In thiefpe, three important components which
must be captured accurately, pressure rise timgacdtrduration, and maximum stress, all
exhibit good fit with experimental data. Figuré83hows numerically generated stress
profiles during impact at the back surface of tlaegét specimen compared with

experimental results.
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Figure 3-8: Experimental (solid line) and numdrif@ashed line) stress history data
matching for two impact cases. Graph legends pettaprojectile velocity.

Results show good correlation between rise timak press, andyg. amplitude.
Linear and quadratic bulk viscosity parameterdigndynamic explicit step were adjusted
in order to reduce noise in the numerical solutiémrthermore, the linear and quadratic
bulk viscosity parameters damp high frequency riggand smear the shock front across
several elements to prevent collapse under higbcitglgradients. Once good agreement
between numerical and experimental stress-time esung achieved, the simulated
maximum particle velocity at the front surface bé tspecimen can be used as an input
for calculation of twin volume fraction. An appabato carry out these calculations is

described in the following section.

3.1.2. Twin Volume Fraction Calculation

The twin region can be simply described as an afestacking faults enclosed by
partial dislocations. Two ways in which this carcar are discussed by Wasilewski [18].
Wasilewski suggests that twins can form by progvesshear of the parent lattice or by a
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close atomic shuffle within the lattice, both of ialh will end in the same arrangement
within the twinning planes; Figure 3-9. Twinning progressive shear of the parent
lattice will produce a shear offset, of which piasieformation results, Figure 3-9a,
while a local rearrangement or shuffle will produse shear offset, Figure 3-9b. It is
assumed that formation of the twin by homogenedgarswill produce a shear offset
equal tokh, wherek is the strength of the simple shear, also knowthesvinning shear,
andh is the average thickness of the twin lamella. @ crystals the twinning is most
readily formed on the {112} planes in the (111)edtion which has a twinning shear
equal to 12 [6]. The two modes can be distinguished by olziEm of the shape of the
twins formed. Twins by shear will be lenticularshape while those created by shuffle
will be prismatic [18]. Based upon the characterienticular shape of the twins formed
in this study, they are assumed to be producedbgressive shear of the parent lattice,

as in opposition to the theory of atomic shuffle.

Shear offset
Mo shear

a6 [111]
Pt s 1111

plane

Figure 3-9: a.) Twin formation by progressive sheathe parent lattice, and b.) twin
formed by successive alternating “shuffle” of atomdy sequence

+a/6[111],-a /6[111],0.
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From the works of Wasilewski [18] and Johnson amthd® [6], it is inherent that
twins form by local rearrangement of atoms resgltim a shear offset, as opposed to
local shuffling. In order to analytically predistin volume fraction, these two points are
considered and a modified form of a deformation ehdzhsed on the work of Johnson
and Rohde [6] was therefore applied here. Thisrdedtion model incorporates slip and
twinning mechanisms previously described [18,194%] will be used to calculate twin
volume fraction in the material for the given laagliconditions. The assumptions and
observation from these previous studies are desttiib the constitutive model in which
total plastic strain is composed of both dislogastip and deformation twinning, and the
twin volume fraction and growth rate are functiafscorresponding shear stress. The
dynamic response and deformation twinning of lowboa steel under impact loading is

described by the laws of mass and momentum corgaryavhich are written as

&6_p+6_uzo (5)
p° ot oX

ou 00

bl R 6
Poor T ox )

where p, is initial density, pis an evolved density, analis particle velocity during

impact at time at a distance of from the impact surface. The stresscomponent can

be defined by a contact press&eand shear stressand is expressed as

a:P+gr (7)
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where;

P= ,o(C + Su)u (8)
and
t = (e -2y) (9)

where 4 is shear modulus, C and S are wave speed consdants, is total strain in the

wave direction and is given by:
g =1-0 (10)

y is the plastic shear strain on the plane of mawinghear stress described as the
summation of slip and twinning strains,
y = ys + ytw (11)

Plastic strain due to twinning, and that due tp ale expressed as

Y =Kla-a,) (12)
1
ys_z‘gt_Zka_ao_Ts/lu (13)

respectively, wherd is twinning shearg is the volume fraction of twinsg, is initial

twin volume fraction, ant,is the shear stress required for slip. Volume tioac of

twinned material is given by
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a= (ao%n + tij'v(r)dtj (14)

wheret; is characteristic time, which is a constant cdhitrg the rate of twin density, and
m=3 is for growth of twins both through the thickeeand radial directions. The

dimensionless growth rate of twiwﬁz), is expressed as
v(r) = y -1 7214 (15)
It

where 7 is shear stress required for twinning. This seeedations provides a method

of calculating twin volume fraction as a functioh shear stress. The results of this
model in terms of average twin volume fraction usrgmpact stress are compared with

experimental results, and are shown in Figure 3-10.

® Experimental ; ;
O Model | ... ........... o . ................

N

w

N

—_—

Twin Volume Fraction (%)

0 2 4 6 8 10
Impact Stress (GPa)

Figure 3-10 Comparison of experimentally measured analytically computed twin
volume fraction withim-ferrite grains as a function of impact stress.
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Analytical model predictions show similar trendseixperimental measurements for
the given stress range. The linearity of the expemntal and calculated data in Figure 10
apparently deviates from this trend at higher stess the twin volume fraction seems to
saturate in the material, or other deformation rma@ms begin to dominate. While the
relationship between impact stress and twin voldiraetion may be satisfied within the
given conditions, shear banding and phase transfttsmhave been observed to occur at
extremely high pressures [4,21], and the critersy mo longer be valid. Further study of
the material at higher stresses and strain ratesirderway by the authors in order to

extend the deformation criterion and set limitsiterapplicability.

3.5. Post-1mpact Residual Strength

The influence of twin volume fraction on the reststrength of the material is
examined through strain rate controlled monotoeitsile tests and has been compared to
the response of the as-received condition. Farghrpose, post-impact steel discs were
ground and polished flat to a nominal thickness3oimm and cut into dog-bone
specimens. Geometry and dimensions of the specamdreing cut from the impacted
disc are illustrated in Figure 3-11. Testing wagied out at room temperature using a
servo hydraulic mechanical test system and stralnes were recorded using a knife
edge extensometer mounted in the gauge sectioheofesst specimen. Testing of as-
received material was carried out at two straiesal®®/sand 20°/s. Results show no
strain rate dependency at this rate and temperatdlé post-impact specimens were

tested at 28/s.
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Figure 3-11: Tensile specimen (3mm thick) cut frompact region 2, of target disk 1

It was observed that as-received specimens begadngeat 20% strain, while the
post-impact specimens began necking in the rand@%4#20%, depending on the impact
stress history. Engineering stress-strain curgeshie as-received material are presented

in Figure 3-12.
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Figure 3-12: Stress-strain curves of as-receivaterial tested at strain rates of 1e%5 s
and 2e-53

These curves show clear upper and lower yield ppiniiders extension [22] and
serrated plastic flow resembling characteristicsPairtevin-Le Chatlier effects [23].
Despite the serrated characteristics, the ampliaidserration is minimal in comparison
to the magnitude of the general stress level, armbmnsidered insignificant in the overall
analysis of the curves. Engineering stress-strainves of the post-impact tensile

specimens, categorized by impact velocity and veldiraction of twins, are presented in

Figure 3-13.
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Figure 3-13: Stress—strain curves of post-imptetlspecimens. Graph legends pertain
to projectile velocities at which the steel was aofged and resultant twin volume
fraction. Inset graph shows detailed view of s@wratharacteristics.

Post-impact mechanical response of the materialsti@n increase in yield strength
and slight increase in the ultimate strength, and aetse in the work hardening. A

comparison between yield and UTS for different twimlume fractions is shown in

Figure 3-14.
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Figure 3-14 Ultimate tensile strength and yieléssrof post-impact tensile specimens as
a function of twin volume fraction.

This figure shows that as twin volume fraction gases, the yield stress approaches
the ultimate strength of the material. The coneaog of these curves indicates that the
plastic hardening characteristics are becoming pesminent. Figure 3-14 and Figure
3-15 suggests that an increase in twin volumeifraaesults in a decrease in the ability
of the material to store defects during post-impptastic deformation, which is
represented by the loss in work hardening [21] iantthe loss of available strain energy
up to UTS. Furthermore, quantitative and qualmatinterpretation of mechanisms
governing elastic-plastic response and instabibfythe material can be made by

comparing the as-received and post-impact streasrstharacteristics.
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Figure 3-15 Residual strain energy ratio versustwelume fraction. The ratio is in
reference to the as-received condition with no $witrain energy is measured as area
under the curve up to strain at UTS.

The as-received and the post-impact stress-stiawves both exhibit serrated flow
characteristics which have been observed and egpartlow carbon and stainless steels
[22,24]. Post-impact specimens lack an upper aoded yield point and are
characterized by presence of serrations. Thesati®gs can occur in the event of an
increase in dislocation density or velocity or bf#B]. This increase can be attributed to
dislocations within deformation bands locking amiogking and can be distinguished by

three different profiles; type-A, type-B, and tygd25,26], as illustrated in Figure 3-16.

Type-A M TW Type-C //f

a.) b.) c.)

Figure 3-16: Typical segments of a stress-stramfilp with a.) type-A, b.) type-B, and
c.) type-C serrations.
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Type-A serrations are characterized by periodicapaced yield points which
increase in size and spacing with further straininthis process is controlled by the
formation and propagation of deformation bands @lthe gage section [26]. Increases
in stress are due to large solute atmospheres wirevent unpinning of dislocations,
while the creation of new dislocations suddenlyrdases the stress. Each successive
deformation band requires higher stress to activaigpe-B serrations are characterized
by quickly fluctuating peaks and valleys lying apotimne general level of the stress-strain
curve. In this case, in contrast to type A, theamns are the result of the propagation
of deformation bands rather than formation of neamds. In order to maintain the
applied strain rate, an increase in dislocationsdgnand in turn, a decrease in average
dislocation velocity results in segregation of $elatoms. The slow moving dislocations
become locked rapidly until the stress increasek laeaks the dislocation free again,
thus allowing the band to propagate. This processinues within the deformation band
until it has run through the entire gage sectiorhas encountered another band [25].
Type-C serrations are characterized by distinddyigops occurring below the general
level of the stress-strain curve. This processastrolled by unlocking of pinned
dislocations. Inhomogeneous deformation due &sstconcentrations created at barriers,
such as grain or twin boundaries, result in loealizegions of a higher strain rate. This
creates additional drag on the atmosphere of diitmts and in turn, frees dislocations
and reduces the stress. The sudden availabilitynobility decreases the average
dislocation velocity in the deformation band antssg a condition for solute atoms to

relock the dislocations and repetition of the pesci25].

180



The type-C load drops, as well as the general siofgebehavior characterizing the
post-impact stress-strain curves can be attribtive®leeswyk’s emissary dislocation
mechanism [28]. As Figure 4b shows, several otwhes, while lenticular shaped, have
blunted ends. This is evidence that the twinningas is accommodated by slip in the

matrix [24]. The incoherent twin boundary can losbesnatically visualized in Figure

3-17.
a) Twinning Dislocation |k ) Total Dislocation L{,%”[W? Dislocation
; b=t/ {111 : b=172 (111
oy - e
Matrix L — — e
F—— i——
e Twin L=
L e il =1 T -
— LT
R Twin Boundary Twin Plans {1’]2}—/‘ \-Complementary Dislocation
b=1/3[111]

Figure 3-17 (a.) Incoherent twin boundary composketivinning dislocations on {1 12}
planes, and (b.) dissociation of twinning dislosatias the matrix accommodates slip
[24].

During tensile testing, slip in the matrix can er@nfrom available dislocations
which make up the incoherent twin boundary; FiggwE7 a). This dislocation boundary
supports a high energy configuration surrounding tlvin. As further straining
continues, the matrix accommodates plastic defoomaby slip of these dislocations

upon dissociation of every third dislocation

Yelnd - Hd- o

as shown in Figure 3-17 b). A 1/2 [111] total desdtion glides away from the twin,
leaving behind a 1/3 [111] complementary disloagti@nd drastically lowers the

configuration energy. Thus, as further plasticodefation continues, the energy is
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reduced locally allowing for dislocation pile-ups ltireak through the twin boundary, as
can be seen in the stress reduction of Figure 3-18cthe matrix is not able to
accommodate the shear, then a crack may develdipeinwin boundary region. The
cracking can be seen in Figure 3-18, as they aradd both along the ferrite-pearlite
interface, and within the ferrite grains [27], bo#inich occur parallel to the twinning
direction. This suggests that the presence ofswinthe microstructure influences the

not only the elastic-plastic response, but alsati@acteristics of the failure mechanism.

!
Twinning
direptign

Figure 3-18: SEM micrograph of necked region instgmpact tensile specimen.
Cracking occurred along the ferrite—pearlite anthtwng interfaces during post-impact
tensile testing. All of the cracks within this regiare oriented in the twinning direction,
suggesting that twins play a role during fracture.
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The as-received tensile curves show type-B semataccurring from the onset of
yield through the entire plastic stress-strain eurost-impact specimens with less than
4% twins also exhibit type-B serrated flow withaaadom minority of type-C load drops,
as shown in detail in the inset of Figure 3-13aigufe 3-13b shows, as the volume
fraction of twins increases to 4%, the stress4stcarve transitions from type-B to type-C
serrations upon further straining [25]. A detaileew of the type-B to type-C transition
is shown in the inset of Figure 3-13b. Althouglsttransition is after the UTS, it still
acts as an indication that twin interactions areob@ng a dominant mechanism for
locking mobile dislocations. As the volume fractiof twins increases further, as shown

in Figure 3-13c, the majority of the serrations afréype-C.

Since type-C serrations occur from unlocking ofneid dislocations, the transition
from B to C indicates could suggest that the makéras reached a point where all stored
dislocations are locked up due to the presencevimined regions [21]. During post-
impact straining, the networks of locked dislocasidetween twinned regions break free,
causing successive load drops. This change isssteain characteristics suggests that
the material has transitioned to a point of indiigbivhen 4% or more twins exist in the

microstructure.

3.6. Conclusions

The objective of the study is to present a coni@babetween high rate impact and
microstructure variation of low carbon steel. Fplate impact experiments were carried

out and post impact microscopy shows deformationhaeisms occurring during shock
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loading of low carbon b.c.c. steel. The couplinfgnamerical simulations and the
analytical constitutive model act as a tool foridi@ly impact history and predicting post-

impact microstructure. Results of this study carbhbefly summarized as follows:

1. A direct and unique relationship between impaoctsstrand volume fraction of
twins has been experimentally established.

2. Microscopic observation of impact specimens indicdtat slip and mechanical
twinning are two competing deformation mechanismsuaing during high rate
loading of low carbon steel. The lenticular shap¢he twins indicates that the
twin formation mechanism is by progressive sheahefparent lattice. As impact
stress increases, another twinning plane becomigeaand results in large
amounts of intergranular twin-twin interactions.

3. Based on microscopic observations, an analyticahrilvg model aiming at
predicting twin volume fraction incorporating batlp and twinning mechanisms
has been applied and shown to accurately calctiatevolume fraction. This
model was coupled with a rate dependent model im@teed into numerical
procedures and was capable of capturing deformatEsponse and twin
formation during impacts for the given stress range

4. Quantitative analysis of the post-impact stresahsticurves clearly shows an
increase in both yield and ultimate strength, whiaticates an increase in stored
dislocations in the microstructure as a resultngpact loading. However, while
the yield and UTS both benefit from shock loaditigg available strain energy is

drastically reduced; up to 87%. If this trend xérapolated further, it will show
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6.

Island.

that the yield and ultimate tensile strength cogeethus eliminating available
energy.

It is apparent that as the shock loading is in@éasew twinning planes are
activated. Qualitative analysis provides insightoirthe dislocation-twinning
interaction during plastic deformation. Low impegttspecimens reveal small
fluctuations in stress-strain response represeritiag of type-B serrations. At
higher impact levels, the presence of multiple twig planes and twin-twin
interactions results in the transition of type-Bragons to type-C load drops
during plastic deformation. This suggests thatnitmiin interactions play a
significant role in controlling plastic deformationwhich is responsible for
instability within the microstructure.

The twins play an important role in the directidrcoacking during failure. They
provide new interfaces at which cracks may initiated propagate, and also

control the direction of crack propagation.
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4.1. Abstract

Shock loading tests have been carried out on lowocasteel specimens using a
single stage gas gun with projectile velocitieggiag from 200 to 800 m/sec. In addition
to dislocation slip, twinning was observed to beatributing deformation mode. Similar
impact tests were performed on specimens that haee previously subjected to cold
rolling and it was shown that pre-straining incesaghe threshold stress for twin
formation under shock loading. Efforts are madedébermine the critical stress and
strain rate required for twinning in cold rolledespmens. For this purpose a set of
compression tests were performed on as-receivegraastrained specimens using a split
Hopkinson pressure bar at various strain rateseséliests were carried out at liquid
nitrogen temperatures where the thermal activatbrdislocations is assumed to be
higher than that for twin nucleation. Results adgé tests are combined with FE analysis
to provide knowledge of the twin stress as a fumctdf pre-strain and strain rate. In
addition, post-impact specimens were examined tntify characteristics of the
deformation induced twins. It is shown that morantlone {112} <111> type twin system
is active at high stress levels as evident by threparallel nature of twins formed at the
higher impact pressures. This observation wasrporated into a constitutive model
based on one dimensional wave and conservationtiegsdor predicting twin volume
fraction by resolving the shear stress in multigieections and applying twin growth
equations for each plane. Results of this modalssimilar trends when compared with

experimental outcomes for as-received and prerstdasteel.

Keywords: Low carbon steel, Twinning; Pre-strain; Partial dislocation.
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4.2. Introduction

The study of high strain rate loading is importémt a wide array of uses from
manufacturing needs such as explosive forming gsE®to end-use applications such as
safety of structural members and crumple zone niadégen vehicle components. In order
to effectively design for such events, experimeteating of related materials is required
over a range of strain rates and temperatures d¢ditdee in the development of
constitutive models and in the understanding ofeba&ution of microstructure features.
Several techniques exist by which these experimeatsbe conducted in small scale
laboratory settings, of which Field et al. [1] aR&mesh [2] have described in detalil.
These tests include compression and tension testg a drop weight, split Hopkinson
pressure bar (SHPB), Taylor impacts, plate impastag single or two stage gas guns,
and small scale explosive loading of plates. Ftioese methods, strain rates in the range

of 10' s* up to 16 s* can be achieved.

Of all the metals which have been subject to dyweatasting, steel is the most
common. The cost, variety, strength, and availgbilave allowed steel to be a widely
used metal in structural engineering. For thissoea vast amounts of research on all
types of steel have been carried out. One comrapeacain all high strain rate testing of
steel is evident; deformation can occur by two psses, dislocation slip and/or
mechanical twinning. Visser et al. [3] have shaWwat the volume fraction of twins is
directly proportional to the applied stress throagberies of plate impacts in low carbon
steel. Firrao et al. [4] were able to calculatécal stress required for twinning based on
observed twinning and explosive pressures, andeprdlat twin nucleation occurs just

before the onset of yieldingaraman et al. [5] determined the dependence ostiless-
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strain response on slip and twinning as a funabibarystal orientation, from which they
suggest that twinning occurs by pile ups of dislieees from which partial separation
occurs. De Resseguier and Hallouin [6] shock Idaden using high-power lasers pulses
and found significant twin formation in post-shogecimens. A constitutive twinning
model proposed by Johnson and Rohde [7] was implesdgo determine twin volume
fraction and elastic-plastic response by Taylor [§everal studies have been done in
order to determine the role of deformation twinstb@ mode of fracture [9][10], while
Biggs and Pratt [11] established a correlation ketwdeformation twins and the mode of
fracture. Visser et al. [3] have shown that twirase some influence on the direction of

crack path during subsequent quasi-static loadingpacted steel.

Armstrong and Worthington [12] presented a mech@nisnodel based on
experimental observations explaining the slip-twnigntransition. Meyers [13] [14]
discusses the influence of strain rate, temperagnan size, and stress state on twin
initiation and showed that twin nucleation is retato dislocation motion which in turn is
strain rate and temperature sensitive. A modelpragosed, on the basis of the Swegle-
Grady relationship, to predict the critical stréssstwin nucleation in which dislocation
pile-ups are considered a key aspect; see alsedHeof Murr and Meyers [15] on FCC
Tantalum. This critical stress has also been exadiior FCC, BCC, and HCP materials.
Equations for critical shear stress for twining presented [13] for BCC, FCC, and HCP
materials, all of which are dependent upon strate,rtemperature, and the Hall-Petch
relation for grain size. They found that the twdlensity is a function of stress,
independent of temperature and strain rate andatheunt of twins will increase

monotonically with increasing stress.
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Mechanical twinning is known to occur in low carbsteel at high strain rates at
room temperature as well as at low strain ratésvatemperatures. Several authors have
shown that pre-straining at room temperature pgooiow temperature deformation will
inhibit deformation twin nucleation. Lindley [16hs shown that twins are suppressed in
low carbon steel when testing at -1@6after a prior pre-straining of 3%, 5%, and 8% at
room temperature. Biggs and Pratt [11] were abldetermine yield stress for slip at -
183°C in alpha-iron by suppressing twins through praising to 2% at room
temperature. Rosenfield et al. [17] have showh 1B& pre-straining suppresses twins in
single crystal iron during tensile testing at -10©5 Churchman and Cottrell [18] showed
that alpha-iron with less than 1% strain at roomgerature deforms only by slip when
testing at liquid air temperatures. Furthermorehijan and Bartlett [19] proved that a
2% pre-strain was sufficient to suppress twin fdramain molybdenum during room

temperature shock loading of 9 GPa.

The above studies have also indicated that themwliraction of twins is influenced
by the dislocation configuration, which in turn & function of the strain rate,
temperature, dislocation density, and the ovemalation and magnitude of stress. As the
loading rate and stress level increase, the nummbaucleated twins increases. This is
due to the low density and heterogeneous networkaljile dislocations present in the
as-received or annealed material which leads target probability of twin nucleation
sites. In the case of a material with a homogesatistribution of dislocations, the
propensity to twin becomes lower as plastic defoionacan be accommodated by slip
which is motivated by dislocation multiplication igh more easily occurs by the double

cross-slip mechanism [19]. By nucleating mobilslattations and homogenizing the
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dislocation network prior to high rate deformatiothe plastic strain can be
accommodated purely by dislocation slip [20]. THfere, prior mobile dislocation

density is indirectly proportional to the numberpsbbable twin nucleation sites. This
could indicate that the mobile dislocation densihd the degree of uniformity have a

direct correlation with the critical stress reqdite twin.

This concept, the correlation of dislocation dgnsihd homogeneity to twin stress,
can be examined by varying the initial mobile disibton density. This will lead to an
alteration of the critical stress for twin nucleatityin, and should produce differing final
volume fractions of deformation twins accordinglfthese conditions can be achieved
through different levels of pre-straining at lowtes and at room temperature via cold
rolling. Mahajan and Bartlett [19] and Mahajan JJ20s0 recognized that the density of
mobile dislocations can be increased and configurdie altered by increasing the initial
pre-strain level. In order to investigate the istraate effects on the critical twinning
stress, a set of low temperature tests have beeredaut using a Split Hopkinson
Pressure Bar. Since the stress required for slipdreased above that for twinning at
liquid nitrogen temperaturesyin, can be reached at lower strain rates than thdsevesd
in room temperature plate impact tests. This @attributed to the fact that cross-slip is
a thermally activated process, becoming more dififies the temperature is decreased

[21].

The objective of this work is to establish a twinckeation stress in pre-strained low
carbon steel. This will be expressed as a strassdocriteria which will be a function of
strain rate and dislocation density. First, thelsiie both the as-received (hot rolled) and

pre-strained (cold rolled) conditions were chamazéel through optical microscopy and
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quasi-static testing. A series of plate impactstegere conducted on these materials
using a single stage gas gun, from which a relabietween impact stress and twin
volume fraction was determined. A coupled numérca analytical approach was then
used in order to model the mechanical responsemacmstructural evolution of the steel
during impact events. A twin stress equation wagetbped on the basis of dislocation
generation and velocity and utilized in numericabdaling to predict twin volume
fraction during shock loading. Model parameters evatetermined through low
temperature (SHPB) tests. Based on experimeniderese of twin systems present
during shock loading, procedures are carried owrder to improve model accuracy in
calculating twin volume fraction as a function ohpact stress by including twin

nucleation on multiple {112} twin systems.

4.3. Material

The material used in this study is low carbon steel hot rolled condition with the
microstructure consisting of primarityferrite phase with dispersed colonies of pearlite.
The pearlite colonies are madewoferrite and FgC cementite lamellas. Figure 4-1(b)
shows an optical micrograph of the as-received stheeh has been polished to a 1um
finish and etched using 5% nital solution for 7@eds. Average grain size is between

25-35um with a 9% volume fraction of the pearlite phase.
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Figure 4-1: Optical micrographs of (a) the as-nest A572 grade 50 low carbon steel.
The lighter color phase is the ferrite and darkeage is the pearlite as indicated in the
figure, and (b) 3% cold rolled steel showing nanffigant change in the grain size or it's
aspect ratio.

Quasi-static compression tests showed the yiehgth of the material to be 350
MPa at room temperature with a Young’'s modulus 1® &Pa. The longitudinal and
shear wave speeds of the steel were measured oemdestructive ultrasonic wave

reflection methods and results are shown in Tadle 4

Table 4-1: A572 Grade 50 low carbon steel matepadperties determined using
ultrasonic wave technique

Ciongitudinal (M/S) 5950
Cshear(mM/Ss) 3255
Poisson's ratio 0.286
Young's Modulus (Pa) 2.130E+11
Shear modulus (Pa) 8.279E+10
Bulk modulus (Pa) 1.662E+11
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From these wave speeds Poisson's ratio and elastiltli were calculated, which
confirmed the quasi-static tensile results. Tgmcsnens were prepared in the as-
received and pre-strained conditions. Pre-strgimtas done by cold rolling 1/2 inch
plates at room temperature to strains of 1%, 3%,20%. As Figure 4-1(b) shows, no
major changes in grain size or aspect ratio haceroed. Plate impact target specimens
were cut into discs 3 inches in diameter, and 0i@60 in thickness and projectile discs
measuring 1.75 inches in diameter and 0.125 intfiek were used. SHPB specimen
dimensions were 0.375 inches in diameter and 0.1&3#tes thick. All specimen faces

were surface ground to ensure planarity duringrigst

4.4. Plate Impact Testing and Results

Plate impact experiments were conducted usingglesstage gas gun with high pressure
helium as the driving gas. In this system, prolectelocities ranging from 200 to 800
m/s are measured using a set of lasers and phadesiivhich are mounted perpendicular
to the barrel and between the end of the barreltaadront face of the target. Steel
projectile plates were launched down the barrehgist inch long PVC sabots and
remained partially in the barrel upon impact tongtiate tilt between target and projectile
surfaces. The air in the barrel was evacuated wsingchanical vacuum pump. Target
discs were mounted directly to the end of the vatghamber from which a vacuum seal
Is created. This mounting configuration also eeswx 1D planar impact. A top view of
the target and the vacuum chamber attached tonthefethe gas gun barrel are shown in

Figure 4-2.
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Figure 4-2: Top view target and vacuum chambewupetttached to the end of the gas
gun barrel

Longitudinal stress histories were recorded ugiggoresistive manganin foil stress
gauges bonded centrally between the back surfatieedfarget disc and a steel backing
plate. The backing plate was machined slightlgkér to ensure that tensile reflection
waves and spallation was captured in the saciifleéecking plate. The gauges were
excited with 100 volts prior to impact using a Dgaa pulse power supply which was
triggered by the first velocity laser. Stress amdocity data was recorded using a
300MHz digital phosphor oscilloscope at 2.5 GSKgure 4-3 shows the stress histories

of the steel samples recorded during the impact.
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Figure 4-3: Room temperature plate impact stress-tprofiles of steel specimens.
Legend data corresponds to the velocity of the stgaplate and the (20%) and (3%)
correspond to pre-strained steel specimens.

Impacted target specimens were sectioned, polisineidetched to study the post-
impact microstructure. SEM micrographs were takempendicular to the impact
direction. In the as-received condition theferrite grains deformed by slip and
mechanical twinning and has previously been estadti that as the impact stress is
increased, the volume fraction on twins increasy}s [As other studies have shown,
twinning can be suppressed in BCC metals duringachpoading by subjecting the
material to quasi-static pre-straining which Mahaja0] has observed to be due to a

delay in the twin nucleation process.

As shown in Figure 4-4, at impact pressures sintdathose used in the as received

condition, pre-straining at 3% and 20% has compleseippressed twin formation.
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However, the 1% pre-strained samples show the pcesef few twins, Figure 4-4(b), in

a manner indicating that the pressure level 10-Ph @& close to the twin nucleation

threshold.

Figure 4-4. SEM micrographs of shock loaded asiverl and pre-strained steel
samples; white regions are the pearlite phase anki kgions are the ferrite phase;
arrows indicating twins (a) as-received steel inpacat 12GPa resulting in 12% twin
volume fraction, (b) 1% pre-strain steel impactedla GPa resulting in 0.5% twin
volume fraction, (c) 3% pre-strain steel impactédlhGPa with no twins present, (d)
20% pre-strain steel impacted at 11GPa with nodwiresent.

As discussed by Wasilewski [22], twin formation das described by two different
processes; Twins can form by a progressive she#lteoparent lattice or by an atomic

shuffle within the lattice, both of which createstbame arrangement within the twinning
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planes. Twinning by progressive shear of the pdedtice will produce a shear offset;
i.e. plastic deformation, while a local rearrangatner shuffle will produce no shear
offset. Formation of the twin by homogeneous shaliproduce a shear offset equal to

kh, wherek is the twinning shear, arfdis the average thickness of the twin lamella. For
bcc crystals twinning is most readily formed on {hé&2} planes in the<11]> direction
which has a k equal to W2 [7,21]. Each layer of atoms shifts 1/3 burgeestar,

equivalent t&/6(113. As such, the twinning shear in BCC material banderived as

the ratio of the length of the Burger's vector tu# partial dislocationd/6(113, to the

interplanar spacing of the {112} twinning plane J45A representation of three layer

twin is shown in Figure 4-5.

[112) [001]

1/

(110)—— [111)

Figure 4-5: BCC structure viewed normal to the (ldl@dne showing the atomic shift on
successive planes resulting in a twinned portiotheflattice
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The operative mode of twining being shear or skuffn be determined by
observation of the shape of the twins formed. [Em¢icular shape of the twins indicates
that the twins are formed by progressive sheahefparent lattice rather than prismatic
twins arising from a local shuffle of atoms [22}. should also be noted that the critical
shear stress required to nucleate twins is muchehithan the shear stress required for
twin propagation. This can be explained by thdid¢eihar shape of twins. The ratio of
surface area to volume is very high when the twirsmall. As the twin grows, the
surface area to volume ratio decreases, hencestesss is required for twin growth,
however the stress needed to propagate twinsmeilease as slip activity increases. The
parallel nature of twin formation suggests thansvare forming on the same {112} type
plane, however there does exist a large amounwiottivin interaction. As the impact
stress is increased a larger percent of the gemeempass twins forming on multiple
types of {112} <111> systems, which is evident ilgufe 4-4(a) and (b). Several
methods exist to measure twin volume fraction thestmaccurate of which is electron
backscatter diffraction [23-25]. The current werkiploys a manual point count method

ASTM E562-05. Results of these measurements anershioFigure 4-6.
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Figure 4-6: Twin volume fraction vs. impact streseasured from room temperature
plate impact experiments for as-received and 1%, &% 20% pre-strained low carbon
steel.

As shown in this figure, twinning in the as-rece&i\steel occurs at stress levels as low as
approximately 1 GPa and the volume fraction of sniimcreases exponentially to around
16% at 14GPa. Cold rolling to a strain of 1% resdilin a distinct increase in the twin
nucleation stress to 11 GPa. An increase to 2.6lme fraction occurred at 12 GPa.
Results of tests conducted on the 20% cold roltedl showed that that the twins are
fully suppressed within the tested stress rang® U GPa; see Figure 4-4(c) and Figure
4-4(d). It can be argued that an increase in titiea twin stress results in a reduction of
the amount of twins available to accommodate mattformation. Previous work [3,11]
has shown that an increase in twin volume fracteats to a decrease in the available

energy to failure and elimination of twinning pret® fracture by cleavage. Work by
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Hull [21] has shown that the initiation of cleavafgacture was coincident with the first
twins formed. Therefore reduction in the final iwwolume fraction may increase the
post-impact strength by reducing the probabilitgi@ck initiation at twin boundary sites.
The next section describes the work made to cdkulge critical twin stress of cold

rolled steel as a function of pre-strain and strate

4.5. Modeling Twin Volume Fraction

Several models exist which deal with different aspef the deformation twinning
process. While much of the work is performed onCFGee Kibey et al. [26], De
Resseguier and Hallouin [6] and Meyers et al. [ABhave examined BCC metals. In the
current work a deformation model, based on the vadrkohnson and Rohde [7], is used
in order to analytically predict twin volume framti occurring due to uniaxial strain
during plate impact loading. The model is basedhenassumption that twins form by a
homogeneous progressive shear of the parent lattitber than a local atomic "shuffle”
process as described by Walisewski [22]. This rhadlebe used to calculate stress and
strain during impact loading based on the consEmwabf mass and momentum
equations. Following the model description, a twircleation stress criterion will be
described in conjunction which a series of numérstaulations and low temperature

compression tests which were used to obtain redjuiraterial parameters.

45.1. Twin Modd Formulation
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The mechanical response during impact loading candétermined using one-
dimensional stress-strain relations derived frosidaquations in theory of elasticity and
substitution into one-dimensional Lagrangian eduregiof wave motion [8], from which
a set of equations is solved numerically to deteemitrain, and particle velocity as
functions of position and time. These equationstm&awritten as:

0 adu
+ _

e (1)

ou 00
+ =

el it 2
Poar T ax 2)

where ¢ is the total longitudinal component of strainis particle velocity during impact
at timet at a distance oK measured from the impact surfagg, is initial density, and

o is the normal stress component.

The initial particle velocity profile imposed atetlfiront surface of the target specimen
is a required input in order to explicitly solveuagjons (1) and (2) through time and
distance. Finite element analysis of plate impastsised in order to determine the
particle velocity profile as shown in Figure 4-7ialhis then simplified as a trapezoidal
pulse to eliminate numerical fluctuations. The mehare by which the numerical

simulation is executed is provided in more detgiMisser et al. [3].
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Figure 4-7: Particle velocity profile of the froatirface of the target determined from
FEA of a 400 m/s plate impact. Blue line is theAR&utput, and the red dashed line is
the simplified form of the profile for an input mequation (2).

The stress component, can be decomposed into hydrostatic and deviatoric

components in terms of a pressBrand shear stress
4
o=P+ 3 T (3)

The pressure can be derived from the conservafiomomentum equation; see Asay and

Shahinpoor [27]:
Pl_Pozpo(ul_uo)(Us_uo) 4)

where the subscripts 0 and 1 denote initial anceotistates, respectively. The shock
velocity Us is described as
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Ug=C,+y (5)

whereC, is the longitudinal wave speed a8 the slope of the shock velocity-particle
velocity curve. Combining equations (4) and (%)d &r a material initially at rest the
initial pressurd?, and particle velocityp terms drop from equation, which results in an

equation for pressure during shock loading as:
P= o (Co+S) (6)

The resolved shear stress, is written as:
1
TZE(UX_JV) (7)

where the x and y subscripts denote the loadingteamsverse directions, respectively.

From the generalized Hooke's law for linear isatragastic solids, the normal stress,

, and transverse stresg, =0J,, relations are:

o, :A(£§+£§+£§)+2ﬂ£§ (8a)

X

g,=A (£§‘ +é; +£§) +24€; (8b)

wherel is Lame's constang, is shear modulus, and the supersaipignifies the elastic

strain component, which is determined as:

g=¢g-£° (9)
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The superscriptsandp designate total and plastic strain componentse fdlastic shear

strain on the plane of maximum shear stress cawritten as:
1
zé(ex" —eyp) (10)

Due to radial symmetry about the loading ax§,=¢,, and since the plate impact
loading is in a state of uniaxial strain, the tosalain in the transverse direction is
considered zero$; =0. Substituting equations (8)-(10) into (7) resiftsa shear stress

equation of the form:
T :,u(ei —2y) (11)

Work by Wasilewski [22], Christian and Mahajan [28hd Klassen-Neklyudova [29]
have shown that the total strain component in tresttutive model can be decomposed
into elastic and plastic parts, of which the topédstic strain can be described as a

summation of strain due to dislocation slip ancbd®fation twinning:
Y=Vs T Vw (12)

The plastic strain due to twinning can be expresseithe shear offset due to a single twin

multiplied by the total number of twins:
Yo =Ko —ar) (13)

wherek is twinning shearg is the volume fraction of twins@, is initial twin volume

fraction. The value for k is dependent upon trenglon which the twin forms. In the
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case of BCC metals, the twinning system is on th&2} planes which has a twinning

shear ofk = 1/4/2 based on the plane spacing and atomic translatotor; Klassen-

Neklyudova [29]. The plastic strain due to slipsisply the total strain;‘fi minus the

elastic strain and the strain due to twinning:
_1
ys_E(Ex_ZK(a_ao)_rs//j) (14)

wherer is the shear stress required for slip. The twilume fraction and twin growth

rate are functions of corresponding shear stresshwib solved explicitly through time
and space. Johnson and Rohde [7] have expressedotme fraction of twinned

material as:

a:(ao}/m +tlj'g(r) dtj (15)

wheret; is a characteristic time, which is a constant lmg the rate of twin density,

andq is an exponent with values of 1, 2, or 3 to déscgrowth of twins through the
thickness, radial direction, or both [7]. The dm®nless growth rate of twir@(T) , IS

expressed as:
o(r)= 7 -1 721, (16)

The critical twinning stresd,,, is the parameter which is of interest in this work

Johnson and Rohde considered this stress to bestaoo in their model formulations.

This is, however, a simplified approach and doet provide accurate results when
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dealing with materials that have been previouslid colled. Based on the work of
Karaman et al. [5], Meyers et al. [13,14] and Giarsand Mahajan [28] certain materials
exhibit twin stresses that are dependent on maéteridoading parameters such as
stacking fault energy, strain rate, and temperativéthout implementing initial material
parameters and loading conditions, the model wilrqoredict the twin volume fraction
at higher strain rates and stresses, leading tevatibn from the actual stress-strain

response.

4.5.2. Critical Twinning Stress Formulation

In developing an equation for the critical twin teation stress, two assumptions are
made here. The first is that the formation of svim the BCC structure occurs by gliding
of partial dislocations on successive {112} typanads in the <111> direction. The
second assumption is that during shock loading¢timeribution of dislocation generation
to the strain rate is occurring by the generatibpronarily partial dislocations which, in
turn, lead to twin formation, and any strain accardation due to dislocation slip is
occurring with perfect dislocations which are athggreexisting in the material. The
basis of the second assumption stems from the atimheenergy associated with perfect
and partial dislocations. At high applied stressies Burgers vector of dislocations tend
to be smaller, therefore, the nucleation of parislocations is preferential due to a
lower free energy of nucleation at high strain saded low temperatures. Furthermore,
the partial dislocations are more operative atehasnditions due to their higher jump
frequency [30]. This is described in further detgi Ferreira et al. [31] who state that the

onset of twinning occurs when the jump frequencylisfocation kink pairdy is greater
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than the jump frequency of perfect dislocatibns However, the amount of twinning is
still driven by the peak pressure and duratioris therefore reasonable to rely on a stress
based criteria as the driving nucleation force. y&ts [14] has studied the critical
twinning stress and the slip-twin transition in FECC, and HCP metals as a function
of temperature, strain rate, grain size and staefanlt energy. These studies are based
on dislocation emission, in which local stresseseer the twinning stress due to the
formation of dislocation pile-ups emitted by a HedRead type source. The critical twin
stress in Meyers’ work is obtained from the JohmsEdiman equation describing

dislocation velocity driven by the shear stresg3a

v= A" exp(—%j (17)

whereQ is activation energyR is universal gas constarit,is temperature, andl andm
are constants. The time required to buildnuglislocations traveling an average distance

from dislocation source to barrier loat velocityv is given as:
I
t=n— (18)

Under conditions of uniaxial loading the stresdascribed by Hooke's law as:
o=Eét (29)

Substituting equations (17) and (18) into (19), #wuation for twinning stress as a

function of strain rate takes the form:

_ kw1 Q
o; =Ké& eXp[(m+1)RTj (20)
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whereM is an orientation factor artel is the elastic modulus. This set of equations (17
21) describes a source for dislocation multiplmati which produces a stress
concentration needed to increase the stress abeveritical value for twin nucleation,
and is based on nucleation and motion of perfesiodations which is based on the
Johnston-Gilman velocity; equation (17). However, BCC metals, where partial
dislocations are more likely to nucleate at highaist rates, the dislocation generation

rate, not the velocity, is the controlling factor.

While several models have been developed for tinergéion of dislocations during
shock loading, the work presented in this papdauit on the work of Meyers [33] and
Zaretsky [34,35]. The dislocation generation mooleginally proposed by Smith and
Horbogen [36], has limitations due to the reliancedislocations moving with the shock
front at velocities slightly higher than the shofiont velocity. The velocity of
dislocations which, as seen in equation (17), igedr by the applied shear stress and can
range between less than one meter per second &xianom velocity which is limited by
the velocity of sound in the material [30]. Atomgssimulations have shown that
dislocations can actually move at velocities higliean the speed of sound [37],
especially at lower temperatures where scatteringhonons is less pronounced [38],
thereby reducing the viscous drag component. Howehés may still be unlikely to
happen due to the high Peierl's Nabarro stressG@ Betals. Gilman [39], however,

argues that supersonic velocities are not posbiébause it implies dislocations have an

212



infinite angular momenta, which also disproves uise of the shear wave velocity as a

limiting value. Gilman provides an estimate of lineiting velocity as:

Vo_max = (]/”) (G/p)]/z (22)

whereG is the shear modulus apds the density of the material.

The description of dislocations velocity clearlyniis the validity of the models
proposed by Smith and by Horbogen [36]. The madalislocation generation during
shock loading proposed by Meyers [33] considers strass relief occurs through a high
homogeneous generation rate of dislocations jushdehe shock front which only move
short distances at subsonic speeds, resultingsloaditions left behind the front. Meyers
also suggests that the strain accommodation dwiugk loading takes place by the
movement of existing dislocations and by the germraof new dislocations, which

Ferreira et al [31] have considered to be primgréytial screw dislocations.

Zaretsky [34] extended Meyers model by proposirag the dislocations generated
are that of a smaller burgers vector (partial distmns). The advantage of the model is
that it needs no assumption of supersonic dislogatiotion, or simultaneous creation of
dislocations of opposite sign, and provides an axaion for the generation of
deformation twins during shock loading based onhhigte partial dislocation

multiplication and emission.

Based on the models presented above, and the assartiat twins are formed by
partial dislocation glide on successive planestoked plastic strain can first be described

as a summation of strain due to slip and due torting:
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gplastic = gslip + gtw (23)

Strain due to slip can be written in terms of dgnef perfect dislocationss,, burger's
vector of a perfect dislocatiol£2.473E-10 m), and the average dislocation distance

travelled,l. This is expressed by the Orowan equation as:
géip = poboI (24)

Taking the time derivative of equation (25) leaats t
. ol 2P
Eq = —+h| 2 25
glp OpO at bO at ( )

, — : . , . 0l
The two time derivatives on the right hand sidere@spnt the dislocation velocity_,

ot

and the dislocation generation rafﬁ. The strain rate due to partial dislocations loan

expressed in a manner similar to equation (25, tthe total plastic strain is written as:

9y %
o ot

5ip w

ol p
)J{b"’o”EJr b, —pj (26)

& plasiic = [bopo ot

In equation (26), the strain rate due to dislocattip is expressed by the dislocation
density,p, Burger's vectomy, and dislocation velocity, where the subscriptsandp are

representative of perfect and partial dislocatioaspectively. At lower strain rates the
velocity of dislocations is the controlling paraerwtwhereas at high strain rates
dislocation generation rate dominates [33][40].s&hon the assumption that only partial

dislocations are being generated at this loadineg, the velocity component from the
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&win term and the generation of perfect dislocationthinéy;, term can be eliminated.
Thus, equation (26) reduces to:

. al ap
gplastic = (boloo aj + (bpl a_tpj (27)

——— [ —
Edip Ew

The strain rate in equation (27) can be relatetthéostress in power law form as seen in
typical hardening plasticity models such as desdriby the one dimensional form of the

Norton-Hoff model where plastic strain rate is tethto stress as:

€ oo = (Zj (28)

N and 4 are material hardening parameters. Solving equaf8) for stress and

substituting in equation (27) yields an equationt¥an stress expressed as:
1
0 (ﬁ)
o; :A(bop(,%+bpl '0”] (29a)

ot

The velocity,vo, is assumed to have a limit expressed in equ@figh Using binomial
expansion, equation (29a) can be expanded andrfglisity in the resultant equation
only the first and last term will be kept. Furtinare retaining the second term has little
bearing on the overall trend of the resultant twatume fraction results. Equation (29a)

can then be rewritten as:

g, = A(boy,)"" + A& (29b)
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This expression has the advantage of incorpordktiagnitial state of the material in the
form of dislocation density, and also includes tbading rate occurring during the

impact event, both of which play a role in the twincleation process. This dependency
of 07 on the initial state of the material is shown expentally from plate impact tests
performed on cold rolled specimens in which vetieitwinning was present at high

Impact stresses, owing to an increas&in

4.5.3. Critical Twinning Stress Parameters

This section focuses on determining the materiedrpaters listed in equation (29b).
For this purpose a direct relationship betweerirstiadte and stress corresponding to twin
formation, are obtained using compression testfopeed on as-received and pre-
strained specimens using a split Hopkinson preslsareat various strain rates. These
tests were carried out at liquid nitrogen tempeesun order to decrease the thermal
activation of dislocations thereby increasing theeshold stress for perfect dislocation

slip to a level higher than that for twin nucleatio

SHPB Compression tests were performed at stra@s r@nging from 10to 10' s*
and at a temperature of 77K. This data, coupleth wiicroscopic analysis provides
knowledge of the twinning stress. Since the stregsired to form twins is considered
independent of temperature for BCC metal [13], ¢hemues apply for room temperature
impacts. Low temperature tests require speciabkidenation in order to prevent the
incident and transmission bars from changing teatpez. This was done using tungsten
carbide inserts between the specimen and incidahtransmission bars. Contact time

between the tungsten inserts and incident and rrasgn bars is reduced by using a
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linear actuator system with a timing relay to male bars in place 1 ms prior to firing,

preventing any heat transfer between the bars pexdeen [41].

Due to complex wave interactions that can arisenfraontacts between bars and
tungsten inserts, the geometric impedances weedutlgrmatched using ultrasonic wave
technique to measure the wave speed of the bapgcirBen length to diameter ratios
were kept to 0.5 to ensure a state of uniaxiabsteand the diameter was maintained close
to 80% of the mating bar diameter to reduce thect$fof radial and longitudinal inertia
and friction [42]. The mating surfaces were coatedlry graphite lubricant to reduce

specimen barreling caused by friction.

Strain pulses were recorded via dynamic strain gaugn the incident and
transmission bars and recorded using the oscilfesqeviously mentioned and data
analysis was done using Matlab. In order to preddeformation twins in the SHPB
strain rate range, the specimens were cooled dtnedest in order to raise the critical
stress for slip above that for twinning. Low temgiare tests were conducted at
temperature of 77K by submerging the specimen angsten inserts in a basin of liquid

nitrogen as shown in Figure 4-8
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Figure 4-8: Low temperature setup on SHPB for casgion testing at liquid nitrogen
temperatures.

Stress-strain results of the low temperature tastsshown in Figure 4-9 for strain
rates 1.5E+3 up to 7.4E+3.s By the nature of wave reflections in SHPB tegtn high
strain rates, oscillation in the plastic region tbe stress strain curve is inherent.
Therefore, each curve in Figure 4-9 is an averddge® tests in order to insure accurate

results, which have then been smoothed for datysisa
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Figure 4-9: Typical dynamic stress-strain resfrttsn SHPB compression testing for as-
received steel tested at 77K. Each smoothed alroen is an average of multiple tests.

SHPB specimens from low temperature tests on threa@sved steel were sectioned
and polished to 1 um finish and etched using 5% silution. Figure 4-10(a) shows the
absence of twins at a strain rate of 1.5E+3vghile Figure 4-10(b) shows the presence

of twins as the strain rate increases to 6.0E%3 s
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Figure 4-10: Optical micrographs of as-receivextkteformed at 77K at strain rates of
(a) 1520 & (b) 6010 &. Arrows indicate mechanical twins.

The twinning stress can be determined by fittingaggn (29b) to the yield point
from specimens which twinned during low temperatBHPB tests as shown in Figure

4-9. The dislocation densityy, is determined using data generated in the work of

Conrad and Christ [43] on alpha-iron; see Figudel4-
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Figure 4-11: Dislocation density as a functiorstvéin [43]

The maximum dislocation velocity, described by Bora(22), was determined from
material properties shown in Table 1, and is cakea to bevop =1035 m/s. Equation
(29b) was fit to the yield stress data from Figdt@ and is plotted in Figure 4-12, which

shows the strain rate dependence of the criticalnwwg stress.
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Figure 4-12: Twin stress vs. strain rate deterchifi®m low temperature SHPB
compression tests for the as-received hot rolledlst These values were taken at the
yield point from curves in Figure 9.

The coefficientsl andN in equation (29b) are determined for as-receivedl s
to be 85 and 4, respectively. In order to deteentire twin stress at higher strain
rates, the impact stress during plate impacts rbastorrelated with the strain
rate. Finite element analysis of plate impacts hasen done using Abaqus
Explicit and was validated by comparing experimiyteecorded stress history
with that obtained numerically as shown in Figurd34a). The simulation
utilizes the built in Johnson-Cook material modal plastic deformation which

has been previously described [3].
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Figure 4-13: FEA of plate impact testing. (a) @amson of numerical and
experimental stress-time profiles obtained betwibentarget and the backing plate. (b)
Stress as a function of strain rate determinedutyfind=EA.
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Figure 4-13(b) shows the impact stress plotted fametion of strain rate from FEA.
This relationship is used to determine the strate corresponding to the stress required
for the onset of twinning during impact loadingheTintersection of the two curves, the
twin stress curve in Figure 4-12 and the stressrstrate curve in Figure 4-13(b),
coincides with the stress corresponding to theainin of twinning in the as-received
steel as obtained in Figure 4-6. This result oéfiéhe accuracy of extrapolating the twin

stress equation to higher impact strain rates.

The onset of twin nucleation in the 1% cold rollsteel was experimentally
determined to be around 11GPa, as seen in Fig6re Phis stress value was correlated
with strain rate using the FEA curve as shown guFe 4-14. Using material properties
from Table 1 and dislocation density from Figur&}4-a twin stress versus strain rate
curve for the 1% pre-strained material was matoligh the experimental data point of

11 GPa by selectiny; equal to 2.56.
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Figure 4-14: Critical twinning stress for as-reeel and 1% pre-strained steel. The
long-dashed line denoted in the legend by FEA Riafect corresponds to the numerical
results shown in Figure 13 (b) which are the ststsmn rates achieved during plate
impact testing. Triangle and Square Data poirdagthis curve represent the maximum
stress achieved during plate impacts from Figure 3.

4.5.4. Model Results and Discussion

The equations developed in the previous sectiomhiicritical twin nucleation stress
as a function of strain rate and pre-strain arelempnted into the model developed in
section 4.1. This form of the model is run usirgleit time stepping numerical scheme
for a series of input velocities ranging from 106QL000 m/s. The twin volume fraction is
averaged across spatial increments at the endnef in each simulation. Based on the
micrographs of impacted specimens, there appedre torelation between impact stress
and the number of active twinning systems. Theegfm order to improve accuracy of
the model predictions, multiple twin systems wesasidered in the simulation. The first

twin system to become active in a single grain bdlthat which has the highest resolved
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shear stress. This system is oriented 45 degeetisetioading direction and its acting
shear stress is calculated using equation (11)hA&smpact stress increases, the resolved
shear stress on planes deviating from 45 degreaklveaceed the critical twin stress;,
thus allowing multiple twinning systems to beconeéivee. This is shown clearly in the

micrographs in Figure 4-15.

Figure 4-15: Micrographs of impacted steel speasmghowing the evolution of multiple
twinning systems as the impact stress is increagayl As-received steel impacted at 4
GPa with 1 primary twin system per grain; (b) Asawed steel impacted at 8.5 GPa
showing 2 twin systems per grain; (c) As-receivezblsimpacted at 13 GPa showing 3
twin systems per grain.

For modeling purpose, it is assumed here thatgiobal sense, twining occurs only
on systems belonging to the {112} <111> family dhdt the critical twin stress for each
of these systems is the same. In order to achievming on multiple planes, the normal
impact stress must be higher than that requireshdace twining only on the system
oriented at 45 degrees with respect to the loadiregtion. This concept is accounted for
in the model by resolving the calculated shearsstreomponent onto potential twin
planes. The first active twin plane is that in @fhthe shear stress is maximum. Based

on the work of Mahajan [44] on twin-twin interaati@and the work of Hull [21], several
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twin systems can be considered. The angles betweentypes of twin planes are

determined using equation (30) and are summarizdable 4-2.

_ (hhy)+(kk,)+(11))
cosd \/hf L El/hzz T (30)

Table 4-2: Twin interaction systems associatedh witiltiple twinning within one plane
and angle between system 1 and system 2.

System 1 System 2 Angle
I12) | (2D o
(111) (111)

@y | @y |
(111) (111)
@ | Q) |
(111) (111)
(TZ}) QZT) 70°
(111) (111)
(121) (112) 30°
(111) (111)

If any one of the twin systems in Table 4-2 is sidd as the plane of maximum
shear, i.e. 45 degrees to the loading directiom stiear stress can be resolved on the next

planes as shown in Figure 4-16.
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Figure 4-16: (a) Angles related to twin planeswdfich the normal impact stress is
resolved upon. Planes 2, 3 and 4 are at 30°, &@f,70° with respect to Plane 1, of
which shear stress is maximum. (b) Normal forge fesolved onto area;Aesulting in
shear force and normal force on a plane which @angle ok, to the loading direction.

In order to calculate the twin volume fraction aetaly, the additional shear stress
matrices should be determined. This is done bglvewy the shear stress with respect to
the first active twin plane based on the angle betwsuccessive {112} type planes.
From Figure 16 (b), it is shown that the forces tluempact loading can be resolved on
the next twinning plane and direction defined ywhich is the angle between the
applied force and the twin direction, apgwhich is the angle between the applied force
and the normal to the twin plane area AThe maximum shear stresgscalculated in

equation 11, is directly calculated from equatibh)( and can further be defined as
I, = 0,C0S/A, cow, (31)

Solving equation (31) for the normal stress, theasltstress on the second and third
active planes can be defined in terms of the maxirshear stress calculated by equation

(11) as
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7,
r,=———1——cos/, co 32
2 cos), cog e (32)

I,
r,=—————cos/, co 33
° cosk, coy % (33)

Since the pre-straining only affects the nucleatenmd not the growth process [16],
only the critical twinning stress needs to be amjdsand the same form of the growth
equation, equation (16), can still be utilized lne imodel for pre-strained steel. If these
three systems shown in Figure 4-16(a) are consideéheee separate growth equations

can be summed into a global twin volume fraction.

gi(ri):Tiz' ‘ -1 727,, i:l,2,3,.. (34)
a, :(ao%n +t1j-gi (ri)dtJ 1=1,23,.. (35)
G =Ya =123, (36)

This set of equations allows the twin growth rateeach plane to be increasing with
respect to the resolved stress on each plane.hé\gput particle velocity is increased,
the contribution of each plane becomes more promias the resolved shear stress
exceeds the critical value. The model outputsaah tvolume fraction vs. impact stress

are compared with experimental data and are platt€tyure 4-17.
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Figure 4-17: Experimental and analytical modelultssof twin volume fraction vs.
impact stress.

While the model predictions compare well with expental data for the as-received
steel, it is necessary to provide additional experital data for pre-strained material in
order to improve the accuracy of the concept ptesenThe range of impact stress and
twin volume fraction presented within this reseapvents a view of the full trend
which may ensue. Running the analytical model ighdr stresses shows a general
saturation of the twin volume fraction which is be expected of any deformation
phenomenon, however as impact stress is furtheeased in steel, other mechanisms
such as adiabatic heating and phase transformatégninfluence the results, which have
not been accounted for in this particular modemitations in testing methods available

hinder the ability to reach higher maximum stresdesng plate impacts used in this

230



work. Furthermore, greater accuracy in model patareewould require an extensive
amount of TEM analysis. Nonetheless, through esfeed work and experimental
evidence presented here, it is evident that the sivess is in fact a function of strain rate

and more substantially, the level of pre-strain.

4.6. Conclusions

Shock loading tests have been carried out on loWocasteel specimens using a
single stage light gas gun. The material tested wwaboth the as received and pre-
strained conditions. The study examined the highirs rate deformation mechanisms
with emphasis on the role of twins and their catieh with impact pressure.
Experimental and numerical work has been perfortoedetermine the critical twin
stress as a function of both pre-strain and strai®@. Major outcomes of this study are

listed below.

1. Using a single stage light gas gun, deformation haeisms in low carbon steel
specimens subjected to plate impacts have beenimedrm as-received, hot rolled
steel. It is observed that under this type of iogdtwins are a contributing
deformation mechanism and twin volume fraction edtially increases with the
impact pressure. The twin volume fraction was snead using standard point count
method, the maximum of which was 16% occurring wath impact pressure of

approximately 14 GPa.
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2.

4.

High strain rate deformation mechanisms were exadin the same steel in pre-
strained conditions. Pre-straining was completsidgilow strain rate, cold rolling
procedures to strains of 1%, 3% and 20%. Impaatlilg was performed on
specimens in the same direction as the pre-st@inihhas been shown that the twin
nucleation stress is proportional to the level i-gtrain. This has been explained in
terms the dislocation network, density and confagjon within the steel as modified
by cold rolling prior to impact loading. A 1% ps#raining, has raised the threshold
pressure for the onset of twin nucleation to 11 GPa

Twin formation during high strain rate loading amdlow temperature loading was

described based on a progressive shear of atomey thian a local shuffle concept.

This occurs by a shift of atoms on the {112} planesthe (11]} direction by a

displacement 1/3 burgers vector for BCC metalsmiAimum of 3 {112} layers is
required to form a stable twin for compatibilityrass the twin habit plane. It is
assumed that at these loading conditions, thensteae of the material is controlled
by the velocity of preexisting perfect dislocatioamsd by the generation of partial
dislocations. The nucleation of partial dislocaios preferential at high applied
stresses due to a lower free energy of nucleatiohmigh strain rates and low
temperatures. Furthermore, the partial dislocatiane more operative at these
conditions due to their higher jump frequency. Sénpartial dislocations, if formed
on successive planes, are responsible for the tamaf the deformation twins.

An explicit form of the critical twin nucleationrsss has been developed based on
strain rate accommodation by perfect dislocatians @artial dislocations. The form

of the equation considers the velocity of perfastotations and the generation rate
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4.7.

[1]

[2]

of partial dislocations utilizing Gilman's limitingjslocation velocity equation and the
Orowan strain rate relation.

Parameters for the critical twin nucleation stressas-received steel and 1% pre-
strained steel have been determined through plapadt tests and low temperature
SHPB compression tests. The SHPB compression tests carried out at liquid
nitrogen temperatures. Under this type of loaditlge thermal activation of
dislocations is lowered, thereby increasing theghold stress for perfect dislocation
slip to a level higher than that for twin nucleatioAt this low temperature condition,
deformation twins are present at strain rates lotlian that encountered in room
temperature plate impact tests. As such, SHPB oessn tests can be used to
correlate strain rate and twin nucleation stress.

Observation of nonparallel and intersecting twimgiains led to a modification of a
model originally presented by Johnson and Rohdg. ag&suming that deformation
twinning is occurring primarily on {112} <111> syshs, the applied stress was
resolved on multiple planes. These stress compgsnegre then applied to separate

twin growth equations to account for the multiplent systems.
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5.1. Abstract

This study identifies the role of twin volume friaet in the dynamic stress-strain
relationship of shock loaded low carbon steel. Thiationship is modeled using thermal
activation concepts based on dislocations intevastwith thermal and athermal stress
barriers. Model parameters are determined by Brdijecting a set of as-received
specimens as well as 3% pre-strained steel to shmaits of 6 GPa, and 11GPa
employing a gas gun. These specimens as welleswith no prior shock loading were
subjected to dynamic compression tests at temperin the range 293K to 923K at
strain rates between 1E+3 and 5E+3 % using a split Hopkinson pressure bar. The
resulting stress-strain curves were partitionedo irthermal and athermal stress
components. Results of this work show that thentlaé stress component of both the as-
received and pre-strained materials is insensitoveahe corresponding impact strain
history. The athermal stress component for asiredespecimens which have been
previously shock loaded is shown to be proportidoathe loading pressure while for
specimens which have been pre-strained before shmadting, the athermal stress
displayed a constant value at the two load levElss difference in athermal stress
between as received and pre-strained materialspisiaed in terms of the deformation
twin volume fraction generated as a function of ihmpact load. To validate model
predictions, the calculated total flow stress fopact loads of 3.7GPa, 7GPa and 13GPa
are compared with those generated experimentalgsuls of this comparison are

presented and discussed in relation to the propstsesis-strain formulations.
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5.2. Introduction

Shock loading is a method utilized in many engimaggrapplications such as
explosive welding, forming, cutting, or bending ogg@ns. After such procedures, the
resultant mechanical properties of the pre-shockatkrial are influenced by the induced
microstructure features specific to the high strate loading condition. The use of these
materials, in terms of design or simulation, regsirconstitutive laws which must
acknowledge the microstructure variations broughbud by the high strain rate
deformation history. It is recognized that dynamdé&formation of BCC microstructure
can be accommodated, in addition to dislocatiop, 4y the formation of mechanical
twins. Several authors [1-4] have investigated nble of deformation twins on the
mechanical properties at these loading conditiomshave shown that twins contribute to
the observed increase in the flow stress. Thisleen attributed to the role of twin
boundaries (TBs) as barriers for the motion of aligtions. Though observed
experimentally, the effect of TBs on the flow sted high strain rate loading has not
been extensively studied in BCC materials. Ineortb quantify the individual
contribution of twins on the flow stress a congiitel stress-strain relationship should
include explicit terms related to twins which colldd expressed in terms of its volume
fraction. Several flow stress models exist inréitare such as the Johnson-Cook [5] or
Zerilli-Armstrong [6]. Parameters of these modaite, however, phenomenological in
nature. Murr et. al [7] utilized a modified form tfe Johnson-Cook model to describe
the post-shock mechanical response of Tantalum.leMtapturing the flow stress
characteristics of the shocked material, this matlms not attempt to separate the

contributions of the different shock induced midrosture features. Other approaches
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such as the thermal activation theory [8-11] hagerbused to express the dynamic flow
stress of metals over a range of strain, stram aatl temperature. This theory considers
different types of barriers to dislocation motialescribed as being short range and long
range. Short range barriers which include phonond Reirls-Nabarro stress, are
dependent upon the strain rate and temperaturenpadnditions. Long range barriers
include grain boundaries, secondary phases andcdigsbns on parallel slip planes
[11,12]. The long range dislocation barriers areetelent on strain as well as
microstructural features such as twins, grain baued, microstructural phases and
interstitial alloy elements [10]. Using this apach, the flow stress could then be
decomposed into its thermal and athermal componehish would then provide a
means to include the role of twins as an explieitt contributing to the overall flow

stress.

The use of the thermal activation model conceptdédatify the role of twins requires
the experimental generation of the dynamic flovestrfor a material with varying twin
volume fraction. This can be achieved either tgtolow strain rate loading at low
temperatures or by shock loading. The deformath@thanisms associated with these
two types of loadings would reflect the combineteets of the generated dislocations
and twins. To identify the individual contributiaf twins, it is necessary to examine the
flow stress in two materials, one with twins ana avithout, both subjected to the same
loading history. It has been established that peersng of BCC can inhibit twin
formation during subsequent shock loading. Expemiaderesults by Lindley [13] on low
carbon steel showed absence of twins when preistiaghe material up to 8% at room

temperature and then tested at -196°C. Biggs aaitl [R4] were able to determine yield
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stress for slip at -183°C in alpha-iron by suppresswins through pre-straining to 2% at
room temperature. Testing single crystal alpha ab-195°C, Rosenfield et al. [15] and
Churchman and Cottrell [16] have shown that prahsing with 1% or less is sufficient
to suppress twins. Visser and Ghonem [17] havevsttbat twins are suppressed in low
carbon steel up to shock loads of 11GPa with dk las 1% pre-strain at room
temperature. This effect of pre-straining on thenegation of twins has also been
observed in other BCC metals such as molybdenumea2ié pre-strain was sufficient to
suppress twin formation during shock loading to @GP room temperature [18]. From
the studies mentioned above, it is clear that pwersng can be utilized as a means of

generating microstructures that would not prodwied as a result of shock loading.

As mentioned above, the objective of this workasatcount for the role of twin
volume fraction in the dynamic stress-strain relaship of shock loaded low carbon
steel. For this purpose, the deformation behaviahe steel is described in terms of a
thermal activation model which partitions the flgtwess into athermal and thermal stress
components. Quantifying these components requée&ktiowledge of the model material
parameters as defined by the separate contributdbrdislocations and twins to the
deformation process. To achieve this, steel spawnreboth the as-received (hot rolled)
and pre-strained (cold rolled) conditions were &hloaded using a single stage light gas
gun. These provided two materials with similar liogdhistories but with differing twin
volume fractions. Following this, a modified fornh the thermal activation flow stress
model was applied to predict the stress-strain \iehalue to pre-shock loading. The
parameters of the model were obtained through dimaompression tests using a split

Hopkinson pressure bar at various temperatures.résdting dynamic flow stress has

243



then been used to identify the thermal and athestnats components and determine the
role of twin volume fraction on the total dynamlovw behavior. The model predictions
are then compared with experimental results andaggd in terms of dislocation

kinetics related to the shock induced microstriettiranges.

5.3. Material and Post Shock Microstructure

The material of study is A572 Grade 50 low carbtelscut from the flange section
of a hot rolled I-beam. The microstructure in #sereceived condition consists of alpha-
ferrite grains with dispersed pearlite coloniesheTarbon content of the steel in weight
percent is 0.23 with an average grain size of u8@. Figure 5-1 shows optical
micrographs of the as-received and 3% rolled sfEeé latter material, as discussed

above, will be used to identify the post shock dafation in the absence of twins.
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Figure 5-1: Optical micrographs of A572 grade &® tarbon steel. The lighter color
phase is the ferrite and darker phase is the peadionies. a) as-received microstructure
and b) 3% cold rolled microstructure (surfaces f@rkshed to a 1um finish and etched
using 5% nital solution for 5-7 seconds).
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Steel specimens were shock loaded by plate impgEingla single stage light gas gun
described in details in Ref. [19]. These specimeese sectioned, polished, and etched
to study the post-impact microstructure. In theexived condition the-ferrite grains
deformed by both slip and twinning when subjectedrpact loading. Figure 5-2 shows
that the twin volume fraction is exponentially poofional to the impact stress [13]. It
must be mentioned here the trend shown in thigdigsl limited to the applied load of
14GPa. It is expected that at higher load levedstivin volume fraction would tend to
saturate as other deformation mechanisms includshgar banding and phase

transformation would begin to dominate [20,21].
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Figure 5-2: Twin volume fraction vs. impact prassfor as-received steel [28]

SEM micrographs shown in Figure 5-3 were taken gmdular to the impact
direction in both the as-received and 3% pre-stihimaterials. Figure 5.3(b), indicates

the absence of twins in the pre-strained matefiaithermore, Figure 5-4 shows target
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(1%pre-strain condition) and projectile (as-recdivendition) materials from the same
plate impact test. Since this was a symmetric imp&ere target and projectile are of the
same material and impedance, the pressure genénabeth are considered equal. This
image shows that as little as 1% pre-strain sugpreswin nucleation at a loading

condition that generates profuse twinning in theeg®ived material.

Figure 5-3: SEM micrographs of shock loaded asiverl and pre-strained steel
samples; white regions are the pearlite phase amkl kgions are the ferrite phase;
arrows indicating twins (a) as-received steel in@acat 11GPa resulting in 9% twin
volume fraction, (b) 3% pre-strain steel impacted#sPa with no twins present.
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1% pre-strained) 3 (' .. (as-received)

B

Figure 5-4: Steel target and projectile interfafter 11GPa impact. The projectile was
in the as-received condition, while the target waesstrained 1% prior to impact.

5.4. Significance of Twins

Quasi-static tension tests performed on specimethsdiiferent twin volume fraction
show that the yield strength approaches the ulénsaitength of the material as twin
volume fraction increases see Figure 5-5. The agavee of these curves indicates that
the plastic hardening characteristics are becort@ag prominent and the ability of the
material to store defects during post-impact ptadéformation has decreased, which is
represented by the loss in work hardening [20].weler, although the yield and UTS
can be directly related to the twin volume fractidans not possible to identify whether

the twins are the primary feature for the increase.
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Figure 5-5: Ultimate tensile strength and yieless$ of post-impact tensile specimens as
a function of twin volume fraction taken from treess-true strain curves.

It is important to mention here that during shodading, the contribution of
dislocation generation to the strain rate is ocngrrby the generation of partial
dislocations [21], which in turn lead to twin fortram, and any strain accommodation
due to dislocation slip is occurring with perfectldcations which are already present in
the material. A material with a high density amaimogeneous distribution of perfect
dislocations will tend to be less prone to twinnsigce the plastic deformation can be
accommodated purely by slip of full dislocations2][2 Therefore, prior mobile
dislocation density is inversely proportional t@ thumber of probable twin nucleation
sites and altering the initial dislocation dend#gads to a differing volume fraction of

twins for a similar shock load condition. This damachieved via cold rolling.
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Hardness measurements vs. impact stress of tws tyfpgpecimens, the as-received
(with twins) and those which have pre-strained leetw 1% and 20% (no twins), are

shown in Figure 5-6.
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Figure 5-6: Rockwell hardness vs. impact stress de-received and pre-strained
specimens. Pre-strained specimens shown herestvaneed between 1% and 20% prior
to impact.

This figure indicates that the dependence of hasloa the impact stress is higher in
the as-received than those which were first prarstd. Ganin et al. [24] have developed
a relation for the change in hardness of shockddacdbn, attributing this change to a
decrease in twin spacing as the twin density irs@ga This indicates that twins are
effective barriers to dislocations resulting iniaarease in hardness, which is analogous

to an increase in yield.

The influence of pre-existing deformation twins cso be examined through the
dynamic flow stress curves. A set of dynamic caespion tests were carried out using a
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split Hopkinson pressure bar (SHPB) at strain redeging from 1.3E+3'5to 4.7E+3 &
and at temperatures between 293K and 923K on spasinwhich were first shock
loaded. A total of six different specimens ardizéd in this set of tests. The pre strain
condition and pre-shock loading levels are listed able 5-1 below. Note, that the as-

received steel contains profuse twinning while 3P pre-strain steel is absent of twins.

Table 5-1: A list of six specimens with differepte-strain and pre-shock loading
conditions that are used to examine the signifieasfawins in relation to the flow stress
of the low carbon steel material

Specimen ID Pre-Strain Impact Pressure (GPa)
AR-0 0% 0
AR-6 0% 6
AR-11 0% 11
3PS-0 3% 0
3PS-6 3% 6
3PS-11 3% 11

The SHPB specimens were cut from the center ointipact region of each impacted
target disc. These specimens were then surfaaendrto ensure parallel surfaces for
planarity during dynamic compression testing antetoove any heat affected zone at the
projectile target interface. For each test condjtimultiple tests of were carried out and
results were averaged and smoothed to eliminatremi oscillation due to the nature of

dynamic testing

Figure 5-7 shows the flow stress of both the a®ived and the 3% pre strain
specimens. The latter was plotted by offsetting gtrain to account for the pre-strain

history.
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Figure 5-7: Multiple true stress-true strain cv@ving an average strain rate of 4.7E+3
s* at room temperature. Bold lines are smootheahijttif the experimental curves.

As was done with the as-received specimens, a mmimf two tests were completed
for each specimen and test condition and averagedai single curve. The stress-strain
curves of shock loaded specimens can be plottead similar manner, by adjusting the
strain values to account for the strain inducedhgyprior impact, as shown in Figure 5-8.
The strain due to impact loading, as shown in Fda23 of the appendix, was equal to
2.35% and 4.15% for the 6 GPa and 11GPa shock doafdecimens, respectively.
Therefore, in Figure 5-8b and Figure 5-8d, the 6@R& 11GPa specimens which were
pre-strained by 3% prior to impact were adjustedh®ytotal of 5.35% and 7.15% strain,
respectively. The averaging and smoothing proceas wompleted for strain values

ranging between 5% and 25%, as the low strain $eaet inaccurate due to a lack of
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stress equilibrium and elastic wave dispersion. eréfore, the curves presented are

extrapolated back to zero percent strain baseti@ourve fit of the given strain range.
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Figure 5-8: Dynamic flow stress at an averagerst@e of 4.7 E+3 Swith the strain
shifted to include the strain induced by the praising and the prior impact of the a) as-
received (AR) and impacted specimens at 293K b)p884strained (3PS) and impacted
specimens tested at 293K ¢) as-received (AR) anmhcted specimens tested at 923K
(includes AR-0 as a reference) d) 3% pre-strair35] and impacted specimens tested
at 923K (includes AR-0 as a reference).

From the curves presented in Figure 5-8a, it casdmn that the flow stress of the
11GPa impacted specimen is significantly highenttieat of the as-received specimen.

The 3% pre-strained specimen impacted at 11GPayd-i-8b, shows no such increase
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in flow stress compared to that of the non-impacpdcimen. This is also true when
testing at high temperature (923K), as shown irufggs-8a and Figure 5-8b. This
indicates that the twins are acting as barrierdistocation slip during dynamic testing

and because of this, increase the total flow swéfse material.

In conclusion, quasi-static tensile testing showeat the yield strength and ultimate
tensile strength are both increased as a funcfieommact pressure and also show that as
the impact pressure is increased the work hardeisingiminished, indicated by the
reduction in difference between the yield and UT®e hardness of both as-received and
pre-strained specimens indicate that the twins riteed contribute to the enhanced
strength of the material. The hardness of theeasived specimens exhibit a higher
dependency to the impact pressure than the pretiacounterparts, owing to the
presence of twins in the microstructure. Dynanaimpression tests of the impacted steel
specimens have been done at 293K and 923K. Rasditsite that the increase in flow
stress due to dislocations are due to strain hargemwhich can be accounted for by
adjusting the flow stress curve to a strain comesing to the strain induced by the
impact. The similarity in flow stress for the mweained material suggest that the defect
generation and storage mechanisms of the pre-sttasteel during shock loading are
similar to those created when deforming the madtaramtinuously at a lower rate.
However, the as-received specimens, which includérthation twins, showed an
enhanced flow stress due to the TB acting as distmt barriers. These results are
explained in terms of the interaction between d&lmns and twins in detail in the

following section.
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5.5. Didslocation-Twin Interactionsin Shock Loaded Steel

In regards to the presence of deformation twingnpacted microstructure, much of
the research related to dislocation-twin boundarteractions has focused on FCC
materials. The basic concepts associated withatbi&, can, however, be applied to the
BCC microstructure. Zhang [25] used atomistic $atian to show that twin boundaries
act as strong barriers to screw dislocation moitioRCC metals. Simulation of a set of
dislocations encountering a TB showed that theitgpgartial dislocation is immobile in
the twin due to constraint of the stacking faultbon connecting to the trailing partial
remaining in the matrix. The partials must coadesato a full dislocation before
dissociating into partials again within the twimgi@n; stress concentrations due to pile-up
of dislocations at the boundary promote this preceszaz et al. [26,27] utilized
molecular dynamics to simulate tensile deformatroRCC copper. Their results proved
that TBs act as barriers to dislocation glide inCk-CSeveral dislocation mechanisms can
occur during dislocation-TB interactions dependipgn the stress field and direction of
loading in relation to the slip and twin systemlsas Lomer, stair-rod, and Frank partial
dislocation nucleation. These nucleated mechanigines rise to local stress fields and
increased energy barriers for slip in the twin armatrix. Gao and Zhang [28] introduced
a constitutive model for high strain rates and aers grain boundaries and twin
boundaries acting in a similar manner to impeddaion motion. The twins are treated
as barriers which effectively reduce the grain simd, as such, were considered to be as
an athermal stress component. Their work, howeaarounted for the role of twins in
terms of a constant embedded into a recovery ciefti Saxl [29] discusses the

interaction of slip dislocations with twins and,skd on the work of Sleeswyk and
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Verbraak [30], notes that a step is formed on thim tboundary when a dislocation
propagates over the TB. This step is a resulb@fimpeding dislocations dissociating at
the TB which leaves behind a partial dislocationhaf twinning type, with the remaining
part potentially propagating further into the twaahregion. Shen et al. [31] also discuss
the interaction occurring during tensile deformataf copper, again relating the TB to a
conventional grain boundary owing to the dissooraf the dislocation at the interface
due to stress concentrations from pile-ups andeendd of dislocation debris left behind

at the TB.

Of the few studies that have been carried out o€ Btetals, Sainath and Choudhary
[32] provided insight into the interaction of diskdions and twins in iron during both
tensile and compressive loading using atomisticuktions of BCC nanopillars. They
observed that during compression, the yield stness highly dependent on TB spacing.
This has been shown to be a result of the TBs @ais barriers to full dislocations,
preventing nucleation and expansion of dislocatomps and the accumulation of screw
dislocations at the interface. Furthermore, it waewn that upon passing through the
TB, the dislocation can transmit along the samdegflane, or deviate to a different
plane. Mrovec et al. [33] also used simulationsstiady BCC metals with regards to
specific planes and directions of dislocation andruary systems in tungsten. For the
>3 (115) boundary, which is the type of boundary associatik twins in BCC metals,
they found that the dislocation immediately disates into1/6[111] partial dislocations,
two of which glide along the TB in opposite directs with the third partial residing at
the interaction site, resulting in formation oftepat the TB, as shown schematically in

Figure 5-9.
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Figure 5-9: Dislocation-twin interaction resultimgdissociation of a full dislocation into
three partial dislocations when encountering the(d&@d red line) shown for a) a single
full dislocation dissociating and for b) after mplé dissociations, increasing the size of
the step along the TB.

Nilles and Olson [34] studied the energy associatétd coherent twin boundaries
(TB). Through an annealing procedure they weres @bl determine a ratio between
stacking fault energy and twin boundary energy.ib@®ha et al. [35] utilized molecular
dynamics to calculate the boundary energy in B@&@ &nd determined that the energy
associated with twin boundaries was equal to Oni2,JAwhereas in FCC crystals the
boundary energy was zero. This difference wasbattrd to the difference in the atomic
packing of the planes for BCC and FCC crystals,ratiiee BCC structure does not have

a closed packed plane leading to a higher energyldoundary.

From the studies outlined, it has been made clestrih both FCC and BCC metals,
TB can act as barriers to dislocation slip. Furti@re, the boundary energy in BCC has
been shown to possess a higher energy than in F&&lstwhich can lead to a higher
resistance of dislocation motion. In these studidms also been shown that the yield

stress is dependent upon the TB spacing in a simiéaaner to grain boundaries and the
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Hall-Petch grain size effect. This has also besoudised for HCP metals in which twin-
twin intersections result in potential locking manisms for twinning dislocations,
leading to sessile dislocation locks. Overcomimgse obstacles would result in a stress
which is unaffected by thermal energy or straie ras they occur over a large distance
[28]. These types of twin-twin intersections arsoaghown to occur in the BCC steel in
this study, occurring more frequently as the twaume fraction increases, as shown in
Figure 5-10. The steps created in the TB by datlon-twin interaction, as discussed by
Mrovec [33], can also be seen in twin-twin interact Figure 5-11, where twinning
partials making up the incoherent boundary of inmpgpgwins encounter a twin on a

different plane.

Figure 5-10: Twin-twin interaction in BC@-iron which was previously impacted at
11GPa.
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Figure 5-11: a) SEM micrograph of steps createtivin due to twinning dislocations
interacting with coherent twin boundary and b) schtc representation of such steps

Based on the studies discussed, it is a reasoapipl@ach to include the effects of
deformation twins as an athermal stress componetiten in terms of the twin volume
fraction. As shown by Mrovec [33], a full dislotat, upon encountering a twin
boundary, will result in the glide of two partiaktbcations along the boundary, with the
third partial remaining at the boundary. It caertfore be inferred that dislocations
which interact with twins produce 1/3 less straat@nmodation than those which do
not, and additional dislocation generation wouldrtlbe required leading to an increase
in flow stress. The formulation of the model anetedmination of parameters are

discussed in the following sections.

5.6. Modeling Flow Stressin Pre-Shocked Material
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Modeling the flow stress as the sum of separagsstcomponents is based on the
concept that stresses developed in the materialrasult of dynamic loading, are related
to the different mechanisms associated with digioofbarrier interactions. The flow
stress during plastic deformation occurs due ttodagion motion and their resistance to
barriers. This stress is split into parts accaydim the type of barriers; short range, long
range, and drag components. In BCC metals, slhaoger barriers, those less than 10
atomic diameters [8], are controlled by the resistaof the actual lattice and point

defects within. This stress is controlled by tlrais rate and temperature, thus is deemed

as thermal stresg7,,, . Long range barriers, those greater than 10 atollmmeters, are

controlled by stress fields from forest dislocai@and grain boundaries [8], and thermal
energy is not sufficient to aid in overcoming thesestacles. The stress required to
overcome these long range barriers are not affelsjethe strain rate, and are only

indirectly affected by temperature through the tgdashear modulus, thus is deemed as

the athermal stress componemt,. As the strain rate is increased, the flow stress

becomes more sensitive to strain rate. This hegella been thought to be due to
dislocation drag caused by scattered phonons artes@toms in the lattice [10,11].
However, it has been shown that the increase ebstin the 1910* s range is not

caused by dislocation drag, but rather by an irsg@adislocation generation rate [41],
while others have shown that the shift from thefyrattivated to viscous drag
mechanism occurs at strain rates on the orders100s” [42,43]. As the strain rates in
this study are all within the &* range, this drag component shall be neglectetien t

following analysis.
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The summation of these two stress components sdsuibe total flow stress required
to move dislocations, as illustrated in Figure 5-Ihe large wavelength hills represent
the long range, athermal stress barriers. Thegeak valleys imbedded along these
hills represent the stress fields due to shorteattiermal stress barriers. It can be seen
that the mechanical threshold streds,represents the total flows stress when thereis n
thermal assistance, occurring at OK. As the teatpe of the material is increased, the
additional thermal energy assists in dislocationsercoming thermal obstacles,
effectively decreasing the resistance of shorteavayriers. As the temperature is further
increased, approaching a critical temperature, nteehanical stress needed to move
dislocations is dependent solely on the resistasfcathermal stress barriers, beyond

which any increase in temperature will have noaffe

short-range
F s / stress field

TH
long-range
g, stress field

| e

il B
- L

Internal Stress

A : wavelength of long-range stress field

Figure 5-12: Stress required for dislocations veroome long and short range stress
fields. [5]
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Thus, the total flow stress can simply be writterassum of the thermal and athermal

components:
g=0,+0y, (5.1)

The thermally active thermal stress compongpt, , as mentioned above, is due to

interactions between dislocations and short rarayeidss. To attain a general relation
between temperature, strain rate and the thermedsstomponent, the energy required

for a dislocation to overcome a barrier by therawlvation is written as

AGzeoll—(U#jp] (5.2)
g

The constants p and q represent the shape of therband vary betweed< p<1
and0<q< 2. g is the stress required for a dislocation to overe@ntarrier without any

thermal assistance, arf@, is the energy of the Peierl's barrier per atonuireg to

overcome a barrier solely by thermal activation engiven by
G, =d4lb (5.3)

where)l and| are the average effective barrier width and sgpoispectively. The strain

rate is related to the activation enefy§g by the most general form written as,

. _AG
E=¢&, exp{ T j (5.4)
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wherek is the Boltzmann's constant afds the testing temperature. The reference strain

rate¢, is determined as a function of dislocation denagty
&, =blp, @, (5.5)

whereb is the burgers vector, for BCC materials along<fi&1> direction is/3a/2 and
is the average dislocation barrier spacing whicbrighe same order &isso that | =b,

pmis the mobile dislocation density, awd is the attempt frequency to jump a barrier.

Solving forg,, from Equation (5.2) the thermal stress is expressed

(5.6)

where ¢ is the mechanical threshold stress at OK, T isecl temperatureGg is the

energy of the Peierl's barrier per atogijs the imposed strain rate, arg} is the

reference strain rate.

The athermal stressz,, as shown by Taylor et al. [44] is a function @fag and

other microstructural parameters and is thus, thermal stress is written as

o,=0&" +0, (5.7)

where ¢ is the strainn is the strain sensitivity , and,,is the stress component due to the
microstructural characteristics that could incliaén volume fraction. The data used for
determining the constants in this equation musatba sufficiently high temperature in

order to remove any thermal component of streshie @&xperimental data used to
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determine the athermal component of stress is dbrme above the critical temperature

where the temperature effects, and thus the thestreds component, are removed.

The introduction of dislocations and twins in thécrostructure due to the shock
loading can be included within the model presentddsuming that the dislocations in
BCC material do not impede upon themselves as drayrit is expected that their
increased density due to the impact induced strgicin be accounted for purely by

adjusting the strain term in Equation (5.7), novitten as
Eq —ETE, (5.8)

with &£ being the strain during the current compressist snde, being the prior strain

history induced by pre-straining and shock loading.

As discussed in the previous section, the twin®thiced from the shock loading will
be included within the athermal stress componenh®fmodel. They will be accounted

for by including a term related to the twin volufnaction.

o,.=0,+f(a) (5.9)

m

where g, is the microstructural contribution of the initiadaterial condition, which is
effectively the yield stress at the critical tematare. The termf (o) is a function of the

volume fraction of twinsg , to be determined subsequently from dynamic cosgioe
tests. The foundation of the application of twinghe athermal stress component will be
discussed in terms of dislocation slip and theibathat the twin boundaries present in

the following section.
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Combining Equations (5.7), (5.8), and (5.9) as #tkermal stress component, and
summing with the thermal stress component, Equattof), the total flow stress is

expressed as

N
KT gJ (5.10)

O =0 €4 +0,+ fla)+d{1-| —In—
n=o'ey roytle) ol Kn
The parameters for this model are determined throagset of experimental
compression tests. These tests are done on & agtreceived and 3% pre-strained steel

specimens which have previously been shock loadée experimental work and model

parameter determination are described in latereext

5.7. Model Parameters

In this section the parameters for the thermalvattbn model presented in the
previous section are determined, including the otdfedf prior impact, due to residual
microstructure variation, on the flow stress conmgus. It has been shown that
increasing the impact stress leads to an increaskow stress; see Figure 5-8. From
micrographs of the impacted steel shown in FiguBeahd Figure 5-4, the most obvious
cause of this is due to the addition of mechanisals. The second component, which is
inherent to any deformation process, is the disionasubstructure. An experimental
procedure is carried out using a SHPB to determparameters for the model presented.
Results from these tests are used to determinéntheence of impact loading of the

dynamic flow stress.
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5.7.1. Thermal Flow Stress
The flow stress at 923K is subtracted from thel titabtain the thermal flow stress
component. As other others have pointed out, theraal flow stress is proportional to

the shear modulus, and the flow stress can be riaedaby the ratioy, /i, where y,

and pare the shear modulus at OK and at the current deatyre, respectively.
However, just as done in the work of Nemat-Nassat &uo [11], this is not an
important factor in our work ang, /u(T)=1 was employed. After subtracting the

athermal from the total flow stress, Equation (508 be simplified for fitting to

experimental data, written as

oy =0l (AT)]? (5.14)

where

A=-Knt (5.15)
GO £0

Equation (5.14) is fit to the experimental therrflalv stress to determing. Figure
5-13 shows the thermal flow stress vs. temperatorethe as-received and 3% pre-
strained specimens. Figure 5-14 and Figure 5-$pedively show the thermal flow
stress vs. temperature for the as-received and @¥tmined specimens which were

previously impacted at 6GPa and 11GPa.
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Figure 5-13: Thermal flow stress for the a) aseheed and b) 3% pre-strained steel
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The activation energy for iron [45],060.52 eV, was utilized in this work. The constants
p=1/2 andg=2 are obtained from work by Nemat-Nasser [10] @CBVanadium. The
dislocation densitypnm,, is determined using data generated in the workafrad and
Christ [48] on alpha-iron, as shown in Figure 5-1Bhe initial dislocation density was
determined by fitting a curve to this data and \mhjields a value of 5E+12 fawhich is

in good agreement with the initial dislocation dgnsised in the work of Voyiadjis and

Abed [47].

101° -

1014 __

1013 __

Dislocation Density (1/m2)

1012 i
0.00 0.05 0.10 0.15 0.20

Strain (mm/mm)

Figure 5-16: Dislocation density vs. strain folypoystalline iron [24]

Dislocation spacing in the case of BCC metals casdi approximately equal to the

burgers vector. It should be noted however, taaFHCC materials, this value should be
related to the dislocation density, such thatl/qlpm . Reasoning for these differences

is due to the types of barriers associated withh egoecific crystal structure. In BCC
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metals, as described elsewhere [50-52], the thestreds is due to the lattice itself which
acts as the main resistance to dislocation mo#ad,the spacing should therefore be on
the same order as the lattice spacing, therdferk. For FCC metals, the main source of
short range barriers are forest dislocations, fbezeas the dislocation density is
increased, the mean free path decreases which geriloed through the relation

I::I/me by several authors [12,50]. This results in ao34torder of magnitude

difference in values when calculating the referestain rate. Replacing the attempt
frequency, wo, and dislocation spacind, in Equation (5.5) with the velocity of

dislocations, the reference strain rate is rewritge
&, = p,bv (5.16)

The limiting velocity of dislocations described &yiman [51] can be used here and

is calculated as

v=(Uny/ )" (5.17)

where the shear modulusy = 8279E +10Pa and the material density is
p =7814 kg /m?*, resulting in a velocity ofv =1035m/s. When setting the dislocation
density to p, = 50E +12m? for the as-received material, the reference strafa is
calculated as, = 128E6 s'. This is comparable with values obtained for hman [11].
With the increase in dislocation density for the p#6-strained material, determined as
0., = 28E +13m™ from Figure 5-16, a dislocation velocity setie 185m/s maintains

the same reference strain rate. Taking an avestagm rate of all tests within this work

to be 4700 3, the simplified fitting parameteh from Equation (5.15) is calculated as
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A=9.29E-4 K!.. The constants are shown in Table 5-2 and Taddor the as-received

and 3% pre-strained material, respectively.

Table 5-2: Constants for the thermal flow strespsagion for the as-received material

AS-RECEIVED THERMAL PARAMETERS

Go k v b Pm €0 €
o (V) (eViKl g p (mfs) (m) (m?) (sh (sh
2.47E-

1000 0.52 8.62E-05 21/2 1035 10 5E+12 1.28E+06 4700

Table 5-3: Constants for the thermal flow stregsia¢éion for the 3% pre-strained
material

3 % PRE-STRAINED THERMAL PARAMETERS

Go k Y, b Pm €0 €
c (V) (eviK) g p (mfs) (m) (m?) (sh (s}
8.62E- 2.47E-

1000 0.52 05 2 12 185 10 2.80E+13 1.28E+06 4700

As shown in Figure 5-13 through Figure 5-15, thertial flow stress is relatively
insensitive to the strain. Furthermore, it is shatlvat the thermal flow stress is also
insensitive to the level of impact. Adiabatic hegtwas accounted for by adjusting the
temperature at each level of strain. As the specim compressed, the temperature is
increased by
AT =112 ge (5.18)

pC,
wherep is the material density, is the inelastic heat fraction set as an approtaéregual

to 1, andCy is the constant volume heat capacity. At anahiest temperature of 293K,

a 55K increase in temperature occurs from the raf@&6 to 25% strain and there is an
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increase of approximately 30K when initially tegtiat 923K. This temperature increase

will also be included in the modeling efforts.

The critical temperature, that at and above whiehthermal flow stress component

is zero, can be calculated as

T = ——[ln.—J_ (5.19)

Utilizing the values from Table 5-2, the averag@cal temperature for this material

IS T, =950K . The experimental testing temperature used swlork, set to be 923K, is

a reasonable value for the critical testing temioeea as a curve fit of experimental data

shows that the flow stress only decreases by lhessd MPa between 923 and 950K.

5.7.2. Athermal Flow Stress
The athermal flow stress component presented irafiau (5.2), is that of a classic

hardening form such as the Ramberg-Osgood equ&&j)n

_o_. (o)
e=2 K[Ej (5.20)

or in the one dimensional form of the Norton-Hofbael where plastic strain rate is

related to stress as:

N
. g
gplastic = (7} (518)
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or in the strain dependent portion of the JohnsoakGnodel

o= (A+Be") [1+CIng'| [1-T"] (5.21)

Strain Hardening  Strain Rate Effect =~ Temperature Effe

The two termsg* andn, in Equation (7) control the hardening rate. Téen on
accounts for microstructural features. Equatior2)(3s modified to include the strain

induced by prior impact, and is now written as
O,=0 &4 +0,, (5.22)

where e, =€ +¢&,, with £ being the strain during the current compressish snde,

being the prior strain history induced by pre-stirag) and shock loading. Equation (5.22)
is fit to the experimental data of specimens teste@823K, shown in Figure 5-8c and
Figure 5-8d, to determine the hardening parametersndn, as shown in Figure 5-17.

These values, for the as-received material forptieestrained material, are presented in

Table 5-4 and in Table 5-5, respectively.
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Figure 5-17: Athermal flow stress for the a) asereed and b) 3% pre-strained steels.
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Table 5-4: Athermal Flow stress constants forab@eceived material

AS-RECEIVED ATHERMAL PARAMETERS

o* (MPa) on(MPa) n
AR-0 400 430 0.42
AR-6 400 445 0.42
AR-11 400 476 0.42

Table 5-5: Athermal Flow stress constants ford¥epre-strained material

3 % PRE-STRAINED ATHERMAL PARAMETERS

o* (MPa) oy (MPa) n
3PS-0 400 430 0.42
3PS-6 400 430 0.42
3PS-11 400 430 0.42

As shown in Figure 5-17 the hardening parameter$, and n, are relatively
insensitive to the change in microstructure dueinipact, and average values of
o* =400MPa andn=0.42 were set for all cases. For the pre-strastedl shown in
Figure 5-17b, all of the data is represented bingle set of constants, which are those
determined for the as-received steel. Howeveshasvn in Figure 5-17a, there is a jump
in the athermal flow stress for the as-receiveélsigich is attributed to an increase in

g

m*

When the stress-strain curves of the 3% pre-stiaamel impacted steel are adjusted
to the effective strain levels, the flow stressleand hardening rates are similar to that of
the non-impacted specimens, as shown in Figure &8bFigure 5-8d. This is reflected
through the constant values obtained for the atheparameters shown in Table 5-5.

This indicates that the defect generation and georaechanisms of the pre-strained steel
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during shock loading are similar to those createdenw deforming the material
continuously, at a lower rate. This has also beamfiiened by TEM in the work of
Mahajan [36] who showed thatiron, pre-strained to 5% strain and shock loaded t
5GPa, exhibits a dislocation network similar to tireshocked material. The dislocation
structure in the ferrite grains is shown in Fig&d8 for the 3% pre-strained steel

impacted at 11GPa, resulting in approximately 7¢al tetrain.

Figure 5-18: Dislocation cell structure in ferrjeains after 3% pre-strain and 11GPa
shock loading resulting in approximately 7% totaais.

The cell structure shown in Figure 5-18 exhibitsikir features ta-iron strained at
low strain rate to a similar strain level, as seethe work of Lan et al. [37]. The twins
in the microstructure are considered to act agdyarto dislocation motion [38,39]. As
Gray and Vecchio [40] have pointed out, the lackafdening in the BCC tantalum can
be attributed to the lack of twins present in theck loaded tantalum, similar to the lack

of hardening in the pre-strained specimens.
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5.8. Model Simulation and Results

As shown in Figure 5-8a and Figure 5-8c, unlike pre-strained steel, the flow
stress of the as-received and impacted specimehnigher than that of the as-received
material. This increase in flow stress is accodirite in the microstructural terrar,,, of
the athermal stress component of Equation (5.1e fWwin dependent term in Equation
(5.9), f(a), can be written in terms of the twin volume fraaotias determined from the

of the athermal stress parametgy.
f (a) =pa™ (5.23)

where a is the twin volume fraction, ang3 = 260Pa and m= 073 which are

constants describing the contribution of twin votufraction to the athermal stress.

Combining Equations (5.10) and (5.23), the towhfktress is written as

5.24
i (5.24)

KT SJ% b

O=0 €4 +o,+pa™ +d 1—[—In‘—

This equation is applied to experimental curvesheck the validity of parameters
determined. Figure 5-19 shows an experimental sttess-true strain curve compared
with an isothermal model simulation and a simulatiath predicted effects of adiabatic
heating included, utilizing Equation (5.15). Asstlfigure shows, including the adiabatic

heating effects provides a closer fit to the expental data.
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Figure 5-19: Experimental stress-strain curvesafereceived material at a strain rate of
4 5E+3 & and at room temperature compared with model inoldidiabatic heating
effects.

As shown in Figure 5-20, the model is also accuratalculating the flow stress for

the as-received and pre-strained steels at stits of 2.8E+35and 2.3E+3 75, which
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are lower than those used in the determining mpdedmeters. This is also shown for

materials impacted at 3.7GPa and 13GPa which wer tested at a strain rate of

1.3E+3 & in Figure 5-21.
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Figure 5-20: Experimental stress-strain curvesoaim temperature compared with
model predictions including adiabatic heating fpraa-received material at a strain rate
of 2.8E+3 &, b) 3% pre-strained material at a strain rate.8E23 §', and c) 10% pre-
strained material tested at a strain rate of 2.26+3

278



1000

N 800 4 ...................... ...................... ___ ........
© . .
% ; : ﬁ
;)/ 600 N | W . ...................... ...................... ......................
[7p] : :
o i 5 <
p 400 : . 563K
E 1.3E+3 s
200 . ...... Experimental
— — —  Model (Adiabatic)
0 T T T
0.00 0.05 0.10 0.15 0.20
(a) True Strain (mm/mm)
1000
800 -
©
S
S 600 -
[7p]
o i 5 <
o 400 293K
E 1.3E+3 s
200 4. ...... Experimental
: — — —  Model (Adiabatic)
0 T T T
0.00 0.05 0.10 0.15 0.20
(b) True Strain (mm/mm)

Figure 5-21: Experimental stress-strain curvesoaim temperature compared with
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previously impacted at 13GPa and tested at a s@a#rof 1.3E+3'S
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5.9. Conclusions

The goal of the study presented in this paper wagsdat identifying the role of pre-
existing deformation twins in the dynamic stressistrelationship of shock loaded low

carbon steel. Major outcomes and results of thikkwan be summarized as follows:

- A set of as-received and 3% pre-strained steelisees were subjected to shock
loads of 6GPa, and 11GPa. The as-received micobsteuhas shown development
of deformation twins, the volume fraction of whigftreases with the shock load
magnitude. The shocked microstructure, howeveicated that pre-straining to 3%
is effective in inhibiting twin formation and thdoee the strain during impact
loading is accommodated purely by dislocation nrotio

- The effects of shock loading and significance ahsiwon the mechanical properties
of the steel have been examined in several waymsiytatic tensile tests, hardness
tests, and dynamic compression tests all showedhbawins do indeed contribute
to the enhanced flow stress of the material dughéo TB acting as dislocation
barriers.

- The shock loaded specimens as well as ones withrioo shock loading were
subjected to dynamic compression tests at tempegain the range 293K to 923K
at strain rates between 1E+3 and 5E+3 3. The resulting stress-strain curves
were partitioned into thermal and athermal stressmponents using thermal
activation concepts based on dislocations intevastiwith thermal and athermal
stress barriers. Results of this work show thattkiermal stress component of both
the as-received and pre-strained materials is gises to the corresponding impact

strain history. The athermal stress componentttier as-received shock loaded
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specimens is shown to be proportional to the laagiressure while for specimens
which have been pre-strained before shock loadimgathermal stress displayed a
constant value at all impact loads. This differemceathermal stress between as
received and pre-strained materials is explainedemrms of the twin volume
fraction.

- The developed flow stress formulations which exgeesthe athermal stress
component as an explicit function of the twin vokifraction, have been applied to
predict the flow stress in materials that have bewtependently impacted at
3.7GPa, 7GPa and 13GPa. Results of this applicatere compared with those
generated experimentally indicating validity of cepts and formulations presented

in this work.

5.10. Appendix

The flow stress curves of shock loaded specimens haen adjusted to account for
the strain history due to impact and/or pre-straihe deviatoric strain resulting in plastic
deformation imparted by the shock loading is wnités [18]

£=§|ni (5.11)

0

WhereV, andV are the initial and shock specific volumes, retipely. The specific
volume during the shock loading can be determineah the following relation derive
from the Rankine-Hugoniot equations relating p&tielocity, pressure, and specific

volume [53]
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u, :[(P - Po)(vo _V)]]/z (5.12)

Alternatively, one could replace the specific vouim Equations (5.11) and (5.12)

with the material density as

V=it (5.13)
0

A pressure vs. particle velocity curve can be gatieer by measuring the peak impact

pressure and projectile velocity, where U, =ZI/2V for symmetric impacts, during

several shock load experiments and a relationshipbe derived, as shown in Figure

5-22.

25
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Figure 5-22: Pressure vs. particle velocity dushgck loading for A572 grade 50 steel.
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With a known relation between the pressiteand particle velocityy,, the shock
specific volume can be determined from EquatiodiZpand subsequently be plugged

into Equation (5.11) to solve for the strain aschion of impact pressure, as shown in

Figure 5-23.

0 5 10 15 20 25

Impact Pressure (GPa)

Figure 5-23: Strain generated during shock loadasgcalculated by Equations (1), (2),
and (3)

The flow stress curves of the 6GPa and 11GPa skosecimens were adjusted to
start at strains of 2.35% and 4.15%, respectidyermined from Figure 5-23, which are
shown in Figure 5-8a and Figure 5-8c. Specimenshwivere pre-strained by 3% prior
to impact were adjusted by the total of 5.35% ari®% strain for the 6GPa and 11GPa,

respectively, and are shown in Figure 5-8b andreigu8d.
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CHAPTER 6

MAJOR CONCLUSIONSAND FUTURE RECOMMENDATIONS

6.1. Major Conclusions

The overall goal of this dissertation is to invgate the deformation response of
A572 grade 50 steel when subjected to impact |lgadiime goal of this work has been
achieved by performing experimental, analytical amgmerical research in three
integrated tasks. These tasks are carried out ghroexperimental, analytical and
numerical research in order to achieve the godhisfresearch. The first is to determine
the relationship between the evolution of defororatiwins and the impact pressure.
Secondly, a stress criterion for twin nucleationrimy high strain rate loading is
developed which can account for the strain historinitial dislocation density. Lastly, a
method is applied for separating the effects ofodetions and twins generated by shock
loading in order to determine their role in corlirg) the flow stress of the material. The

major conclusions of this dissertation are listetbiy.

1. A direct and unique relationship between impacésstrand volume fraction of
twins has been experimentally established.

2. Microscopic observation of impact specimens indictitat slip and mechanical
twinning are two competing deformation mechanisrmosuaing during high rate
loading of low carbon steel. The lenticular shabpehe twins indicates that the

twin formation mechanism is by progressive sheahefparent lattice. As impact
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stress increases, another twinning plane becomigea@and results in large
amounts of intergranular twin-twin interactions.

Based on microscopic observations, an analyticahrivvg model aiming at
predicting twin volume fraction incorporating bathp and twinning mechanisms
has been applied and shown to accurately calctildte volume fraction. This
model was coupled with a rate dependent model img@hted into numerical
procedures and was capable of capturing deformagigponse and twin formation
during impacts for the given stress range.

Quantitative analysis of the post-impact stresshsticurves clearly shows an
increase in both yield and ultimate strength, whraficates an increase in stored
dislocations in the microstructure as a resultngpact loading. However, while
the yield and UTS both benefit from shock loaditige available strain energy is
drastically reduced; up to 87%. If this trend idrapolated further, it will show
that the yield and ultimate tensile strength cogeerthus eliminating available
energy.

It is apparent that as the shock loading is in@@asew twinning planes are
activated. Qualitative analysis provides insightoirthe dislocation-twinning
interaction during plastic deformation. Low impegttspecimens reveal small
fluctuations in stress-strain response represerthiag) of type-B serrations. At
higher impact levels, the presence of multiple twig planes and twin-twin
interactions results in the transition of type-Bragons to type-C load drops

during plastic deformation. This suggests thatnitwin interactions play a
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significant role in controlling plastic deformatiorwhich is responsible for
instability within the microstructure.

The twins play an important role in the directidncoacking during failure. They
provide new interfaces at which cracks may initete propagate, and also control
the direction of crack propagation.

Using a single stage light gas gun, deformationhaeisms in low carbon steel
specimens subjected to plate impacts have beenimgdnin as-received, hot
rolled steel. It is observed that under this tgpéoading, twins are a contributing
deformation mechanism and twin volume fraction exgaially increases with the
impact pressure. The twin volume fraction was snead using standard point
count method, the maximum of which was 16% occgrvth an impact pressure
of approximately 14 GPa.

High strain rate deformation mechanisms were exadin the same steel in pre-
strained conditions. Pre-straining was completdgulow strain rate, cold rolling
procedures to strains of 1%, 3% and 20%. Impaatlitqy was performed on
specimens in the same direction as the pre-st@inih has been shown that the
twin nucleation stress is proportional to the lewgélpre-strain. This has been
explained in terms the dislocation network, densityl configuration within the
steel as modified by cold rolling prior to impaotating. A 1% pre-straining, has
raised the threshold pressure for the onset of hacieation to 11 GPa.

Twin formation during high strain rate loading asrdow temperature loading was

described based on a progressive shear of atohes than a local shuffle concept.

This occurs by a shift of atoms on the {112} plameghe <11]> direction by a

293



10.

11.

displacement 1/3 burgers vector for BCC metalsmiAimum of 3 {112} layers is
required to form a stable twin for compatibilityrass the twin habit plane. It is
assumed that at these loading conditions, thenstraie of the material is
controlled by the velocity of preexisting perfe@tldcations and by the generation
of partial dislocations. The nucleation of parti&glocations is preferential at high
applied stresses due to a lower free energy ofeation at high strain rates and
low temperatures. Furthermore, the partial didiooa are more operative at these
conditions due to their higher jump frequency. Séhepartial dislocations, if
formed on successive planes, are responsible éofotimation of the deformation
twins.

An explicit form of the critical twin nucleationrsss has been developed based on
strain rate accommodation by perfect dislocatiomd partial dislocations. The
form of the equation considers the velocity of petf dislocations and the
generation rate of partial dislocations utilizingln@an's limiting dislocation
velocity equation and the Orowan strain rate retati

Parameters for the critical twin nucleation strgsas-received steel and 1% pre-
strained steel have been determined through pigtadt tests and low temperature
SHPB compression tests. The SHPB compression wests carried out at liquid
nitrogen temperatures. Under this type of loaditigg thermal activation of
dislocations is lowered, thereby increasing theeghold stress for perfect
dislocation slip to a level higher than that foritwnucleation. At this low

temperature condition, deformation twins are preaéstrain rates lower than that
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12.

13.

14.

15.

encountered in room temperature plate impact te&sssuch, SHPB compression
tests can be used to correlate strain rate andriwgteation stress.

Observation of nonparallel and intersecting twimgtains led to a modification of
a model originally presented by Johnson and RohdBy assuming that
deformation twinning is occurring primarily on {112111> systems, the applied
stress was resolved on multiple planes. Thesssst@mponents were then applied
to separate twin growth equations to account femttultiple twin systems.

The shock loaded specimens as well as ones withrioo shock loading were
subjected to dynamic compression tests at tempegain the range 293K to 923K
at strain rates between 1E+3 and 5E+3 3. The resulting stress-strain curves
were partitioned into thermal and athermal stresmponents using thermal
activation concepts based on dislocations intevastwith thermal and athermal
stress barriers

The stress-strain curves of the pre-strained anohated steel adjusted to the
effective strain, the flow stress exhibit similgrito that of the non-impacted
specimens. This indicates that the defect gemeratnd storage mechanisms of
the pre-strained steel during shock loading areil@into those created when
deforming the material continuously at a lower rédewever, the microstructure
of the as-received and shock loaded material wincluded deformation twins
showed flow stress higher than that of the as-veckmaterial.

A constitutive model based on thermally activateslogation interaction with
barriers is applied to partition the dynamic flotvess into thermal and athermal

components. Results of this work show that tleentfal stress component of both
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16.

6.2.

the as-received and pre-strained materials is gibe® to the corresponding

impact strain history. The athermal stress compbrfer the as-received

specimens which have been previously shock loaslsdawn to be proportional to
the loading pressure while for specimens which hlbgen pre-strained before
shock loading, the athermal stress displayed ataonsalue at all impact loads.
This difference in athermal stress between asvedeand pre-strained materials is
explained in terms of the deformation twin volummeaction existed in the

microstructure.

The developed flow stress formulations which expessthe athermal stress
component as an explicit function of the twin vokufnaction, have been applied
to predict the flow stress in materials that haeerbindependently impacted at
3.7GPa, 7GPa and 13GPa. Results of this applicatere compared with those
generated experimentally indicating validity of cepts and formulations

presented in this work.

Future Recommendations

The selection of the material for this research diatated by the broader scope of a

funded research program to study shock loadingivof structures. Structural steel is

used extensively as the reinforcing phase of thetegctures. For this purpose the

material used in this study was selected as A5@degb0 low carbon steel, which has a

primarily a-ferrite BCC structure, with dispersed grains oérfiee. The particular steel

specimens used in this study were taken from the seetion of a single, hot rolled I-
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Beam. Shock loading and dynamic compression tédstse material in the as-received
and pre-strained conditions were completed as tegrial part of this study. For carrying
out this research, a light gas gun, describedhapfrs 3-5, and an SHPB, described in
Chapters 4 and 5 were used to generate basic kdgevief the role of planar impacts on,
i) the deformation mechanism as a function of impaessure (Chapter 3) , ii) the critical
twin nucleation stress as a function of impact ardin history (Chapter 4), and iii) the
shock induced microstructure features effect on dimeamic flow stress (Chapter 5).
Results of these studies allude to a set of recamdat®ns for future research. These are
divided into recommendations pertaining to the testerial and those relating to the

experimental procedures.

6.2.1. Material Recommendations

Results of the current study focusing on the impalgted deformation mechanisms
showed that twinning is an important factor in ecoling deformation at high strain
rates. A limitation, however, was clear in theatelely low number of twins generated in
this material for the tested shock loading randecreasing the twin volume fraction
would enhance and thus notably differentiate theered response under different impact
loads. This limitation, as discussed in Chaptas Hue to the nature of stacking faults in
the BBC structure, where a material with a loweacking fault energy would have a
higher tendency to twin due to the difficulty obss slip and climb and the formation of
partial dislocations. In order to further explone tbutcome of the study in relation to the

separate contributions of twin volume fraction aiglocation density, it is recommended
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to select a material in which mechanical twinnirgnehates the deformation process and
as such, would result in either a higher volumetfom of deformation twins, such as in
the FCC structures of silver or copper, or wouldeha more pronounced influence on
accompanying dislocations, such as in HCP crystddeh have limited slip systems.
Furthermore, the low carbon steel used in thisyshak a ferritic-pearlitic microstructure
with the pearlite colonies occupying a 9% volumacfion, acting as a strengthening
phase. The post impact stress-strain responsefohermreflects the relative contribution
of these two phases; pearlite and ferrite. Nargitevas made in this work to assign an
impact resistance role for each of the phases. udtog on the structural steel, it is
recommended to first use a material with a dominafgrrite phase, such as pure iron.
Following this, an impact study could be conducteda function of pearlite volume
fraction. For structural steel this can be achilelvg altering the carbon content, thereby
changing the amount of pearlite formed. The wafrspirdione [1] and Maciejewski [2]
showed that different heat treatment proceduresatien the pearlite volume fraction if
the original chemical composition must be retained.

A third observation relating to the material usadthis study deals with the initial
microstructure. As mentioned above, the materad wsed in the as-received, hot rolled
condition which results in a structure with residsi@esses due to retained dislocations.
This condition was used intentionally to study thkeock loading effects on the
commercially available steel. The preexisting dialion network would contribute to the
impact deformation response. An important recondagan in this regard is to set a
consistent initial material condition that can lesctibed as structures free of dislocation.

This condition can be achieved by one of two rautElse first is a full annealing process
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that requires heating the material above approxnd@73°C, which corresponds to the
eutectoid temperature, followed by a controlled licmp rate to allow the carbon to
migrate and form pearlite colonies. In this pro¢essrystallization and grain growth take
place, thus resulting in a stress free structuee f any extrinsic dislocations. The
second approach to obtain a structure relativede fof dislocations by a stress relief
annealing process at or below 640°C. In this aggrodislocations are able to move
resulting in dislocation annihilation or rearrangarhinto lower energy configurations, as

discussed in Chapter 5.

6.2.2. Experimental Recommendation

As discussed in the previous chapters of the dessem, experimental work has
utilized a light gas gun to impact test specimeith wshock loads up to 16 GPa at strain
rates above T0s1. The outcome of these tests in the form of pressersus particle
velocity yields the Hugoniot curve for defining thazus of shock states. Results of the
impact experiments using the gas gun point out setaof recommendations described
below.

With the design and operation of the single staa® gun in the MMRL, there have
been several design modifications throughout &igderiments in an effort to continually
improve upon the operating procedures and expetah@measurements. During plate
impact experiments the projectile is held true aadied down the length of the barrel
with by a disposable carrier called the sabot. Thimponent, while sacrificial in nature,

required several iterations before achieving a sbhliesign that could withstand all
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pressure levels while at the same time attemptnginimize weight, as discussed in
Chapter 2. Aside from the weight, the main featgstrolling consistency of velocity in
this design is the tolerance between the barreltia@dabot body. During the machining
process, the heat generated can affect the finateter of the sabot, and result in a loose
or tight fit, causing lower and unpredictable vétfies. Others have utilized O-rings to
create a seal in the barrel [3] however this stilies on holding tight tolerances within
the O-ring grooves. In this regard a recommendatan be made to utilize plastic piston
rings which would eliminate the diameter as behlmgdritical factor in determining the fit
in the barrel. This ring acts as a spring seal Wwidan expand or contract against the
barrel wall with a constant pressure fit. The isgghgainst the barrel occurs on the edge
of the piston ring, and seals against the sabetdmt the face of the piston ring and the

edge of the groove machined into the sabot as showigure 6-1.

. y Sealing with Sealing with
Piston Rings
5 - - Barrel sabot
[I . D . 7 N
L — ; / ,
N L L I:I \
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Figure 6-1. Recommended sabot design configurawth piston rings for better
pressure seal.

The second future recommendation for plate impestirtg is in regards to target
configuration. Wave propagation occurring duringlanar plate impact test can cause

complex wave reflections from free surfaces, edged, corners that may affect the area
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of the material to be investigated. Following therk by Bourne [4], Gray [5], and

Lassila [6], the use of radial momentum ring toptrde radial waves and prevent
reflection back into the center of the specimerukhde employed. Also, as described
by Gray [7] and Lassila [6], a cover plate can bkzed to retain a good surface finish of
the specimen in order to minimize material loss tutcalized surface heating effects.
A detailed configuration of the suggested setughiswn in the work of Vignjevic et al.

[8] which includes the cover plate, radial momenttings, and backing plates and is

shown here in Figure 6-2.

Projectile

[C= T

Backing Plates 4f Guard Rings —t—f

Figure 6-2 :Recommendation for a target configoratas suggested by Vignjevic et al.
[6] for eliminating radial reflections and ensuriad.D state of strain.

The third future recommendation regarding plateaotgesting is in regards to the
velocity measurement system. The current systalzest a set of culminated lasers
aimed perpendicular to the barrel just prior to téwget. The light from the lasers are
captured in a set of high speed photo detectordilvéa optic cables and voltages are
recorded using the oscilloscope. This systemss aked to trigger the oscilloscope and
stress gauge power supply.  Since the lasersnatmted directly to the barrel/target
fixture to ensure a perpendicular mounting configion, every experiment requires

realignment due to the vibrations caused by théurepdiscs bursting and impact of the
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target specimen. A better isolation system ofléisers should be looked into or another
velocity measurement method could be used. Onem@thod could include high speed
pressure transducers mounted at specified distadoes the length of the barrel,
measuring the pressure behind the projectile amgses the transducer. This type of
system would eliminate alignment procedures andldvoot be affected by vibrations

and could also be used to measure projectile aatigle.
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APPENDIX A

SINGLE STAGE LIGHT GASGUN

A.1l. Testing Procedure

The single stage light gas gun designed and huithe MMRL is a fairly simple
machine to operate, however requires several pagparsteps and delicate alignment
procedures which are essential in order to achaeecerate results. The steps required to

conduct a plate impact experiment using the sistglge gas gun are outlined here.

1. Install rupture discs. As described in Chagtethe gas gun utilizes two sets of
rupture discs to hold the pressure in the main ¢fesirand secondary chamber and are
used to launch the projectile. The pressure difféal created by bleeding pressure from
the secondary chamber is what causes the sequentiakage of the discs, allowing
pressure to be applied behind the projectile atichately launching it down the length of
the barrel. Several materials were consideredther rupture disc material, include
premade aluminum rupture discs, including thoseartad BS&B systems, however the
cost per disc outweighed the benefits of havingaiged discs, and the discs are not
stackable, meaning that the chamber pressures Vbeutdund to specific increments set
by the rupture discs available. The material Usedhe rupture discs in this gas gun are
made of thin sheets of polyester material, commambed as overhead projector
transparencies. Each disc is approximately 0.80thick and can be stacked together to

achieve higher rupture pressures. Initial testinghe discs led to a rupture pressure per
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sheet of approximately 100 psi, however at higheui pressures, bulging of the discs
occurs and decreases the breaking pressure catsligleiThis led to a range of breaking
pressure per disc of 70-100 psi, which accountdherbulging or any imperfections in
thickness or quality. Several trial runs have abto the use of an additional rupture
disc between the secondary and barrel sectionaahbre is no premature firing using
only the secondary chamber gas. When filling th&tesn to the secondary chamber
pressure, fill below the actual secondary chambesgure desired (approximately 15 psi
less). The bulge in the main disc caused by tbeease in pressure of the main chamber
will slightly increase the secondary chamber pressu

For example, if the main chamber pressure is tfillee to 1700 psi, the secondary
chamber should be filled to 850 psi for a differemt pressure of 850 psi, and a total of
14 discs are to be used between the main and sagocitambers (labeled Main Disc in
Figure 2-14), and 15 discs between the secondaaynbar and barrel section (labeled
Secondary Disc in Figure 2-14). The minimum ancimam breaking pressures of the

two sets of discs are shown in Table A- 1

Table A- 1. Break pressures for gas gun experirasimg 14 and 15 rupture discs in the
main and secondary chambers.

Chamber  Break Pressure per disc # of Discs  TowdlBPressure

. Min 70 Min 980
Main Max 100 14 Max 1400

Min 70 Min 1050
Secondary 100 15 Max 1500

As shown in Table A- 1, the difference in pressoeénveen the main and secondary

chamber of 850 psi is below the minimum breakingspure of both sets of rupture discs
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and the main chamber input pressure of 1700 wilebeugh to exceed and break the
discs once bleeding the secondary chamber prefsurang the gun.

The polyester rupture discs are prepared usindeapgwich to match the dimensions
of the bolt hole patter of the secondary chambeshasvn in Figure A-7. An example of

the rupture discs is shown in Figure A- 1.

Figure A- 1. a) Rupture disc with hole pattern ghwed b) rupture disc after an
experiment.

After selecting a desired input pressure, the mgptliscs should be placed between
the secondary chamber and barrel section, and bettihe main chamber and secondary

chamber, and all six bolts should be torqued tof#lif) as shown in Figure A- 2.
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Figure A- 2: a) Barrel connector, secondary chaméed main chamber separated for
installing rupture discs. b) Rupture discs insthi@d sections bolted back together.

2. Load the projectile (Step 1 of 2). The prdjeatisc travels down the barrel with
the help of a support carrier, called a sabot. 3J&isot is a sacrificial projectile which
supports the actual projectile disc in order topkeee disc from tumbling or tilting as it is
launched towards the target. The sabot desigrdenensions are shown in Figure 2-32.
When running a set of experiments, it is best tohime all sabots required for the test set
at the same time in order to achieve consistenedsions, and therefore predictable and
consistent velocities. The projectile/sabot packageds to be loaded down the barrel
prior to placing the target specimen in positidra do so, insert the sabot into the end of
the barrel. Use a lubricant oil or light greasetsas Vaseline to reduce friction and

provide a better seal.
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3. Mount the specimen. For planar plate impaatling tests, the target specimen is
made up of two flat circular discs which have bearface ground to ensure all surfaces
are planar. The two discs are used to sandwicimdmganin stress gauge. The discs are
bonded together using a two part epoxy and allowezlire for a minimum of 48 hours.
Prior to bonding the stress gauge, 6" leads ardesadl to the exposed copper stress
gauge tabs. These leads will connect to the gdsesr supply via a 30 coaxial cable.

The specimen is held in place by three 3/8"-16sbafft shown in Figure 2-33 and
Figure 2-34. The impact face of the target creatgacuum tight seal against the target
mount/vacuum chamber using a -231 O-ring. Theds baly need to be finger tight, as
using a wrench would break the bolts at the redaced section.

4. Prior to connecting the stress gauge leadshe terminals, a resistance
measurement of the gauge at the leads is needidr mMeasuring the gauge resistance,
utilize an adjustable potentiometer (referred totles "dummy gauge") to match the

gauge resistance. (should be approximate{y)50
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Figure A- 3: Simple in-house made dummy gauge nfiaahe three potentiometers wired
in series.

Connect this dummy gauge to the terminals and meabe resistance at the BNC
connector which directly attaches to the stresggaqower supply. This new resistance
(including the gauge, leads, and full length of BI¢C cable) will be used as the base
gauge resistance in the stress calculation. Thendugauge can now be excited using
the power supply, and the power supply can be bathnRefer to Dynasen manual for
balancing methods). After balancing the power sypgisconnect the dummy gauge,
and connect the actual stress gauge leads. Retliegauge resistance at the end of the
BNC cable to make sure the leads are not broken.

5. Laser Alignment. The laser alignment must hecked prior to experiments.
Previous experiments may have knocked the lasdr®foalignment, and adjustments
may be required to achieve the best signal fronptio detectors. Lateral adjustments

and tilt adjustments can be made using the adjudtswews on the laser blocks shown
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in Figure 2-26. The laser blocks also include lnmating lens if the laser beam needs
to be focused.

6. Ready the catch chamber. The clay catch bthimihe catch chamber should be
repacked with high density clay. Once repacketiteahe catch box so that the opening
of the box faces the opening of the chamber, panibwards the gas gun barrel. Ensure
that the support rods are fully fixed to the mouotsthe catch box. Close the catch
chamber door and secure all four latches. Sligecdich chamber towards the gas gun
and secure the catch chamber damper system orashgug frame using the side toggle

clamps. Refer to Figure A- 4 for a visual of thisp.
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Figure A- 4: Specimen catch chamber

7. Loading the projectile (Step 2 of 2) The gan pas two valves for controlling the
vacuum, labeled "Vacuum Valve 1" and "Vacuum Val/eshown in Figure A- 5 and
Figure A- 6. Both of these valves should be indlesed position (handle perpendicular
to flow direction) prior to starting the vacuum ppmTurn the vacuum pump on. Once
the vacuum pump is on, slowly open Vacuum Valvelhis will create a vacuum behind
the projectile, and pull the projectile down thedé of the barrel in the ready position. A

slight thud will occur which is the back of the actile bottoming out at the end of the
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barrel, and indicates that the projectile is in tloerect position. At this point, Vacuum

Valve 1 can be fully opened.

Vacuum Valve 1

Figure A- 5: Vacuum valve 1 used for step 2 ofliog the projectile.

8. Evacuate target chamber. Once vacuum valve flilly opened, slowly open
Vacuum Valve 2. This will evacuate the volume kestw the projectile and the target.
Allow sufficient time for a good vacuum to be drawBuring this time the chamber can
be patrtially filled and the diagnostics can be set.

9. Put on ear and eye protection from this panvérd.
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Vacuum Valve 2

Figure A- 6: Vacuum valve 2 used for evacuatirglthrrel and target fixture.

10. With the vacuum pump still running, the gas gan be filled to the secondary

chamber pressure. To do this, refer to Figure 21 Figure 2-13. All valves should be

in the initial position as listed here:

1.

2.

Gas cylinder valve- closed

Manifold tank valve 1, 2, and 3 - closed

. Regulator - closed

. Chamber fill valve - closed

. Control panel valve 1 - open

. Control panel valve 2 - closed
. Control panel valve 3 -closed

. Vacuum Valve 1 - open

. Vacuum Valve 2 - open
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To start the fill process, first open the valvetop of the gas cylinder. Second, open
the Tank 1 valve on the manifold. Third, set tlegulator to above the maximum
pressure to be used for the current test. Nowttietmanifold and tank is all set, move
over to the control panel. Turn the pressure gawgeto monitor the pressure in the
main and secondary chambers. Begin filing the nmand secondary chambers
simultaneously by gradually opening the Fill valvéou should see the pressure increase
equally for the main and secondary chambers. uRtill approximately 10-15 psi below
the desired secondary chamber pressure and stop.

11. At this point, the chamber is partially filledClose Vacuum Valve 2 first, and
then Vacuum Valve 1, and turn off the vacuum pump.

12. Set the diagnostics. With the oscilloscopk istthe run position, the signal
from the lasers/photo detectors should still bareicceptable level. Set the oscilloscope
to "READY". Turn the "Power For Trigger Channel @ynasen" switch to the "ON"
position (refer to Figure 2-23). This will provide6V signal sent from the oscilloscope
to the Dynasen power supply once the oscilloscepgggger to record. Hit the "RESET"
button on the Dynasen pulse power supply to reallye instruments are now ready to
record.

13. Back at the control panel, "Valve 1" can bhesetl. With "Valve 1" closed, the
"Fill Valve" can be gradually opened again to sipwbntinue to fill the main chamber to
the desired pressure level.

14. At this point all valves should be in the piosis as listed here:

1. Gas cylinder valve- open

2. Manifold tank valve 1, 2, and 3 - open
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. Regulator - open

4. Chamber fill valve - closed

ul

. Control panel valve 1 - closed

[o2]

. Control panel valve 2 - closed

\]

. Control panel valve 3 -closed
8. Vacuum Valve 1 - closed
9. Vacuum Valve 2 - closed

15. To fire the gas gun, open "Valve 2" to depnegs the secondary chamber.
Doing so will increase the pressure differentiab\ab the rupture pressure threshold
across the main disc, and subsequently acrosetioadary disc.

16. After firing the gas gun, and before checkiog the specimen and the
oscilloscope recording, close the gas cylinder eadwnd bleed the remaining pressure
from the lines by opening "Valve 3" and then opgnthe "Fill Valve". Once this is
done, all pressure is out of the system and itafe.s Close the Tank 1 valve on the
manifold, followed by turning off the regulator gt closing the "Fill Valve".

17. Data can be saved from the oscilloscope dyréxtan external flash drive. Since
there is such a large quantity of data pointss ibest to use the oscilloscopes "gating"
function when saving data. Always check that theadvas saved on the flash drive prior

to clearing out the data on the oscilloscope.
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A.2.

Final Checklist for Gas Gun Operation

Insert rupture discs

Check laser alignment and adjust as necessary

Load projectile in end of barrel

Check O-ring at end of vacuum chamber

Mount target on target holder

Measure resistance of stress gauge

Measure resistance of stress gauge with BNC cable

Using the dummy gauge resistor, set equal to sgy@sge resistance and balance

the pulse power supply

Attach stress gauge leads to connections outsicleuna chamber

Clamp catch chamber to gas gun frame damper system

Make sure clay in catch box is re-packed and atigmih barrel and connecting

rods are secure

Close catch chamber door and secure with the 4pdam

Check that the laser block bolts are tight

Check that the fiber optic cables are tight
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Double check the laser signals

Begin pumping vacuum behind projectile only to grtbjectile fully into barrel

Begin pumping vacuum in vacuum chamber

Triple check laser signals

While still pumping vacuum, begin to fill both maamd secondary chamber up to

secondary chamber pressure

Close vacuum valve in vacuum chamber

Close vacuum valve behind projectile

Turn off vacuum pump

Set oscilloscope to "single"

Turn power supply trigger switch "on"

Push power supply "reset" button

Ensure that the power supply "ready" light is on

Close equalization valve on pressure control panel

Continue to fill the main chamber only up to dedipgessure

Open the fire valve on the pressure control panel
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A.3. GasGun Mechanical Drawings

This appendix section contains all detailed drawiftg the design of the single

stage light gas gun in the MMRL facilities.
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Figure A- 10: Additional end cap made of heattedeD?2 tool steel. This additional end
plate is held on with 1"-8 nuts on the same bodisduto attach the threaded back plate
shown in Figure A- 9. This end cap reduces théedidn of the end plate which was
resulting in gas leakage from the NPT tapped predduline for the main chamber.
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valve.
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Figure A- 14: Connector between the secondary blearand the barrel section. Also
serves as the interface for the second set of rmtiscs. A tapped hole was added for
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Both ends are

threaded for mounting to the pressure chamber@nabunt target and vacuum chamber.
Inner barrel is 2" diameter and honed to a surfimigh of 8Ra. Overall length is 10ft.

Figure A- 16: Barrel section of gas gun mad of 3i#éinless steel.
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Figure A- 17: Vacuum chamber / Target fixture. isTmounts to the end of the barrel
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A.4. Frame Mechanical Drawings
This appendix section contains all detailed drawifog the design of the
supporting frame for the single stage light gas iguthe MMRL facilities.

The frame supporting the gas gun is made of 2"#¥lsquare tube welded
in sections. The main frames shown in Figure Aa@& Figure A- 28 are
bolted together, with a total length of 12 feet ammbrporate slotted mounts for
the sub frames which allow horizontal alignmenthaf entire gas gun
apparatus. Each sub frame incorporates vertiotesl mounts to allow vertical
adjustments. Adjustable feet were incorporatdtietorners of the chamber
and barrel main frames to provide stability. Alltloe frame components are
bolted together using 1"-8 bolts to support theghtof the gas gun apparatus
and provide rigidity to the connections duringrfgi
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Isometric view of main chamber fragsetion.

22:

Figure A
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Section A

Figure A- 23: Top view of pressure chamber maamie section
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Figure A- 24: Section A detailed view from Figuke23.
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Figure A- 25: Detailed view of four slotted memben top of pressure chamber main
frame section shown in Figure A- 22.
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Figure A- 26: Side View of pressure chamber meami section
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Figure A- 27: Front view of pressure chamber nieme.
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Isometric view of barrel main frame.

Figure A- 28:
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Figure A- 29: Top view of barrel main frame. SewctA is shown in Figure A- 24. Side
view and front view are the same as shown in Figurg6 and Figure A- 27.
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Figure A- 30: Isometric view of NPS 8 sub framMdount for main chamber portion of
pressure chamber.
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Figure A- 31: Top view of NPS 8 sub frame. Modot main chamber portion of
pressure chamber.
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Figure A- 32: Side view of NPS 8 sub frame. Motmt main chamber portion of
pressure chamber.
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Figure A- 33: Isometric view of NPS 5 sub fram&lount for secondary chamber
portion of pressure chamber.
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Figure A- 34: Top view of NPS 5 sub frame. Motmt secondary chamber portion of
pressure chamber.
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Figure A- 35: Side view of NPS 5 sub frame. Mofortsecondary chamber portion of
pressure chamber.
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Figure A- 36: Isometric view of barrel sub fran&p required.
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Figure A- 37: Top view of barrel sub frame.
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Figure A- 38: Side view of barrel sub frame.
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