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ABSTRACT

A strain-rate and stressstate dependent experimental characterization is conducted for the parameterization

of a triaxiality and lode angle parameter (LAP) dependent Genalized Incremental StressState Dependent

Damage Model (GISSMO) for ARMOX 500T (AX500) armour steel. 100+ mechanical tests have been
conducted which differentiate the effects of triaxiality, LAP, and straimate on instability and fracture strains.

Quasisthtic characterization tests have been conducted at 18 different stresgates abiding by previous

")y33-/ 1 EOCAOAOOOA AT A 134- OOAT AAOAO8 , AGEOEI 180 $ECEO
& stereo 3D configurations to acquire high resolutio full-field strain measurements. The stairpaths are

guantified in the fracture regions of all specimens, from which isitu equivalent plastic strains are derived.

A noveland low-cost Tensile Hopkinson bar has been designed and constructed for dynantbaracterization

of ductile metals at intermediateto high strain rates (500-1500 /s) . High strain rate mechanical tests coupled
with high-speed 2DDIC have been conducted to provide a strairate dependent GISSMO extension to the
model. Two Hopkinson bars(direct compression, splittension) have been used to provide lode angle
dependent strainrate hardening data on stressstates of axisymmetric compression and tension covering the
lode angle parameter values ofl and 1, respectively. In addition, two cyhdrical inclined compression-shear
specimens with varied angles have been impacted at high strain rate to quantify the effect of stredate on
the formation and evolution of Adiabatic Shear Bands (ASBs) and their consequential effect on ductility. This
innovative dynamic characterization procedure is conducted to stipulate diligent test matrices and enable
improved multiscale terminal ballistics simulations onnovel combat \ehicle development, with the purpose

to increase the predictability of shear pluging.

High strain rate axisymmetric compression, compressiorshear and tension specimens have been
investigated using a combination of optical (OM) and electron microscopy (SEM/TEM) to elucidate their
microstructural evolution. Ductile fracture is observed under all stressstates, with changes from mode | to
mode Il crack formation from positive to negative lode angles. Under axisymmetric dynamic tension,
enhanced damage tolerance in comparison to quasistatic loading is found attributed to increased digltion
pileups (work hardening) and subsequent ductile void growth responsible for enhanced plastic flow during
necking. Axisymmetric dynamic compression reveals a severe loss of global ductility and strengthening not
observed under quasistatic loading, wit continuous work hardening until premature fracture and localized
hardening in the ASB regions. Compressieshear specimens reveal higher susceptibility to ASB initiation
with increasing angle of inclination (shearstress) and corresponding ductility loss due to increased strain
localization along the plane of maximum shear. LastlASB multisite microcrack initiation and coalescence
multi -directional cracking, secondary ASBand bifurcation, nanosized grain refinenent, nanoscale twinning,
and dislocation cell networks arefound within triaxial ASB regions revealingthat AX500 has various energy

absorbing mechanisms to delay crack propagation and fracture after the onset of ASB initiation.
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1.0 Background & Introduction
1.1 Lightweight Armoured Vehicles

With rising population densities, oil and gas prices, migration rates and evegrowing natural
disasters due to the inescapable rise of global warmingand geopolitical conflict there is a
continuously growing burden on resourcedeading to major conflict zones acros the globe[1], [2].
Canadian military allies and their citizens require various forms of military aid for the foreseeable
future. In modern warfare environments such as Ukraine, major combat vehicle battles have
occurred, commanding the defence agaist armour piercing fin-stabilized discarding sabot
(APFSDSXinetic energy impactors [3]. Canada is uniquely positioned to provide military aid in
these present and potential conflict zones, with an emphasis omrovision of modern vehicles able
to defeat modern threats, aiding mass migrations, monitoring the arctic northwest passage,
facilitating search and rescueperations, and providing infrastructure and transportation services
for Canadian armed forcesfirst aid response teams, and civilianfl]. Canadian soldierand medics
must have the capability to move swiftly and safely throughout these conflict zoneshich drives
the need for vehiclesequipped with lightweight armour with high ballistic performance. This thesis
will focus on the metallic material characterization of a ceramic basedhulti-material armour

solution which provides protection against aTungsten (W)30mm APFSDSurrogate threat.

The armour baseline design shaltonsist of an ARMOX 5007AX500) steel backing platebonded to
ceramic tiles bonded to a carbon fiber reinforced cover. The mechanical performance and
contact/interaction mechanics between the layers of thearmour solution will have a profound
effect on its ballistic performance. It is therefore critical to develop ah understand the plastic
deformation mechanics, failure mechanisms, and fracture modes of the metallic backing plate. The
primary purpose of this thesis is to provide a mechanical and material characterization of the
metallic backing plate; with an emphais on high strain rate effects, stress statand strain-path
dependency, and underlying microstructural deformation and failure mechanisms, to enable

multiscale finite element analysis (FEA) simulations in L®YNA using the GISSMO.

Stress state dependentlamage modeling enables simulation driven desigpractices, facilitating an
engineering capability to increase thepredictability of ductile metal plasticity and fracture during
processing and service conditions Traditionally, metallic alloy engineering structures in the
aerospace, automotive, defence and energy industries are conservatively designed to mitigate

failure. Accurate prediction of their deformation and failure behavior enables performance
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optimization, structural light weighting, and a reducion of greenhouse gas emissionsand
manufacturing costs.While the effects of stressstate have been well characterized for many ductile
metals at quasistatic strain rates, the effects of stresstate on the mechanical behavior of materials
at dynamic strain rates has not been suitably investigated. At these high strain rates, a narrow
region of strain localization known as adiabatic shear localization or adiabatic shear band (ASB)
formation is the dominant mechanism of failure in compressive and shear stse-states. Stressstate
and strain-rate dependent effects on plasticity are critically important in dynamic deformation
applications such as automotive and aircraft structures, advanced manufacturing, turbomachinery,

spacecraft Whipple shields, and militay vehiclearmour.

Currently, there is a lack of a sophisticated predictive mukscale numerical modeling capability
based on empirical data for modern challenges such as impact resistant arardor medium caliber
threats. There is also a lack of rmexperimental calibration procedure for higher strain ratesin
fracture models such as GISSM@sually, insubstantial results at one stress state are extrapolated
to obtain fracture loci. In terminal ballistics, prediction of the shear plugging failuremode, which
occurs due to ASB formationremains elusive due to the lack of methodical high strain rate test

matrices.

Systematic studies of the effects of stresstate and strainrate on ASBs also remain largely
uninvestigated. With respect to AX500, no stressstate effects on ASBformation and its
consequential effects on ductility have been quantified for fracture models. Additionally,no
microstructural investigation of its behavior under high strain rate tension has been conducted
This can often be overlooked and is critical supplementargata for the development of empirical
fracture initiation and instability criteria , which can improve the accuracy of the model and its
prediction of the ensuing failure mode This is particularly critical in high strain rate ballistic
applications using high hardness ductile steels which are prone to stress state dependent
instabilities. This information offers insight into the macroscale plasticity behavior and
understanding the limitations of ARMOX 500T enables the future development of steels with
improved ballistic performance. Multiscale material characterization is therefore an important
procedure for researchers and designers interested in simulations which usa combination of
phenomenological/ micromechanical modeling approaches to increase accuracy and sophistication
of plasticity models. Rigorous experimental data and numerical modeling is required for this
endeavour, and the conducted research will focus on the experimental data devetoent for
AX500.



1.2 Engineering Applications

1.2.1.1 Terminal Ballistics
Ballistic impact is primarily dictated by impact and wave

Adhesive Iayer\‘
mechanics where plastic stress waves propagate at the

speed of the sound of thenaterial [4]. For this thesis, the

proposed ceramic basedcomposite armour solution can  JINTITE

be visualized in Figure 1.1 where the backing layer is the /

ale|d Bunjoeg
[e18\ anonQ

metallic armour plate. It is designed for an impact angle of
Ceramidiles

60 degreeswhich is a common impact angle for medium
. . o Figure 1.1: Ceramic basechulti-material
caliber threats and is expected to have a minium areal armour with ductile metal backing plate

density of 170 kg/ms.

The high impact velocities associated with the impact of APFSDS roundsarmour have ultra-high
kinetic energy resulting in the propagation of stress waves within the material. This leads to
exceptionally high loading rates in the order of 13-105 s throughout the event[4]. At these strain
rates, dislocations do not have the time to bow out or slip as they do in quasistatic regimes.
Consequentially, there is a strengthening effect due to decreased dislocation mobilitjrereby
changing the dominant microstructural deformation mechanisms as a function of strain ratfs].
There are also viscous and thermal inertia effects taking place which lead phonon drag and
adiabatic heating effects in the microstructure, respectively. These mechanisms depend on the
applied stress, the stressstate, and the microstructure of the material. Furthermore, the strain
rates may increase drastically throughout the impact process in localized regions of tlemour
thereby affecting the local material properties of the material. All these factors can ultimately
change the ensuing fracture propagation and failure mode of the metallic arrapo[4], [6], [7]. It is
therefore especially critical to account for stain-rate and stressstate indamage models for ballistic

simulations involving APFSDS kinetic energynpactors.



1.2.1.2 Advanced Manufacturing
Intermediate to high strain rates (1103 s!) have been known to occur during various

manufacturing processes including high speed machining, cold spray additive manufacturing,
explosive welding, and various forming processes such as forging and electrohydraulic formif&jz
[11]. The metal producion industry must therefore have the means to produce a weltandardized
and metallurgically characterized product with maximum production efficiency. Therefore, it is
important to understand all process parameters that affect the microstructure and devep
computational models to predict resulting material properties. Simultaneously, clients must
account for any predamage from the production process in their service life simulations. This

drove the development of theGISSMO ithe sheet metal formingand automotive industry [12]

It is highlighted by Guo et al[9] that the propagation of stress waves in bimetallic joints such as
those created by explosive welding is rarely characterized and can have a significant effecttbe
dynamic material strength due to the materials impedance mismatch. Rajani et 4ll1] also
highlight that that there is a material and process dependent critical impact energy at which
initiation of unwanted adiabatic strain localization will occur during the explosive cladding process.
Another bimetallic joining process is cold spray such as those used in muléiyer vehicle armour
bonding layers where stress waves are known to have dominant effects on failure modgg. In
addition, the velocity o particle impact during cold spray has been demonstrated to influence the
guality of the resulting coating[8]. The critical adhesion velocity for bonding to occur is dependent
on the strain-rate dependent dynamic strength of the material An emerging aplication of both

cold spray and explosive welding is in rocket engine combustof43]z[15].

Lastly, high strain characterization is critical in electrohydraulic forming (EHF) processeld0]. The
high strain rate characterization of oxygerfree eledronic copper for use in EHF simulations is vital
to the development of superconducting radiofrequency cavities. The cavities will be employed in
the future circular particle collider currently under development by CERN16][17], which will have

a 100TeV collision energy, a tenfold increase over the large Hadron collider

Figure12:32#8 O 1 AT O & Figure 1.3: Additively manufactured bimetallic copper
electrohydraulic forming at CERNL[7] nickel alloy rocket combustors developed by NASA| [



1.2.1.3 Crashworthiness
The GISSMO was primarily developed for

. . . . M uitra High Strength Steel
crashworthiness  simulations in the g
Very High Strength Steel

automotive industry in 2008 by Neukamm s suercn siee

W Mild Steel / Forming Grades

et al. [12][18]. In the industry, companies :;:::::m
continued to spend heavy budgets on
destructive crash testing and while damge
modeling was available, it was often not
robust enough to qualify thenew advanced
high strength steel (AHSS}tructures to the
required regulated standards. There were Figure 1.4: Typical metal alloys used iautomotive chassis

a few problems, the first of which was that automotive material standards are basegh ASTM, and
this dictates quasistatic regimes. There are currently no standards for dynamic or high strain rate
mechanical characterization of metallic materials, which; during crash, steel structures can reach

strain rates of 1-103s1,

Another problem was the lack of predictive capacity of nosproportional loading, which is the
change of the stress state of the structure throughout loading. The renowned Johnson and Cook (JC)
model and many of its extensions often could not predict ductility losses durginon-proportional
loading from uniaxial tension to plane strain or the loss of ductility under sheardominated stress
states. Another limitation was that during forming of the sheet metal parts making up the chassis
structure, the components build up micostructural damage in localized regions due to intense
plastic deformations resulting in cracks or presustained damage which could not be accounted for.
Some innovative work is being done in the development of Advanced and Ultra High Strength Steels
(AHSS/UHSS) with tailored properties in specific regions where high plastic strains are expected
during forming or crash. Novel steels such as tailored hot formed boron steels can be mechanically

characterized for GISSM@arameterization, and this is a currently a frontier of researcH19], [20].



1.2.1.4 Gas Turbinesind Air-breathing Propulsion

Figure 1.5: Turbojet Enging21]

The aerospace and energy industries are drastically shiftingards sustainable supply chains with

a focus on reducing emissions while optimizing power to weight ratio$21]. This is pushing the
boundaries of materials science and engineering with respect to high temperature phase stability of
the utilized materials, and simulation driven design optimization enabled by additive
manufacturing to maximize work output through minimization of thermodynamic losses.An
example is thedesign of geometrically complex injector assemblies, and intake/exhaust ducts and

manifolds to minimize fluid pressure losseg22].

In air breathing subsonic and hypersonic propulsion, the high strai rate characterization of jet
turbine engine materials is critical to the system. Specifically, blade loss, burst disk, and foreign
object damage scenarios such as bird strikes must be accounted for, and containment of the damage
must be demonstrated pria to flight qualification [23], [24]. Materials must have stressstate,
strain-rate, and temperature dependent models for accurate prediction of their behavior in these
conditions. This enables investigations into novel materialssuch as phase transformaon
strengthened superalloys, or hyperdimensional design of additively manufactured high entropy
alloys for critical components such as turbine blades, combustor domes, exhaust casings,

afterburners, and adjustable nozzle vanef25] z[33].



1.2.1.5 Hypervelocity Impact
Amongst antisatellite missile tests, spacecraft collisions,

and micrometeorites, there is an unsustainable increase o
orbital debris in low earth orbit (LEO). There is therefore a
requirement for micrometeorite and orbital debris

mitigation (MMOD). Small objects less than 1 cm that#F ;

can travel at relativistic speeds ofl-16 km/s in LEO[34]. At ff‘
velocities greater than 45 km/s, the speed of sound of &)
materials is less than the impact velocity. Tis induces the F;gL;rel.G: Whippl chields o the Columb
formation of shockwavesin the material, resulting in the science laboratory on the ISS [10].
superimposition of progressing and reflecting shock waves throughout the structurehaving
significant effects on dislocation mechanics through phonon dragffects [35], [36]. This type of
hypervelocity impact is mitigated with strategically located Whipple shields, such as those on the
international space station (ISS) shown ifFigure1.6. AAOEAOA EiI PAAO 111 AT O0OI
are on the order of 13-107 st [4]. Both front and back plates in Whipple shields require accurate
modeling to predict if penetration will occur, especially when human spaceflight is involved here

are also hygersonic weapons and threats which are reaching this velocity regime requiring the

need for military vehicles with suitable armour to mitigate these threat437].

With the new era of space exploration, human presence in space will increase and so will the
demand for low design margin solutions for MMOD. Impact risk analysis guides systems

engineering decisions for shielding locations, an example for the ISS can eersinFigure 1.7 [38].

—==" Notably, the risk of impact varies as a function of
orbital debris flux, and Figure 1.7 is at one instance of
true anomaly.Conclusively, here is arequirement for

the development of phenomenological hypervelocity

impact models for Defence and space applications

with adequate incorporation of inertial effects as a
Figure 1.7: Impact risk of the ISS byABA, at specif ) )
true anomaly 38] function of impact energy.
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1.3 Objectives and Outline of Thesis

1.3.1.1 Objectives
The primary objective of this research is to quantitatively capture the stress state and strain rate

dependent plasticity betavior and strain-path history during quasistatic and dynamic loading of
AX500using the full field measurement technique known as digital image correlation (2D/3EDIC).
This will enable the mechanical characterization oAX500to find plasticity parameters such asthe
empirical strain hardening, strain-rate hardening,and softening parameters and identify the stress
state dependent fracture and instability strains required for GISSMO parameterizatioAcquiring
statistically robust and accuratein-situ equivalent plastic instability and fracture strains under
strain-rate and stressstate effects using DIC is the primary objective of the researctPart of this
objective is to provide a uniquecontinuum mechanics basedlynamic characterization test matrix
with lode angle dependence, which is usually ignored at dynamic strain rates. This test matrix aims
to capture the effect of stressstate onadiabatic shear bands (ASBs) androvide parametrization

data from stressstrain and DIC sources using tensile and compressive Hopkinson bars.

The scondary objective of this researchconstitutes investigating the underlying deformation and
failure mechanisms with dependence on stresstate and strain rate. Specifically, systematic
microstructural investigations of AX500 under high strain rate compression and tension have not
been conducted. The mechanisms of deformation will differ depending on the strestate and
strain-rate and understanding these failure mechanisms will offer insight intahe performance and
limitations of AX500 with respect to terminal ballistics.Therefore, it is an objective of this research
to conduct high strain rate tests which differentiate the effects of stigs-state, strain-rate, and strain
on the microstructural evolution of the material. Based on macroscopic observations of the foree
time curves,it is an objectiveto conduct deepermicrostructural investigations with as received and

post-mortem electron microscopy.

Ultimately, the dynamic GISSMO characterization procedure, coupled with ulttagh-speed
imaging and multiscale microscopy techniques will offer insights into understanding the structure
property relationships between the microstructure and macroscale response of the materialThe

objective is to enable multiscale finite element simulations in L®YNA for the armoursolution.



1.3.1.2 Outline of Thesis
The Thesis is divided into6 sections which are summarized as follows:

1. Introduces the reader to the moivation behind the research. Provides insight into the cross
disciplinary nature of the materials scienceand characterizationresearch, and the multifaceted
approach of high strain rate characterization with a range of engineering applications.

2. A literature review of metallic armour in terminal ballistics, stress-state dependent damage
modeling, dynamic characterization and the fullfield measurement techniques employed.
of a tensile Hopkinson bar testing machine, a description of all the Hopkinson bar systems used
for dynamic characterization, and the methodologies employed for quasistatic, dynamic, and
microstructural material characterization for the multiscale GISSMO model data development.

4. Experimental analysis of the mechanical and microstructural as received condition of the
AX500 steel from SSAB, Sweden. Results, analysis, and discussion of the quasistatic
characterization for traditional phenomenological GISSMO model parameterization.

5. Results, analysis, and discussion of the dynamic characterization of AX500 for a stredite
dependent GISSMO extension. Results, analysis, and discussion of microstructural
characteristics of AX500to reveal the uncerlying deformation and failure mechanisms under
high strain rate tension, compression, and compressioishear stress states

6. Conclusions and outcomes of the research are summarized, and suggestions for future work are
offered to improve uponHopkinson bar design anddynamic calibration procedures for stress

state dependent damage models, while highlighting the shortcomings of the current work.
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2.0 Literature Review
2.1 Overview of Terminal Ballistics

This section provides an overview of the physics of kinetic energy penetrator (KEP) impacts on
metallic armour and on the mechanical metallurgy of metallic armour. Typically, KEP impact
velocities range from 10062000 m/s [4], [39]. In this regime, plasic stress waves propagate
through the material at the speed of sound of the material which igenerally above 4000 m/s in
metal alloys, resulting in greater stressvave propagation velocity than impact velocity. This
consequentially results in plastic defomation in the metallic armour ahead of the impactor,
resulting in microstructural changes in the material ahead of the impactor. These stress waves are
also transmitted and reflected at interfaces in multarmor systems and free ends in both multi
armor and monolithic systems. Furthermore, as mentioned previously in sectioh.2.1.1, the plastic
flow of the armour is a dynamic process meaning there are viscous andetimal inertia effects
taking place which result in severe strain localization, localized pressures, and localized high strain
rates and temperatures. Simultaneously, the nose shape, impact energy, angle of impact, arsitin

deformation of the impactor will affect the deformation and failure mechanisms of the armour.

2.1.1 Metallic Armour Failure Mechanisms

2.1.1.1 Ductile Hole Formation (DHF)
This is an efficient energy absorbing mechanism known to occur in ductile metallic armour, usually

OAOOI OET ¢ AOE.ln this Idéidrntao meetatistn, plastic deformation occurs with no
mass loss of the armour and volume is constant. Energy of the impact is absorbed as plastic
deformation of the material. The plastic flow direction is outward (rearward) ahead of the roud
due to the plastic waves, resulting in a rear bulge of the armour platd@his has the potential to
evolve into a failure mechanism known as petalling in the entry (frontward) point of the KEP which

occurs primarily due to tensile and tensileshear streses.

The resistance of the armor is primarily attributed to the inplane compression yield and ultimate
strengths, which is strainrate and temperature dependent. However, due to the nature of impact
mechanics, this is a dynamic process where adiabatic héay and viscous inertia will occur in
highly localized zones. Furthermore, the hydrostatic pressure and deviatoric stress components
will have a strong effect on the compressive strength of the material and its consequential plastic
behavior.  Ultimately, this is a desirable deformation mechanism with proven penetration

resistance and minimization of rearward fragmentation effects that could damage personnel in
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combat vehicles [4]. Figure 2.1 illustrates the failure mode for a pointed projectile revealing the

rear bulging and front petalling mechanisms.

Radial flow
- e

e .J, Y
No loss of
target material

Figure2.1: Ductile hole formation with constant volume. Rear bulging and front petalling mechanisms shown.

2.1.1.2 Shear Plugging
This is a failure mechanism occurring due to adiabatic shear banding of the armour plate. It absorbs

a reduced amaint of energy compared to DHF and usually occurs when impacted by blunted
projectiles as shown inFigure 2.2. Due to the propagation of plastic stress waves ahead tife
material, ASBs may form depending on the impact energy and the ability of the material to resist
ASB formation. Naturally, the blunted projectile creates a region of intense localized shear stress
and strain, resulting in a state of transverse shearingvhich are favourable conditions for shear
plugging to occur. Furthermore, ASB formation has been demonstrated to be strestate [40], [41]

and strain-rate dependent[42]. This means that the angle of impact and ensuing deformation of the
plate will have a strong effect on the resistance of the armour plate to this failure mode. The target
thickness and caliber of the projectile have a strong effect on this failure mechanism; as a reference,

usually a 1:1 ratio between the two results in shear plugginft].

r Cylindrical
field of
intense shear

Ejected plug

- >
D

Figure2.2: Shear plugging and formation of dangerous rearward ejected plugth intense evolution of shear localization
zones shown
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2.1.1.3 Spallation
Spalling is a typical failure mode which usually occurs during blast loading or explosive rounds. The

shock loading results in very high magnitudes of propagating plastic stress waves which result in
scabbing of the material in the free (rearward) end ofhe plate. The primary measure of armor
resistance to spalling is the strairrate dependent tensile fracture strength of the material. If the
tensile fracture strength is less than the magnitude of the superposition of the reflected tensile
wave from the rear end combined with the incoming of compression waves, spalling will occur. For
this reason, the thickness of the plate is very important and recreating these conditions of
superposition is important. Damage could also occur in the material under theseruditions without
failure which could affect the material properties of the armour affecting its performance against
other threats. There are specialized methods of recreating shock impact conditions such as laser

spall setup[43].

2.1.1.4 Brittle Failure Modes
There are various brittle failure modes in armour such as conoidal fracture, comminution,

fragmentation, and radial and circumferential cracking4]. They tend to occur in ceramic armour,
and sometimes in ultrahigh strength steels with relatively low toughness, which exhibit a ductile to
brittle transition at higher strain rates. ARMOX 500T is not known to exhibit these brittle modes
4EA ORAAAO EO OAEAOOAA OEA M, ivich Ovide A VelyAgootl £ | OF T
discussion on the metallugy and materials science of armour materials, their ballistic performance

and overall science of terminal ballistics.

2.1.2 Metallurgy of Armour Steels

By far, with respect to metallic alloys, steels demonstrate their superior areal density to other

metals [6]. With the interest of providing a practical comparison parameter for considering

different steel alloys, the traditional method is the calculation of the 34 ballistic limit. This value is

A T AAOGOOA T &£ AAI 1T EOOEA OA OEQ&okity At AvhickEpodt astéed@a®e x EEAE
will have a greater than 50% chance of penetration. In the literature, this is the most widespread

method to compare the performance of different steel armours. This value is dependent on the

thickness of the platethe geometry of the projectile, and the material properties.

There are processing and compositional effects on the structure and properties of armour steels.
From a metallurgical standpoint however, certain microstructural aspects have been demonstrated
to be required for an optimal performance of ballistic resistancg4], [44]. For example, mitigation

of the micro-segregation of alloying elements is required to not have an inhomogeneous
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microstructure such that localized regions in the armour change thproperties of the material and
compromise its performance. This tends to occur during manufacturing methods such as over
tempering martensite in certain steels such as ARMOX 500T, wherelatively low tempering
temperature can lead to the diffusion of allging elements resulting in reduced strength and

hardness with no toughness advantagpls] .

In addition to the above examples for adequate microstructures, it is also claimed thate equiaxed
grains are preferred to take advantage of thélall-Petchrelationship to increase material strength
[4]. Furthermore, it is claimed that it is preferable to have fine carbide dispersion strengthened
steels as opposed to coarse carbides / precipitates and carbides settling on grain boundarjés.
However, Boakye-Yiadom demonstratesthat coarse carbide structures with reduced distribution
density increases resistance to adiabatic shear banding in 4340 steels as opposed to fine carbides
with increased distribution density [46]. It is also wellknown that with increase in strength due to
the hall-petch relationship, there is also a decrease in toughnedsis emphasized that while micro
segregation and MnS stringers are detrimental to material properties and is to be avoided, fine
equiaxed grains and fine carbidalispersion strengthening are microstructural tailoring techniques
that have tradeoffs with other properties and caution should be taken with respect to desiring

these microstructuresfor specific steel armour applications.

2.1.2.1 Tempered Martensitic Steel
There have been significant developments in the steel industry since the standard rolled

homogenous armours (RHA) used in the early 20century, resulting in a variety of steels to
consider for armour applications. However, it has been demonstrated by various authors that for
practical purposes, the best performing steel armour plates with respect to ballistic resistance are

those with a tempered martensite microstructure[4], [7].

Martensite is a metastable (norequilibrium) phase with a body centered tetragonal (BCT) lattice
structure. It is formed when quenched from an annealed solid solution of face centered cubic (FCC)
austenite. During cooling of austenite from its solution temperatte, as the FCC coaols, it begins to
form body centered cubic (BCC) ferrite, and sometimes intermetallic cementite or a mix of both
depending on the carbon content. However, when a rapid cooling rate is imposed on this
transformation, the carbon diffusion process from FCC to BCC is suppressed, they get trapped in the
octahedral sites of the BCC structure, thereby stretching it into a supersaturated BCT structure via
diffusion-less transformation [42]. The supersaturation occurs since the FCC is able retaimore

carbon than the BCT structure, resulting in the formation of carbides. The size and distribution of
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these carbides are critical to the properties of the steel. Furthermore, defect analysis using electron
microscopy has established that the distortionsof the BCT crystal results in a high dislocation
density and consequential internal stresse$42]. This property of martensite makes it hard, shear
stress resistant, and brittle For this reason, martensite is often tempered to relieve the internal
stresses (dislocations) and add some toughness to the material at the expense of hardness and
strength. Tempering allows trapped carbon atoms in the BCT structure to diffuse out as energy in
the form of heat is added to the system, thereby changing the carbidgharacteristics of the
microstructure. Simultaneously, the tetragonality of the BCT structure is reducef#2]. If retained
austenite is present in the martensite, it may also transform to pearlite or cementite depending on
alloying and carbon content duing tempering. This microstructural tailoring of steels critically

affects their macroscale material properties and thereby their ballistic performance.

In tempered martensitic structures, there are some primary metallurgical factors affecting ballistic
performance [4]. The first and foremost is the alloying content and its effect on the hardenability of
the steel. Greater hardenability is required for thicker grades of steel plates for certain structural
applications, and therefore the same steel grademay have slight compositional changes to account
for this hardenability requirement. It is not desired to have a steel plate with reduced hardness in
the center of the plate, since this will affect its through thickness strength properties and
compromise the stiffness of the plate, thereby reducing its performance. Other important
considerations include the martensite start and finish temperatures and the levels of retained
austenite. Joet al. [47] demonstrated that improved ballistic performance can b obtained for a
tempered martensitic steel when a small level of retained austenite is added to the microstructure,
since transformation induced plasticity (TRIP) can serve as an effective energy absorbing

mechanism.

2.1.2.2 Hardness & Toughness
It is generally observed and accepted that higher hardness results in greater ballistic performance.

However, it is also demonstrated that beyond a certain level of hardness, ballistic performance is
compromised due to brittle failure modes. Hu and Le§7] performed ballistic tests on various
martensitic steels with a focus on a modified RHA (MRHA) steel. AerMet 100, and AISI 1045 and
4130 steel plates were also impacted for comparison with the MRHA. They highlight that the
American army research laboratory learned ovemmany years of research that when a certain
EAOAT AGO OEOAOEIT A EO OOODPAOGOAA € wuveg (2#Qh
compromised. Cimpoeru[44] highlights that beyond a certain hardness threshold, there ign

increased susceptibility to ASEs.
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Hardness is important due to its ability to deform and erode the projectile, decreasing its
penetration capacity and generally increasing ballistic performance. However, this must be
carefully balanced with toughness, which is usually inversely proportinal to hardness, and is also
critically important due to its ability to absorb the impact energy via plastic flow of the material. Hu
and lee highlight its importance in absorbing energy adjacent to the point of impact of the material,
as the stresswaves propagate ahead and to the side of the impactor. When hidtardness armour
steels become too hard, they begin to exhibit brittle cracking and failure modes such as those
observed in ceramics, especially at higher strain rates where many steels are revehk® have a
ductile to brittle transition mode [4], [7], [44]. Furthermore, due to their increased resistance to
deformation, harder steels have more increased stress and strain localization, resulting in increased
stress concentration factors and redudi C OEA | AOAOEAI 80 AAEI EOU O OAOI
more ductile steels have larger plastic zones in the vicinity of a notch or a crack and thereby exhibit

increased crack propagation resistance due to their higher fracture toughness.

Cimpoeeru [44] accentuatesthat there are strain-rate / impact velocity dependent failure modes
occurring in steels, affecting their ballistic performancelllustrated in Figure 2.3 it is revealed that
there is a hardness range where for a given plate thickness, the dominant failure mode is by ASBs
and when the hardness is decreased or increased beyond this range, thdlisic performance is

increased due to plastic flow (DHF) or projectile shattering, respectively.
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Figure 2.3: Armour plate failure modes and corresponding ballistic performance as a function of armour hardddgs
It is important to emphasize that a hardness measurement for material characterization is a
measure of its quasistatic yield stress. It is not measure of the dynamic yield stress, which may
differ under compression, tension, or shear stresstates. It is not an adequate measure of work

hardening, strainrate hardening, and plastic flow behaviour of the materigl44]. While hardness is
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an important parameter to quantify, it is an inadequate parameter yielding insufficient information

to quantify the ballistic performance of an armour material.

2.1.2.3 Dual Hardness Armour & Other Steel Grades
In modern steel metallurgy, materials science has enabled tHabrication of other grades of steel

such as roll or explosively bonded dual hardness armor (DHA). This steel consists of a monolithic
plate with a hard frontward facing steel metallurgically bonded to a tough rearward facing steel.
The high hardness erods and deforms the projectile while the back deforms plastically to resist
AOAAE DPOI PACAOEIT AT A AAOI OA AT AdOcus %@bi il OEOA
technique requires to clean metal oxides on the bonded surfaces prior to bondinghereby
producing a clean and wavy interface with fine grain size and maximized shear strength. This
technique therefore mitigates delamination failure modes from bending deformation of the plate
[4]. Another type of steel manufacturing method is electroslg refining which produces cleaner
steel with reduced sulfur content which increases ASB resistancd4], however it is expensive and
rare due to the success of continuous casting techniques. There are also super and flasitessed
bainitic steels which currently have impractical limitations but show plenty of potential for the next

generation of steel armouw with increased ballistic performance[47]z[52].

2.1.3 Characterization of ARMOX 500T

Various authors have performed stressstate and strainrate dependent calibration tests on AX500
for parameterization of different fracture models[53]z[57]. Igbal et al.[55] created a Johnson Cook
(JC) fracture model with strainrate and temperature dependence. In addition to quasistatic tests,
high strain rate tensile tests were conducted on axisymmetric specimens at 850 and 950 /s,
Sgnificant high strain-rate hardening of about 40% increasewas observed in comparison to
guasistatic tension. Simultaneously, a significant 50% ductility loss was observed at high strain
rates. This strainrate dependent strengthening and ductility loss has not been investigated in the
literature and a satisfying reason for its occurrence has not been provided. In contradiction to this
work, Nilsson created various fracture models and compared them for ARMOX 500T and ARMOX
600T and concluded that there was a low strain rate hardening or dtility effect at strain rates up
to 1000 /s on both steels[53]. Figure 2.4 illustrates the ductility loss of AX500 in comparison to

other armour steel materials for quasistatic to high strain rate tensiorn6] .
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Figure 2.4. Strain-rate dependent fracture strains in various armour steggj

Saleh et al]6] parametrized the JC model using high strainate compression tests up to 3000 /s
they quantified the effect of rolling texture with neutron diffraction, and a moderate strainrate
hardening effect was observed. Saxena et fif] conducted temperature dependent quasistatic and
high strain rate compression tests up to 3000 /s to determine the constitutive model parameters of
various phenomenological and physis-based fracture models. They observed a high strairate
hardening effect and temperature softening effect in the materialLastly, Poplawski et al.[54]
incorporate the first fracture model for AX500 with lode angle dependence, using a carefully
seleced series of quasistatic tests. They obtain a 3D fracture locus of AX500 with improved
AAAOOAAU 1T OAO DPOAOGEI OO AOOEIT 060 xEEAE AAT DOAAEA
pointed, and hemispherical projectiles

Jo et al[58] conduct high strain rate @mpression tests on AX500 with increasing strain levels at
3900 /s. They identified the formation of ASBs, which show severe strain localization before grain
refinement with increasing strain level at constant strainrate. They dso did SEMEBSD andTEM
analysis on ASBs tested by dynamic compression tests and ballistic tests, to identify the same
microstructure ASB regionsof specimens and armour platesTheyclaimed to identify grain growth,
severe grain rotation, anddistorted selected area diffraction patterns in the ASBwhich they
deemed asevidence for the occurrence of rotational dynamic recrystallization as the deformation
mechanism of the ASB. In another study, Jo et[dl], [52] demonstrate that a different steel based

on AX500 with retained austenite or bainite structure improves ballistic performance.
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2.2 Full-Field Measurement Techniques
2.2.1 Digital Image Correlation

Digital Image Correlation (DIC)is a non-contact optical measurement method which uses image
correlation and continuum mechanics toquantify full -field displacement, velocity, and strain fields

It is a well-known and quantitatively robust full-field techniqgue commonly used in quasistatic solid
mechanics[59], [60]. The image correlation is based on theixel greyscale intensity values and is
conducted on subsets of pixels within the image. To achieve good image correlation, a physical

randomized speckle pattern is placed on the surface of interestith adequate contrast.

Based on the location of the corlation peak obtained from the correlation from image to image,

displacement vectors can be obtained within the subset and then algorithms can be applied to
obtain strain fields defined by continuum mechanics formulations. The step size is the size within
the subset on which strain formulations are preformed to obtain the strain fields. For practical DIC

measurements, some common best practices should be followed/considere@].

Table2.1: Digital Image Corredtion best practices

Test Conditions Common practice Description
Speckles should have minimum 3|  Anything less could have inaccurate strains from
5 pixels within it image to image due to low spatial resolution
Subsets should have ~Speckles Must have random subsets which can be
within it differentiated from other subsets
. ) Good balance between noise reduction and spatial
All applications Step sizes should be 1/3 the _ - ) _
) resolution. Can modify slightly for highly localized
subset size

strain measurements or noisy data.

In other words, blurred > sharp speckles. This

Smooth spatial gradients in pixel ) ) ) ) )
improves subset interpolation. Avoid sharpening

grayscale intensity transitions

filters.
Selection between 2D or 3D Stereo measurements recommended even for flat
Curved surface _ _ _
strain measurements samples. However, in plane accuracy is decreased
profiles or expected Higher stereo angle improves out of plane accuracy

Stereo angle must be between 15

i at the cost ofin-plane accuracy
3D deformation 35 degrees

Ductile materials or Incremental or partitioned correlation as opposed
Large strains relative to subset | to relative to first correlation must be done (surface

high strain rate ) ) o
size expected will move out of subset completely, esulting in no

testing correlation to the reference image at time = 0)
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Full-field strain data enables characterization experiments to be compared to stress and strain
fields in finite element analysis (FEA) simulations. In addition to a secondary measurement ofial
engineering strain and strainrate, time dependent transverse strains, principal strains, and shear
strains are observable, enhancing the strain measuremenising DIC by obtaining the constitutive
full-field in-situ strain tensor. For example, intensile testing, this enables the observation of the
strain localization in the necking region which differs from the strain in the rest of the gauge section
after the onset of necking. One can also derive the time dependent equivalent plastic strain
including instability and fracture strains, and thestrain-path evolution under different stress-state
dependent testssuch as shear, sheatension, and biaxial tension tests ideal for GISSMO model
parametrization [19], [61]-[63].

It is less common in applicans of high strain rate due to the high frame rates required, resulting
in the requirement for expensive high speed camera setups. Considering the importance of
providing strain-rate dependent material property data for computational model development, iis
desirable to obtain fullfield strain information during Hopkinson bar tests. By directly observing
the specimen, it also avoids the problem of wave dispersion possibly affecting strain/strain rate
information, where the conditions in the incident bar $rain gauge location may differ from those at
the specimen.

Dunand and Mohr[64] use 2DDIC on flat tensile specimens to measure the axial fracture strains in
a TRIP steel for the parameterization of a physiesased mechanical threshold model. Owolabi etl.
[65]-[67] use 2DDIC on axisymmetric compression and torsion specimens to measure the strain
field evolution throughout loading. Strain localization can be observed and quantified in regions of
fracture initiation, and validation of the method with the Hopkinson bar strain gauge data is also
provided. They also observe a linear evolution of strain with time, implying a constant strairate
during Hopkinson bar tests. Pierron and Zh|68] offer a method to evaluate the stress fields in
compressive Hogkinson bar tests though fultfield observation exclusively, and no strain gauge data
required as in traditional Hopkinson bar tests. They derive the acceleration and strain fields from
DIC data to obtain the required information to conduct their virtual felds method. For 2BDIC
measurements of 3D axisymmetric specimens, it is highlighted by Vilamosa et[@9] that a valid
measurement can be obtained assuming isotropic plastic flow and axisymmetric deformation is

maintained throughout loading (crosssection remains circular after the onset of necking).
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2.2.2 Infrared Thermography

A typical assumption for infrared imaging is the grey body assumption, which assumes that the
emissivity is lower than that of a blackbody, yet constant with wavelength andhereby
temperature, resulting in an equivalent spectral density distribution with lower peak radiance. The
analysis by Schlosser demonstrates that for a material coated in matte black paittiis is a reliable
assumption that does not influence results fotemperatures up to 353 K[72]. In addition, assuming

a constant surface roughness and solid phase, authors have shown that objects with high emissivity

will have a negligible decrease of emissivity up to temperatures of 2000 KQ], [71].

A non-contact infrared detector such as a thermal camera will measure the spectral radiance
emitted by an object. A thermal camera uses specific detectors of specific material, which are
sensitive to a voltage change for a certain wavelength range. For ranges near room temperature to
high temperatures up to 1000 K, indium antimonide (InSb2) detectors are often employedhe
detectors consist of focal plane arrays, such that an array of InSb2 detectors are placed on the
cameras focal plane to capture the emitted radiation. For higbpeed imaging purposes, sub

windows can be used such that resolution is lost to increasd frame rate alike to optical cameras.

In addition to accounting for emissivity through the grey body assumption, Schlossdemonstrates

that to obtain adequate measurements, the camera focal plane must be at least 45 degrees or less to
the surface it ismeasuring. Otherwise, decreased radiance is captured which would severely affect
temperature measurements making them inaccurate Mollmann and Volmer [70] also show
AEOAAOQEIT T Al AAPAT AAT Au AT A OOPPT OO 3AEIT OOAOEO 0O
Due to the conversion of plastic wek to heat, it has been demonstrated that during high strain rate
deformation temperatures in localized regions canincrease significantly due to thermal inertia
[70]-[77]. This information can offer insights into the levels of localized adiabatic heatingor
example in strainrate dependent tensile tests, which can affect the plasticity behavior of the
material [79]. Furthermore, the temperatures reached can give indication as to whether
transformation, homologous, or recrystallization temperatures are rached, esulting in the
ongoing discussion of the cause and effect of AS&Bsder compression and shear stresstatesand
possible mechanisms of formation, deformation, propagation and ultimately failurgZ5]-[78]. While
some thermal camera data was acquigeduring the characterization of AX500, it was tangential to

the primary objectives and the data was not of sufficient quality to be presented.
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2.3 Stress State Dependant Fracture Characterization
2.3.1 Damage Evolution & Fracture Modeling in Ductile Metals

There is unequivocal evidence that the mechanical properties in ductile metals such as work
hardening rate, tensile strength and fracture strain is stress statalependent [80]-[93]. In
continuum mechanics, the Cauchy stress tensor is the method of definitige normal and shear
stress components in a materiato define amultiaxial (triaxial) stress state.Triaxiality is defined as
the ratio between the hydrostatic stress obtained from the first invariant of the Cauchy stress
tensor representing a volume chnge,to the equivalent stress obtained from the second invariant
of the deviatoric tensor representing a shape changeThe three equations below define the
triaxiality as per the continuum mechanics definition.
25 o
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Where "Ois the first invariant and,, is the hydrostatic stress and is a function of the normal stress
components of the Cauchy stress tensay. is the equivalent or von mises stress and is a function
of the principal stressesand is proportional to the second deviatoric stress invarianty . The
triaxiality —is simply the ratio of hydrostatic stress to equivalent stresBridgman derives the state
of triaxiality in a tensile specimen as a function of its geometriyn axisymmetric specimeng80]:

p . oL
5"39 (28)

- ¢l T3 (2.9)

Where r is the radius of the minimum cross section, R is the radius of the notdh,is the initial
value of r and- is the equivalent fracture strain. This formulation showed that a triaxiality of 1/3 is
achieved with an unnotched specenen for which'Y Hs correlating to a uniaxial stress state, and

that the triaxiality increased with decreasing notch radius, resulting in a decrease of fracture strain.
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An important precursor to the modeling work for quasistatic stress statedependent fracture
characterization is the damage evolution methodology developed by Johnson 1880 [86]. It is a
simple accumulation of damage methodology where damage accumulates linearly with the
increment of plastic strain, and reaches one; indicating failure, wimethe equivalent plastic strain is
equal to the fracture strain. It is shown in equatior2.10. This is the methodology used by Johnson
and Cook for their renowned fracture model, for which the formulation for the flow stress and
fracture strain is shown in equations 2.11 and 2.12, respectively. This formulation and modified
versions of it have been used extensively in stress state dependent fracture modeling of ductile

metals since 1985.

!

Q0 — (2.10)
. o 6- p 6a& p Y (2.11)
- 0O 0Q p Oa& p O7Y (212)

Where D is the damage accumulated defined & ; the increment in plastic strain at every
timestep, over the fracture strain. A, B, C, n and m are material constants representing the yield
stress, the strain hardening coefficient, strain rate coefficient, strain hardening exponent and
softening exponer, respectively.c is a dimensionless plastic strain rate parameter, defined as the
ratio of the equivalent strain rate to the reference strain rate;Y is the homologous temperature,
and O 'O are coefficients calibratedfrom experimental triaxiality vs plastic strain plots. The
model attempts to account for path dependency by accumulating damage throughout loadifay a
specific set of temperature and strain rate conditions. Upon the damage ratio reaching one, fracture

OCcurs.

Bao & Wierzbicki[87] observed that the fracture modes and ductility of metalswere different at
varied triaxiality. They decided to build a fracture locus for the entire range from negative
triaxiality under uniaxial compression to positive triaxiality in tension, to quantify ductility loss in
tension dominated loading. They performed quasistatic compressive, shear, shear tension, round
tension, and notched round tension testsThey observed that shear failure modes dominate in
compressive and low triaxiality tests, and ductilefailure due to void growth and coalescence
dominated the tension tests and high triaxiality range, resulting in a slope discontinuity of the

fracture locus at the transition point between failure modes at a triaxiality of 1/3 which represents
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uniaxial tension. Their work serves as a robust baseline for future mechanical testing for stress

state dependent calibration.

There was a discrepancy for tests which were under the same triaxiality and yet there was a
variation in fracture strain, this indicated that another stress state parameter would be required to
fully capture this behavior. Wierzbicki et al.[88] performed flat grooved plate tests and round bar
tests and incorporated thenormalized third deviatoric stress invariant (NTSDI) of the deviatoric
stress tensor (J3) as a stress state variable to predict the fracturestrain. Wierzbicki and Xue
developed a lode angle dependence parameter based on the NTDSI defined as a function of the

triaxiality [89], [90]. The formulation is shown in equdions 2.13and 2.14.
B p 7AT Q (2.2.13)

’ SX _ P oxiem (2.14)
C o

Where iis the lode angle paramete(LAP), —is the lode angle and is the NTDSI Ultimately, this
resulted in a formulation that effectively predicted fracture strains with the effect of lode angle
dependence, explaining the ductility loss under plane strain conditionsXue usedthe weighted
average values of triaxiality and_AP; taking the initial values and valuegust before fracture due to
their non proportional loading, to calibrate a fracture strairbased 3D fracture locugjuantifying the

differentiated effects ofboth triaxiality and lode angle parameter.

Wierzbicki et al. [88] performed the experimental calibration
and evaluation of seven fracture models including the Xue
Wierzbicki (XW) and the JCmodels. It is important to note
that most of these fracture models do not predict accurate
fracture strains in ductile metals in the entire triaxiality

range. This is due to the complexity of fracture mechanics,

and there is no universal theory of facture mechanics for all

Figure 2.5: Failure of axisymmetric . . . .
Con?pression specimen a|0¥]g the she, Materials due to the high number of variables which affect

planepredicted by MSS

metal plasticity. As such, some models might have very
practical applications in narrow regions of triaxiality, such as thdracture forming limit diagram
(FFLD) which is heavily used in sheet metal forming where there is a predominant biaxial stress
state or the maximum shear stress criterion (MSSwhich predicts shear failure very well This

criterion states that ductile fracture will occur on the planes of maximum sheartgess. A good
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example is the failure of axisymmetric compression tests, which fail along the 4fegree plane of

maximum shear stressillustrated in Figure 2.5.

Wierzbicki & Xue [B9] have highlighted that the MSS considers the second and third stress
invariants, but not the hydrostatic state. For this reason, a major drawback is that it cannot predict
fracture under axisymmetric loading conditions. Alternatively, the J@odel considers the first and
second stress invariants, but nbthe third invariant. For this reason, the JC fails to predict or explain
the loss of ductility under plane strain and fails to predict the change in failure mode from shear to
tensile stressstate. The XW model is the only model that considers all three stress invariants, and
the fracture locus is therefore defined in three dimensions, where the triaxiality considers the
hydrostatic and second stress invariants, and the lode angle parameternsiders the third stress
invariant. The conclusion is that although some models such as the MSS or the FFLD are very good
for narrow ranges of triaxiality tailored to very specific applications, no fracture model is truly
constitutive such that it can predct the ductility under any stress state except the XW which
incorporates all three invariants. This results in unmatched sophistication of the model which can

approximately predict fracture under any stress state.

Building on the work of Xue, Bai andWierzbicki [91] proceeded to develop a new fracture model

4EAU AEEEAOAA AEOIT I 80A6O0 x1T OE AU AAOGAITPET C Al
axisymmetric compression and tension states defined by the lode parameter extremes where both
experimentally calibrated, as opposed to Xue where it waassumed symmetric and extrapolated

from tensile tests to provide a symmetric fracture locuskigure 2.6 shows both fracture log.

Axial symmetry

Axial symmetry, tension ?ﬁ"

i s AxlanymmgwlémpresSm e
0 i S ) e Sl o5 0

05 -~ 05 —
- £ 0 . 05 namd

Figure 2.6: XueWierzbicki & BaiWierzbicki Fracture Loci
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An important outcome of this research was outlining the experimental procedures for calibration in
which the effects of triaxiality and lode angle parameter were differentiated. BgB2] showed the
effect of lode parameter dependence by conducting tests @xisymmetric round tensile specimens,
grooved flat plate specimens (tensile plane strain), and axisymmetric compression specimens to
cover the constant LAP values of 1, O and, respectively. The effect of triaxiality was then
guantified by doing notchel tests in axisymmetric round tensile and grooved plate tests and
varying the length to diameter ration in compression testsFigure 2.7 illustrates the LAP-triaxiality
plot with indication of the initial triaxiality and LAP in each experimental calibration test.Building
iT 80A60O x1 OEh OQliadaQianiaiefevolutioremethoddlogyas opposed to the linear
methodology of the JC mdel. This methodology attempts to empirically quantify the nonlinear

micromechanical evolutions throughout loading in practical continuum damage models.
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Figure 2.7: Triaxiality-LAP stress state map for Ba calibration tests

2.3.2 Stress State Evolution During Loading

417 OEA AOQOOET 08 O87]Evas thé Ardt QoA duantifyAtfie evolving stress state in
compressive and tensile specimens using a hybrid experimental numerical approach. Using
experimental medanical testing data, simulations are performed which use the geometrical state of
the specimen during loading to predict the triaxiality inside the specimen as a function of the plastic
strain or displacement. Bao showed that there was neproportional loading taking place in
standardized mechanical tests, including round smooth and notched tensile specimeifsgure 2.8

shows the evolution of stress triaxiality in smooh and notched round tensile tests.
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Bai & Wierzbicki[93] determine the evolution of stress state in a

| plane strain specimen They highlight that Bridgman showed that

o the range of stress triaxiality at the center of a plane strain
ﬁ ] specimen is equal to or greater than 1/3. They also derived their
] — Average siress wiaiality | own formulation to show that the lode angle parameter is always

2 5 4 5 & 1 zeroin a gane strain specimenBasaran[94] observed the same

Displacement (mm)

Figure2.8: Evolution of triaxiality in -~ results and extended the analysis for the lode angle parameter
flat tensile smooth and notched
for four notched plane strain and notched round tension
specimens and created FEA plots of the stress state and plastic strain contoursratfure. The plots
reinforce the work of Bai and Wierzbick Basaran also showed that the lode angle parameter is
constant throughout tensile plane strain and axisymmetric tensile loading at 0 and 1, respectively.
This proportional loading of the lode angé makes it preferable for stressstate dependent
calibration testing. In addition, Basaran analyzed the triaxialityand LAP evolution of Nakazima
specimens in hemispherical punch tests for biaxial tension. Basaranvealed that in equi-biaxial

tension spedmensthere is proportional loading with triaxiality of 2/3 & lode angle parameter of-1.

A closer look has been taken at the neproportional loading of smooth and notched flat tensile
specimens by various authorg87], [94] -[96]. Dunand observed that tle stress state and strain rate
at the specimen surface of a flat tensile specimen is different that that of the midplane, especially
after the post critical deformation (necking) phase.Dunand [95] states that triaxialities ranging
from uniaxial tension (1/3) to tensile plane strain (0.58) can be obtained with flat tension
specimens.Dunand observed that there is a strong gradient along the thickness direction of the
notched flat specimens with a central zone of strain localization where fracture occurs
unobservable to DIC surface measurementd his localized necking leads to out of plane stresses in
the center of the specimen, as opposed to the surface which deforms under plane stress conditions.
Throughout loading, Dunand observes that this increases thigiaxiality in the localized necking
region up to tensile plane strain resulting in low fracture strains due to the evolution of the stress

state into plane strain.

A topic which has been explored little in the literature is multistage deformation testswith
changes in the strain path. Bai emphasizes that fracture loci are currently calibrated using ron
proportional tests, and this is far from ideal[92]. Bai reviews the work of Johnson and Codig6]
who performed two step experiments of torsion followedby tension. They observed a peculiar
decrease of total damage in the specimens as the initial torsion damage increased. Bas§fah

emphasizes that such tests can be beneficial, since future work can build on this to create multi
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stage calibration experinents to maintain the stress state parameters constant at crack initiation,
which would aid in finding an adequate nodinear damage exponent, as currently the damage
exponent is approximated.

McDonald [6] conducted some noteworthy work on the stress state evolution in blast loading of
armor steel plates and incorporated a new formulation into the GISSMO damage model. McDonald
AAOGAT T PAA A TAx AAEETEOEIT 1 &£ AAI ACA functbdded
triaxiality and NTDSI. However, McDonald did not use weighted average stress state parameters,
instead a timedependent formulation which updates on every step of the simulation was employed
to quantify the strain path dependence. Furtherrore, McDonald quantified the average stress states
across the width of the plates under blast loading, and their evolution during impact to reveal

localized nonproportional loading preceding failure locations.

2.3.3 Generalized Incremental Stress State DepenagieDamage Model

2.3.3.1 Overview
GISSMO is an empirical stresstate dependent strainrbased continuum damage model which uses

tailorable parameters (damage, fading exponents) to match simulations to experiments. Instability
and fracture strains are obtained expdamentally as a function of stressstate to create stressstate
variable dependent failure and instability curves. It requires a hybrid experimentahumerical
approach to parameterize the model with a material model for a given ductile metal, and the

process is optimized for practical engineering purposes.

Neukamm et al[18] reviewed the Johnson and Cook (JC) model and the FFLD and highlighted their
shortcomings with regards to accurate numerical prediction during crash simulations in the
automotive industry. A large problem in the industry that was identified is the lack of egntification

of damage accumulated during sheet metal forming, that was important to the initial state of the
structural automotive frame during the crash simulation. Therefore, to close the gap between
forming and crash simulation,GISSMO was developefl?], [97]. They employed theJC fracture
model which is easy to calibrate and can predict the 2D fracture locus in the space of triaxiality
independent of the flow behavior. Furthermore they enabled theprediction of deformation during
forming simulation as well as crash simulation with consideration of the load path history during
forming. Basarandeveloped a fracture locus defined by three bounding curves for the lode angle
parameter values of-1, 0 and 1 representing axisymmetric compression and eqgiaxial tension,

generalized shear and plane strain, and axisymmetric tension, respectivelyhese bound curves
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define fracture strain as a function of triaxiality, and the lode angle influence is defined using a
quadratic function with 9 coefficients indicaed as D inFigure 2.9 (3 for each bound term).Notably,
upon meeting certain conditions, the fracture locus definition of previous literature is obtained.
Such as sypnmetry condition to obtain the XueWierzbicki locus and eliminating lode angle
influence to obtain the 2D JC definition of failureThe constitutive 3D Basaran fracture locus is
integrated with the GISSMO damage model, demonstrating the flexibility of th@ISSMO with

different types of constitutive material models.

Fracture strain

EE} = .Dll] + D.g exp(—D:[s'r;)

_ _ _ _ #
e, =Dy +D; exp(—D5 1)

Figure 2.9: Basaran fracture locus with three bound curves for triaxiality and a quadratic function quantifyihg lode angle

2.3.3.2 Nontlinear damage accumulation
Using tensile loadingas an example, ductile metals deform plastically by dislocation motion

followed by non-linear void growth as plastic strain increases, which influences the evolution of
microstructural damage in the mateial, affecting the flow stress behavior. br the development of
GISSMO, an empirical nonlinear damage accumulation methodology is important for predicting
non-proportional loading paths and accounting for norlinear microstructural evolution and this
was incorporated by Neukamm into the model. The incremental damage formulation can be
expressed as follows in equatior2.15, where if the damage exponent n = 1, the JC linear damage
accumulation formulation is obtained. This function is evaluated at every timstep during
simulation and uses the current plastic strain increment valugtriaxiality, lode parameter, and

damagefrom the previous step.

3
30 7O & (2.15)
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Where- —hs is the plastic fracture strain definition as a function of tth triaxiality and lode angle
parameter, D is the damage accumulated, and n is the damage exponent. Failure occurs when D
reaches unity. For crash simulations, and important note is that the initial D value is based on

damage that occurs during forming.

2.3.3.3 Instability criterion
The same nonlinear damage evolution formulation is used forrainstability criterion known as the

forming intensity parameter, which is a measure of instability at which stress relaxation takes over
work hardening, equation 2.16 shows this definition. For the formulation, the strain at which
localization begins to occur is used instead of the fracture strain. This is a difficult strain tbtain
experimentally. For practical applications, the strain at theultimate strength is usedknown as the

effective stress concept.

- -h (2.16)

2.3.3.4 Post critical deformation
When F reaches 1, this is interpreted as the instability criterion and damage will be coupled with

plasticity via the piecewise function shown in equation2.17. Stress is defined as a function of
damage and a critical damage parameter, where DCRIT is thenthge (D) value at which F=1. When
damage is greater than this value, damage is coupled with the flow stress and the stress relaxation
takes over defined by the fading exponent m which is found iteratively through simulation or using
LS OPT.Mesh regularization is incorporated into the model by definingthe fading exponent (m)as
a function of the mesh size to govern the rate of stress relaxation and therefore is related to the
energy dissipated by the material during the propagation of a crack.
” h O O

e o (p)—(()) F o o (2.17)
This methodology enables the prediction of postritical deformation behavior (e.g.,post-necking
deformation). It allows an adjustable predicton of the rate of stress relaxation to match
experiments under different stress states for full parametrization and enables the semimpirical
prediction of the energy absorption and dissipation of the material during the plastic deformation
process. TheGISSMO material damage model has since been successfully implemented into LS

DYNA for various metals and successfully used in engineering applicatidig, [19], [61]-[63].
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2.4 High Strain-Rate Characterization
2.4.1 The Hopkinson Bar

The Kolsky/Hopkinson bar; first developed by Herbert Kolsky in 1949, was developed to quantify
the compression stressstrain response of materials under high strairrates in the region of 16z104
/s [98]. It was inspired by the Hopkinson bar setup to measurg¢he force-time curves of stress
waves during ballistic impact developed by Bertram HopkinsonThe Hopkinson bar is prominent in
high strain rate characterization due to its ability to reproduce the conditions of stresswvave
propagation which occurs in hidh strain-rate applications such as terminal ballisticsln terminal
ballistics, plastic stress waves propagate in the armour plate which plastically deform the material
ahead of theprojectile, having effects on material response. These stressmves refled from free-
ends and partially transmit/reflect from interfaces due to wave mechanics, resulting in
superimposing plastic stresswaves in armour plates[4]. Due toinhibition of dislocation mobility,
the material strengthens with increasing strainrate.

Incident Bar Transmission Bar
S

& —— =

Specimen E— 8]’
[ o) e —

Figure 2.10: Schematic of a typical compression Hopkinson bar machine

To illustrate the Hopkinson bar setup, a schematic of the central section of a sgbpkinson
pressure bar is shownin Figure 2.10 [98]. Long incident and transmited bars are used to abide by
1D longitudinal wave propagation. The Hopkinson bar recreates the conditions of plastic stress
wave propagation in the specimen of interest, while using 1D wave mechanics principles to capture
the input and output conditions through elastic stresswaves propagating through the two bars.
The input strain/strain rates can be obtained using strain gauges on the incident bar which
captures the reflected pulse, and the stress history of the specimen can be obtained using strain
gauges on the transmitted bar to capture the transmitted pulse. Therefore, the Hopkinson bar is a

preferable machine for dynamic characterization of materials.

2.4.1.1 The Tensile Hopkinson Bar
Different designs of the Tensile Hopkinson Bar (THB) have been used foghistrain rate material

characterization since the first design of Harding et al. in the year 1960. The first THB designs from

the 20t century had certain limitations [98]. Primarily, the gas gun was coaxial with the incident
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bar to enable the hollow impator to be linearly actuated by the gas pressure and slide over the
incident bar in the direction opposite from the specimen location. The impactor could then create
the tensile wave pulse by hitting the flange on the end of the incident bar, which was Wiih the gas
gun. Different designs have been developed such as direct tensile bars, or modified compression
bars with a load transfer component to bypass the specimen and create the tensile pulse on the bar
on the other end of the specimerHowever, all three designs have limitations and are far from ideal.
The traditional design of Harding is difficult due to the necessity to provide a good seal. In addition,
there is no access to the impact flange, limiting access to pulse shaping experiments. The dibact
designs do not have incident bars, and therefordo not havewell-known input strain/strain -rate
conditions. They also usually involve prestressing of the bar, which is usually done with a bolting
mechanism which involves the fracturing of the bolt taelease the stress waveThe fractured bolt
becomesa flying projectile imposing a safety concern that must be addressed in designs. Lastly, the
load transfer design preloads the specimen in compression whichmay affect material response,
and the presene of the load transfer part introduces an axially offset impedance mismatch which is
undesirable for 1D wave propagation and introduces unwanted wave reflections to the system.
Gerlach ¢ al. [99] developed a novel THB design which overcomes dhese issues. It is a splht
Tensile Hopkinson bar with an axially offset gas gun and uses a pulling rod to move the hollow
impactor along brass railings. This design avoids the limitations previously discussed, enables
access to the impact flange for pulsghaping techniques, and features a long input pulse of 1 ms due

to the long Ushaped projectile used.

2.4.1.2 The Torsional Hopkinson Bar
Baker and Yew 98]; in 1966, were the first to adapt the Hopkinson bar for torsion. It used a

hydraulic clamp on the incidentbar with a torquing mechanism using a lathe chuck at the end of the
bar, and on the other side of the clamp on the other end of the bar was the torsion specimen. The
clamp must then be quickly released, allowing the elastic torsional stress wave to proptg
OEOI OCE OEA AAO AT A 1107 OEA OPAAEI AT 8 511 EEA
arrangement. Torsional bar designs primarily differ in their clamping, torquing, and quick release

mechanisms P8].

2.4.2 StressState and StrainRate Dependene

Generally, there has been very little study of the effect of stress state on the strength, ductility, and
overall flow stress behavior during high strain rate loading. As previously mentioned, typically,

fracture models are extended to account for stia rate dependence by doing multiple tests at
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different strain rates, at one stress state such as uniaxial tension or compression. From this, the rest
of the fracture locus is extrapolated from this one data poin{6], [55], [64], [100], [L01]. Even less
attention is paid to the effect on microstructural evolution, which is the ultimate factor that affects
the flow stress behavior.Meyers provides an indepth overview of the microstructural mechanisms

of deformation and failure under dynamic compression, skar, and tension independently 102]. It

is clear from the overview that the macroscale mechanical behavior is different under the different
stress states due to fundamental differences in microstructural evolution and variance in the

underlying deformation mechanisms under different stress states.

2.4.2.1 Compression and Compressi@iear Specimens
Axisymmetric compression cylinders are the most common specimens used for high strain rate

characterization using a split Hopkinson pressure bar. ASBs are the failureechanism in these
specimens, which occur in concentric rings on both impacted faces slightly offset from the specimen
edges. These two concentric rings are connected in a 3D hourglass shape along which the ASB
forms and the subsequent fracture path propagtes [46], [103]. However, various authors have
used different length to diameter (L/D) ratios on these specimens, which can have effects on the
malleability of the specimen and therefore affect the perceived material properties. In quasistatic
compression an L/D ratio of 2 is common §7]. In addition to minimizing friction to maintain
uniaxial compression conditions, it is highlighted by various authorsq], [98] that it is critical to
eliminate radial and tangential inertia effects in uniaxial compressio tests. Authors who have
diligently investigated ASB morphology and microstructure evolution usingransmission electron

microscopy have settled on specimenef size@9.5x10.5mmwith L/D ratio of 1.1 [104]-[107].

L.W Meyer et al[40] have demonstrated that by introducing an angle into traditional axisymmetric
uniaxial compression specimens, a shear/compression load ratiQ ( — is realized which changes

the stressstate of the specimen into a biaxial stress state. They demonstratieat with a higher
angle/_, there is a significant loss of ductility due to a greater susceptiliyi to form ASBs. It is
emphasized that these specimens are desired due to their ability to maintain a consistent stress
state in the area where the ASB formand failure occurs, making them very practical for damage
model parameterization. It is further noted that the biaxial compression specimens favor
characterization by ASB formation of the material, since it suppresses the influence of
microstructural inho mogeneities which are more prominent for failure initiation in uniaxial
compression specimensinclined cylindrical compression shear specimens are therefore favourable
for characterization of ASBs by the material properties of the materiaFigure 2.11 illustrates these

specimens and their effects on ductility as a function of.
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Figure2.11: LW Meyer'snclined compressiorshear specimens and ductility loss with increasing shear stress component

2.4.2.2 Top-Hat Specimens
Meyer and Manwaring [L08] developed an axisymmetric hatshaped specimen to study adiabatic

shear localization under a different stressstate than that of traditional cylindrical compression
specimens. This a stresstate where forced localized pure shear failure was imposed on the
specimen due to its geometrical design. Couquel(9] developed a modified version of the
axisymmetric hat specimen wich maintained a consistent hydrostatic pressure in the localized
region creating a consistent compressiwshear stressstate, whichwas deemedhydrodynamic hat
specimen. Pursche and LW Meyef 0] reveal that there is a linear correlation between the axia
strains of the cylindrical inclined compressionshear specimens and the shear strains of the
axisymmetric top-hat specimens. In addition, they highlight that both compression shear and top

hat specimens are important for characterization of ASBs.

2.4.2.3 Localized Shear Compression Specimens (SCS)
Rittel et al.[111] developed a shear compression specimen which favored failure by ASB, which

could be observed insitu. This specimen uses a geometrical design to force failure in ASB region, it
is important to note that this specimen exhibits a feedback effect, such that once failure by ASB
begins in the forced strain region, all strain is now localized in this region and promotes further
strain evolution in this region [75]. The ASB evolution is then dependent on ¢hgeometry of the
specimen as opposed to the material properties. This makes this specimen adequate fositu ASB

studies, however it is limited for characterization of ASBs in damage models.

2.4.2.4 Torsion Specimens
Chen and Song99] and Marchand and Duffy T5] provide a discussion on torsional specimens.

Unlike compression and compression shear specimens used in the compressive Hopkinson bar
systems, torsion specimens are more straightforward and only one type of design is really used.
The torsion specimen nust have a short thinwalled tubular section to maintain a consistent stress

state and strain evolution during loading, with Hex cap ends to secure it to the incident and
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transmitted bars. They are the most favorable specimens for the study of ASBs, sitiogy maintain
a pure shear stress state with no compressive stress component in the ASB region until fracture,

ensuring a mode Il adiabatic strain localization and subsequent crack propagation through the ASB.

2.4.2.5 StressState Dependent Characterization at gt StrainRate
Whittington et al. clearly portray the stress state dependence of the dynamic flow stressnder

tension, compression and torsion usingsplit compressive, and direct tension and torsion
Hopkinson bars [112]. In this work they calibrated a physicsbased micromechanical fracture
model for rolled homogenous armor (RHA) steeFigure 2.12 illustrates the stressstate dependent
plasticity of the RHA. Zhu et al4[1] evaluated the stress state dependence of Ti6Al4V at high strain
rate using split compression, tension, and torsion Hopkinson bar systems dacalized modified
shear compression / tension specimengnd the traditional thin-walled tubular torsion specimens.
They quantify the effect of both lode angle and triaxiality on ASB localization and credt@n
empirical computational model. They obtained full field strain measurements using high speed
cameras ad observed the evolution of adiabatic shear bands with dependence on the angle and
hence stress state. They found a strong dependence of stress state on the materials plasticity

parameters for model parameterization and initiation and evolution of adiabat shear bands.

Walters did strain rate dependent biaxial punch tests using a drop towesn an AHS$113]. Walter
concludes that there is an increase in ductility for negative lode angle parameters, and that both
punching and pure shear stress states aramportant to quantify for the purpose of developing
strain-based fracture criteria. It is noted by the author that this evolving stress state is commonly
found in sheet metal punching and ballistic impact conditionsWang et al.[114] performed high
strain rate triaxiality dependent plane strain shear tests using flatop-hat specimens. They
maintained a lode angle parameter of O for all tests, maintained a consistent triaxiality evolution up
until failure, and observed a consistent strain distribution thoughout most of the loading process.
They created a stress state dependent fracture model for Ti6AI4V, in which they identified a stress
state dependent transition in failure mode. In negative triaxiality they observed ductile trans
granular fracture which transitioned into brittle inter -granular cleavage fracture as the stress state

changed from compressive shear to tensile shear in positive triaxiality.

Herzig et al. [115] performed a dynamic characterization of GISSMO using uniaxial tension, uniaxial
compression and in plane shear, including compression shear states and tensishear states.
However, this was only done for intermediate strain rates up to about 100@s. This is a great

baseline for future work. Polyzois and Toussaint [116] performed dynamic fracture
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characterization of armor steel AlgoTuf 400F for GISSMO parameterization using dynamic
compression and torsion. They also used a series of notched round tension specimens for
guasistatic characterization. They obtained very accurate predictionsf blast loading failure in

armor plates. Edwards [L17] used cylindrical top-hat specimens on a split Hopkinson pressure bar

for dynamic characterization of Al2024-4 cu p 8 %WAxAOAOS x1 OE xAO 11 OEOAOQ,
predict shear plugging in armour &ilure modes, as it remains a gap in the literature. In this work,
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specimen relevant for GISSMO parameterization at higher strain rate. Specificallyistivas used for

an empirical based strain rate dependent instability criterion in the GISSMO. Edwards varied the

stress state of the top hat specimens under shear compression to shear stress states and observed

effects on the flow stress and fracture strais. Edward accentuates that lode angle dependent high

strain rate calibration tests are not conducted and would be beneficial for characterization of

metallic armour for numerical models.
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Figure2.12: Stressstate and strairrrate effect on plasticity and fracture

2.4.2.6 Strain Rate Effects on Plasticity
Various authors report strain-rate dependent hardening in ductile metals, with greater load bearing

capacity at higher strainrates [5], [42], [107]. It is generally accepted and demonstrated that
thermal and viscous inertia effects play a large role during high strain rate deformation. Couque
highlights that as strain rate increases, the viscous drag effect on dislocation motiorcreases, and
there is a threshold strain rate beyond which the strength of the material greatly increases. This is
attributed to the time dependent mechanics of dislocations; as an example, for reduced loading

times there is not enough time for dislocattn bowing to occur around precipitates.

Kumar et al. 18] reveal that there is a strong strainrate dependence of the onset of twinning
resulting in strain-rate dependent yield strength and work hardening in a high entropy alloy. Moon

et al. [L19] reveal that short range order microstructural obstacles play a larger role in high strain
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rate or low temperature deformation, influencing dislocation mechanics and thereby observed
macroscale hardening. Cao et al120] observed a strain rate dependent changenifailure mode
from ductile void growth to quasi-cleavage brittle fracture in high strain rate tension tests of a high
entropy alloy. McDonald[6] used a twastage strain hardening term which enabled the prediction
of viscous effects which occur at highestrain rates such as dislocation dragDunand and Mohr
found a peculiar decrease of the fracture strain in a TRIP steel at intermediate strain rates, followed
by an increase at higher strain rate$64]. Figure 2.4 from section 2.1.3also illustrates the fracture
strain dependence of various armour steels. Ting Wang et alLZ1] observe an increasing fracture
strain with increasing strain rate in uniaxial compression, wih typical strain-rate hardening

occurring in the material as expected due to the viscous inertia effectflustrated in Figure 2.12.

2.4.3 Adiabatic Shear Bands

Adiabatic Shear Bands (ASBs) have been observed during high strain rate deformation
environments such as those mentioned irsection 1.2. They are known to be narrav regions of
intense shear strain localization, which are precursors to cracking and fracture of the materidlo
this day, it is still unknown what the mechanism of formation of ASBs is, and it is a heavily debated
topic. Many authorsdefine the ASB as anarrow region of localized softeningwhich forms as an
inhomogeneous temperature distribution due to thermal inertia, andattribute ASBformation as a
thermomechanical instability defined as theovercoming of thermal softening over strainhardening
[102]. However, this is disputed by many authorswhich indicate that a microstructural mechanism
is responsible for the ASB deformation mechanism as opposed to a thermal softening mechanism.
In addition, authors propose different microstructural mechanisms for a variety of different

metallic materials.

Different metallographic techniques are used to study the formation and evolution of ASBs. The
transmission electron microscope (TEM) is dutifully employed to see the nanoscale mechanisms

which are important to quantify for a constitutive understanding of the phenomenon.

2.4.3.1 Macroscale Thermomechanical Characterization
Zener and Hollomon [22] highlight that there is a material dependent critical strain rate at which

point adiabatic shear bands will fem due to the transition of isothermal to adiabatic deformation.
They define this as an instability; analogous to tensile necking or compressive barreling, at high

strain rates where intense shear strains occur in a narrow region of the deformed material.
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Figure2.13: Stresdtime curve and temperature ris ratio. They characterize three distinct stages of
timing of an Adiabatic Shear Band’p] deformation. Stage 1 is ldmogenous strain distribution,
stage 2 is inhomogeneous strain localization, and stage 3 is adidic shear band formation. They
observeda drop in the flow stress during stage 3 andn associatedemperature rise of 863 K. Rittel
and Wang [/7] used Ti6Al4V and Magnesium AMNSO alloy shear-compression specimens with a
high-speed camera setup temporallycoupled with InSb infrared detectors. They used a dual
Cassegrain mirroras well andidentified a maximum temperature rises of 336 K and 445 K for AM
50 and TiAl64V, respectively. They demonstrate that the temperature rise in ABD was
approximately around the homologous temperature, while the temperature rise in Ti6Al4V was
about 23 % of the melting point, far from the homologous temperature. Using an identical setup,
Guo et al. T76] identify that the temperature rise associated with an ASB in commercigllpure grade
2 hexagonally closed packed (HCP) Titanium occurs after the formation of the ASB, and that the ASB
occurs after stress relaxation of the flow stress. They measured a temperature rise of less than 400
K with their method. Zhu, Guo et al.123] measured a temperature rise of about 368 K for Ti6Al4V,
also using a shear compression specimen, in addition, theyeasured a shear strain of up to 60% in
the ASB.Using flat top-hat specimens,Nie et al. L124] used a similar setup witha Telops M3K
infrar ed cameraand Xray phase contrast imaging (PCI) system, to find that the temperature rise
occurred before stress relaxation in the face centered cubic (FCC) Aluminum alloy®r AA6061T6
and AA7075T6, they observed a prolonged temperatureise of 770 Kand 720K, respectively. This

is higher than the homologous temperatures for both alloys.

Lastly, Goviazin et al[78] compared the use of infrared detectors with infrared thermography
techniques to estimate the Taylor Quinney coefficient. It is concludedhat for accurate
measurements of the differential TQ coefficient, detectors are more adequate due to their high
sampling rates. However, for temperature distribution in the specimen and highly localized

temperature rises such as ASBs, thermographic imamy is necessary.
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Digital image correlation and other insitu strain localization detection methods have been used to
measure the shear strains in ASB1], [65]-[67], [75], [114], [123], [124] on different specimens.
0OOEiI AOEI Uh - AOAE Al & usig ghid litied 1 dsiedt the $hdaOdfrdin is commonly
used using optical or Xray imaging techniques Shear strainsgreater than 60% have been observed
in highly localized regions with accompanying temperature rises, which usually occur after the
onset of the ASB. This hsitu strain measurement method is advantageous due to the ability to

identify the critical shear strain for the onset of the ASB.
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Figure 2.14: Full-field optical and infraredobservations of adiabatic shear band41],[78]

2.4.3.2 Microscale Microstructural Characterization (OM/SEM)
An indisputable observation of ASBss their high hardness, various authors have demonstrated that

ASBs are harder than the prémpact condition and the regions outside of the ASBegardless of
their crystal structure, stressstate, or temper condition @2],[58].[117], [125], [126]. Furthermore,
systematic microstructural evolution studies of ASBs have revealed that after the onset of white
etching bands and severe plastic deformation, cracks initiatelong the central path within the ASB
on the impact plane, and void coalescence occurs &#ag to fracture and fragmentation.Boakye
Yiadom performs systematic testing with increasing strain rates/strains to show that the ASBs
increase in hardness with increasing strairrate for 4340 steel specimens, regardless of their initial

microstructure [42].

Figure 2.15 shows the typical morphology of an ASB in a uniaxial compression specimen, as well as

an illustration of its complex hourglass shape under uniaxial compression accompanied by
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macroscale fracbgraphy [42], [107]. Woei-Shyan Lee illustrates very well and characterizesthe
complex hourglass shape and stresstate present in a traditional axisymmetric compression
specimen which leads to combination of shear, compressive and tensile stresses on fhene of
maximum shear where the ASB formsl03]. Boakye Yiadom [46] illustrates and demonstratesthat
upon the occurrence of plastic deformation, dislocations sources are activated, and they multiply,
resulting in dislocation cell formation within grains along lattice planes. It is illustrated that an
intersection of an activated dislocation source with the direction of maximum shear is the

necessary condition for the initiation of the ASBThis is illustrated in Figure 2.15.

Fractography has revealed that ASBs fracture surfaces may have random regions consisting of
highly smeared material, severely ductile elongated dimples, knobby morphology, and microvoid
patches [LO7],[127]. Generally, increasingly fine dimples indicate fracture areas which retain more
load and coarse dimples indicate areas with decreased load bearing capacitp]. The different
regions have been attributed to highly localized temperature risesand severely localized shear

strain with respect to observedseverely elongated and coarse dimplefd 27].

Direction of

maximum shear
Impact

direction i
Intersection of

O activated dislocation
source with the
direction of
maximum shear

Figure 2.15: Typical ASB cross section and fracture p§ti®7]. lllustration to visualize maximum shear plane and fracture
conditions[46].
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2.4.3.3 Nanoscale Microstructural Characterization (TEM)
Systematic and diligent constitutive studies of ASBs using pimpact and postmortem TEM

analysis are rare. Systematic TEM andaig is necessary to discern the ASB evolution mechanisms,
since SEM does not offer the required resolution to observe nanoscale effects where dislocation

mechanics, lattice interfaces, and carbide evolutions are revealed.

On steel alloys,it has been demastrated that the temper condition has significant effects on a
materials propensity to ASB formation. BoakyeYiadom [46] reveals that ASB initiation in 4340
steel specimens is dependent on the temper condition, which affects the size and distribution of
carbides. It is found that with increasing tempering temperature, the consequential increase of
carbide size and decrease of their distribution density results in greater ASB resistancé6]. Based

on observations of refinedequiaxedgrains and void coalesence leading to cracking along the ASB,
it has been suggested by various authors that dynamic recrystallization, dynamic recovery, or phase
transformation is responsible for the ASB mechanisiib8], [128]. in steels However, no irreputable
evidence for these mechanisms in steel structures has been showdg7]. For example, amidst a
high density of dislocations,Landau et al. propose DRX in the ASB of a titanium allo$2B].
However, some authors have disputed this theorydemonstrating OEAO OEA to8dhig®d Al T OE
density dislocation network and trans granular dislocation cell formation §#2], [104], [105], [129]

prior to the evolution of refined grains observed universally.

200 nm
EREEEEAST

Figure 2.16: Different mechanisms perceived by different authors for 4340 sfé2] and Ti alloys[128] from left to right.
Dislocation networks observed in both alloys indicated by dark regions.

Figure 2.16 shows typical refined grains and sukgrains with dislocation networks in a 4340 steel

specimen B2] and also shows dislocation networks in a titanium alloy128]. Between dislocation

40



multiplicati on and pileup and refined grains, this explainshigh hardness regions, andit is
highlighted that a high density of dislocations cannot coexist with a rise in temperature. This has
been demonstrated by Boakyeriadom in his work where 4340 steel was impa&d and
transformed ASBs formed where no cracks initiated, and post impact annealing heat treatment was
done. It was observed that as the heat treatment temperature increased, the microstructure of the
shear bands would start to have significant changes anstart to disappear. After post impact
annealing at 850 C, the ASBs disappeared completeli3D]. Edwards, Tiamiyu, BoakyeYiadom

[42], [107], [117] all provide A AAOAET AA | EOAOAOOOA OAOEAx i1

The absence of carbides has been observed in ASBs in steels. M.A Mey@49] [highlights that no
phase transformation is possible in 4340 steel specimens, primarily due to the lengthf ¢ime
required for this to occur. Further, no austenite is observed in the ASBs, rather carbide dissolution
is identified in the ASB regions with refined grains. Boaky&iadom [L05] supports this evidence
with TEM analysis, revealing with irreputable eviégnce that very refined residual carbide particles
are present in the ASB, and normally sized carbide particles outside of the ASB. Upon fiogtact
annealing, the carbides reappear in their larger configurationvithin the ASB[42]. PerezPrado et
al. [131] perform systematic stopping ring tests on tophat specimens to reveal thabnly dynamic
recovery and no dynamic recrystallizationoccurs in Ta and TaW alloys. They highlight that the
temperature rise is insufficient to reach the recrystallization temperatire. They propose a
mechanical driving force for the development of rotated refined grainswhich they named the

progressive subgrain misorientation (PriSM) model.

Authors have demonstrated that FCC alloys such as pure copper can develop dynamic recoeexy
dynamic recrystallization failure mechanisms [L32], [104]. BoakyeYiadom produces evidence for
this by performing increasing strain/strain-rate tests. With increasing strain levels,increasing
plastic strain formed an increasing density oflislocation cells and structures which disappeared
upon the appearance of recrystallized grains andeformation twinning . Notably, the deformation
twins were dislocation free as opposed to preimpact twins observed which had residual
dislocation structures [104]. Hines andVecchio [L32] demonstrate that there is no effect of the
temperature change on the microstructure of the ASB for pure copper. It must be noted that copper
is an FCC metal and does not have a ductile to brittle transition temperature. Pure copper is highly
conductive, and yet, when initating the test at a temperature of 77 K, the microstructure of the ASB
post-impact was the same as when impacted at room temperature. It &centuatedthat this kind

of evidence has not been observed in steel allojs04].
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2.4.4 Dynamic Tensile Fracture

Krauss, Wilsdorf discuss the ductile and brittle mechanisms observable on the fracture surfaces of
tempered martensite tensile specimens[133], [134]. Krauss quantifies the effects of carbon
content, carbide morphology,and tempering temperature on the ductility of axisymmetric tensile
specimens. Both authors separately discuss the void initiation sites and growth mechanisms
present and observable by SEM or TEM analysis. It is primarily discussed that second phase
particles or carbides are critical in the study 6 void initiation and growth. Anderson et al.[101]
analyzed the stress state evolution of strain rate dependent notched and unnotcheldial phase
steel flat tensile specimens They correlated nonproportional triaxiality effects with the
fractographic features of the specimens, identifying that as the initial triaxiality increasedhe void
growth rate and sizes increased as well resulting in lower fracture straind hey identified that the
voids nucleated at martensitic islands and their nucleation was ma prominent as deformation
progressed and in specimens with higher triaxialities, since the geometry of the specimen would
restrict deformation in the width direction. They concluded that the strain rate had no effect on the

failure mechanism.

Alternatively, Whittington reveals a ductile to brittle transition for RHA steel from quasistatic to
dynamic tension[112]. It is attributed to a greater void nucleation rate with reduced growth at high
strain-rate, indicated by the smaller voids with greater distritution density in high strain rate
specimens. Cao et al. also observe a ductile to brittle transition in a high entropy alloy, indicated by

the image below where transgranular quascleavage fracture is observedi120].

T,

4

Figure2.17: Round tension specimen fracture surface with central voids and dimples and shear lips along the radg)s [
and a rate-dependentuctile to brittle transition of a HEA120]
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3.0 Experimental Methods
3.1 Design and Construction offensile Hopkinson Bar

3.1.1.1 Mechanical Design
A unigue and practical Tensile Split Hopkinson Bar (TSHB)testing facility was exclusively designed

and constructed by the author to enable high strain ratetension experiments for damage model

DAOAI AOAOEUAOGET 18 4xi ¢6 &0 jp8ywoc Iiq 1TTC po ET j
T651 (7075-T6) alloy were employed as the incident and transmitted bardzigure 3.1 illustrates the

details and mechanical components of the facilitymages of the machineunder construction are

also provided in Figure 3.3. An offset gas gun arrangement was utilized to create the tensile force,

primarily to avoid any hermetic issues. In addition, thisarrangement is beneficial since there is

access to the impacflange, enabling ease of use for prpositioning a major strain limit and pulse

shaping techniques. The offset piston consists of the pneumatic 4ied cylinder gas gun powered

by a compressed nitrogen system, which converts compressatdtrogen into linear motion. The

OO0O0T EA 1 AT GCOE EO pooboEAEAMBOAD QEART &6 OER PE@DHE T 1 1 ¢
from the cylinder piston is threaded to a pushing cap, which transfers the load @hollow impactor.

4EA EI DAAOI O jp8xuv® AlT$A onskl o TOKEAEH A otde | AT OA
stock and is centerless grindedabout its circumference and flat grinded on the flat ends.The

centerless grinding enables precision circularity on the cylindrical face OD to the required shaft fit

class for a highspeed sleeve bearingShatft fit class selection for the OD on the impactor is critical

for adequate clearance to minimize friction and wear while maximizing velocity. e impactor

freely slides along bronzeOQilite sleevebearings mountedon$ ¢ OOAAT 11 01 6Oh xEOE n
over the incident bar.Bronze Oilite bearings are selected due to their capacity to minimize friction

and noise while maintaining high wear resistance.The clearance over the incident bar allows the

strain gauges wires to fit between the incident bar and impactor. The incident bar is supported

solely by the impact flange and a mounted linear sleeve bearing on the other end near the
specimen. Careful selection of the interference fit on the mowtftearing interface is dso crucial to

grip the bearing without elastically deforming it into an oval cross section, impeding the movement

of the impactor. A long impactor was crucial to the design to enable an input stress pulse36D * s

to reach fracture for lower strain rates and ductile materials.

The impactor strikes the 70754 ¢ Ei DPAAO &A1 AT CA xEOE ¢6 EI jom8y I
Al AT cA 1101 6AA 1 ETAAO AARAAOCEIT C j&-,"qQ 11 O01T0AA 11 $
long rod acting as a momentum trap, whiclis supported at the end by energy dampening material

43



and a momentum trap end block fixed to the aluminum extrusion. The flange is threaded by a 3A/B
fit class to the incident bar and as the flange slides along the FMLB, the elastic stress wave is created
in the incident bar. The higher thread fit class increases thread contact surface area, reducing
stresses and increasing wave propagation through the interface. The incident bar pulls on the
specimen, creating plastic stress waves in the specimen and the weais transmitted to the
transmitted bar which captures the stress history of the specimen. The incident and transmitted
bars use mounted linear sleeve bearings lined with FRELON bearings, which minimize friction and
noise for high-speed applications. Thes sleeve bearings are mounted on A36 steel mounts from

rectangular bar stock, which are manufactured to high tolerance to ensure alignment of the system.

This bar was designed for round tension; however, the two 70736 bars can easily be
interchanged with two bars for flat tension if desired in the future. The bars have flat bottomed
threaded holes at the specimen interfaces. Round tension was selected primarily due to its
axisymmetric nature which maintains the lode angle parameter consistent throughoubading at 1
making it preferable for stress state dependent calibratior{94]. Appendix B presents the safety
operations procedure for the machine, and the safety factor for the most vulnerable component
(gas gun mounts) using the highest theoretical load that could be applied to the system, which

would never be reached in practice.

Accumulator- A~ - . Velocity sensor

&= solenoid hose t (ohotodiod 4
S Cylinder axial rod and mount {photodiode) — N
e pushing cap
T a— Fast acting Pneumatic 3
solenoid valve cylinder (16"

stroke, 3" bore) N Impact flange on

flange mounted
Ball valve

linear ball bearing

Bronze oilite bearings
on D2 mounts

Hollow Impactor

~—

2y

Incident bar P

T Wheatstone
bridge circuit

Figure3.1: Tensile Hopkinsobar schematic
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3.1.1.2 Electrical Design
Two constantan alloy strain gauges have been mounted at the halfway point of both bars in an

orientation 180 degrees to each other. They werenstalled using a 3d printed PLA fixture and
adequate adhesive. Each set of two strain gauges on each individual bar is arranged in alwédfge
Wheatstone configuration. This electrical configuration is used to eliminate any measurement of
strain due to bending and provide solely 1D axial strains. The strain of the incident and transmitted
bars is acquired from voltage measurements using the factory calibrated gauge factor 0d2. The
Wheatstone bridge signals are amplifiecby a factor of 100and zeroed lefore entering the DAQ
system, whichis set ata sampling rate of 125 MHz for 25 MHz datacquisition frequency. Two
photodiode probes are mounted on a PLA fixture just before the impact flange, to serve as a velocity
measurement of the impactor once itas stopped accelerating from the pneumatic piston impulse
stroke. Given the known distance between the two probes and the time stamp of the measurement

when the impactor passes through it, the velocity is attained.

3.1.1.3 Summary
The numerical details of the barcan besummarized in table 1, includingthe strain gage locations,

length of incident pulse, material properties of the bar, and geometry of theystem. Figure 3.2
displaysthe geometry of the tensile specimenselected for this machine after a study on geometric
effects with 3mm gaugediameter (D), and 9mmgaugelength. This is a length to diameter raib of 3.
The length of thegrip section ensures bottoming in the threaded portions of the 7075T6 bars. The
end specifications of the specimen ensure that stress wave reflections are minimized by maximizing
bearing contact area and reducing itsurface roughness, while also ensuring alignment through the

parallelism callout. The specimen also has grips faightly threading the specimen.

Figure 3.2: High StrainRate Round Tensile Specimen
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Table3.1: Hopkinsonbar parameters

Bar/Impactor/Flange Material Al 7075-T651

E - Elastic Modulus (GPa) 71.70

p - Density (kg/m 3) 2810

v - Poisson ratio 0.33

K - Bulk Modulus (MPa) 70.30
Yield Strength (MPa) 500

Max impact velocity (m/s) 71.15

C- Elastic wave speed (m/s) 5002
Pulse length (us) 360

L - Length of Bars (mm) 1829

r z Radius of bars (mm) 12.70
Bars aspect ratio 72
Location of strain gauges L/2
Length of Impactor (mm) 900

Impactor cross section (mm) 44.45 OD x6.35WT

Impact Flange OD (mm) 50.8
Gas gun bore (mm) 76.2

Gas gun stroke length (mm) 406

ire3.3: Construction of the tensile Hopkinon bar
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3.2 StressState Dependent Quasistatic GISSMO Parameterization
3.2.1 Mechanical Testing Matrix

A total of 72 mechanical tests covering & different stress-states were conducted at a straimate of
0.6/min (0.01 /s) for parameterization of the GISSMQThis includes 18 ASTM E8 flat tensiotests
in 6 different orientations to acquire the plastic strain ratios(PSR)of ARMOX 500T on different
planes relative to the rolling direction.The details of the PSR testingre provided in section4.1.1.2
The other 17 specimens were designed and drafted accordingg ASTM or the GISSMO literature,

based onthe work of Wierzbicki et al. and Basarano differentiate the effects of LAP and triaxiality.

Three samples of each specimen are created for statistical robustnesgote that the statistical
significance (T tes) of all material property data of this thesis is reported in Appendix AWith
regards to the design of notch radii in specific specimens, equations can be used to determine the
initial triaxiality of the specimen based on its minimumcross-sectional radius or width and notch
radius. All flat notched tensile specimens maintain a minimum width to thickness ratiof 4 [135].
Equation 2.8 was presented earlier as the formulation for the triaxiality in axisymmetric round
tension specimens.Equation 3.1 is the equation for triaxiality for flat tension plane stress
specimens [L36], and equation3.2 is the triaxiality in tensile plane strain ecimens P3]. The LAP
is then found using equatiors 2.13 and 2.14Tensile plane strain specimens were drafted according
Ol "AOAOAT 60 EOAOAOQGEITO O1 EAAT OEAU ODPA ABderAl
plane strain with an adequate thickiess to ligamentratio of 12.5[94]. Shear and sheatension
specimens werecarefully selected as well to maintain consistent stresstates until fracture with
observable crack growth regions in the expected locationthat maintain the desired shear stress
[62], [137]. Axisymmetric compression and compressiorshear specimens were selected based on
the design of LWMeyer, the same specimens are used for dynamaharacterization, and they
provide a quasistatic reference.For compressionshear specimens, the etermination of initial

stress-state is described in sectior8.3.2

_ p ¢o
o6 o
P (31)
i1 —
(0] P C'Y
Vio o o)
_ Yo il 3.2
s P cllp (3.2)
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All guasistatic tests are conducted under displacement control at a constant stramate. All
specimens are acquired from a 30mm thick 500xX500mm ARMOX 500T plate from SSAB, Sweden.
All specimens except round tensile specimerare machined by electric discarge machining (EDM).
Round tension specimens are traditionally machinedby CNC lathe due to lack of access to rotary
EDM Asidefrom compression specimens, all specimens are acquired such that the tensile loading
direction is perpendicular to the rolling direction (in same direction as90-degree flat tensile
specimen). Flat tension specimens are acquired under all orientations specified under section
4.1.1.2 Compression and compressionshear specimens are loaded in the out of plane direction
relative to the plate. All crosshead speeds were determined based on the specimen gauge lengths,
information which is again acquired through thedamage modelliterature [19], [62], [137]. The
crosshead speed is simply the gauge length multiplied by the desired straiate of 0.0L /s. All
drafted specimensare shownin Figure 3.4, except compressionspecimens which aredefined later

in section 3.3.2 Additionally, a table summarizing their stressstate and test matrix with an
illustration of the stress-state map for the GISSM@arameterization is provided in Table 3.2 and

Figure 3.5. Lastly, Appendix C provides all specimen engineering drawings.

(a) Uniaxial Tension (b) Tensile Plane Strain

T T
(c) Axisymmetfric Tension (d) Shear-Tension (e) Pure Shear

Figure 3.4: Dimensions of quasstatic specimens
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Table3.2: Quasistatic test matrix

Figure 3.5: Triaxiality vs Lode Angle Parameter StreSsate map

. . L Initial Lode Angle| Crosshead Speed
Stress State Specimen Initial Triaxiality ¢) Parameter £) (mmis)
Flat Tensile 1/3 1 0.500
Hole Tensile 0.180
UniaxialFlat Tension - 13 1
Flat Tensile (R6) 0.43 0.67 0.120
Flat Tensile (R2) 0.52 0.31 0.040
Grooved flat plate 0.58 0 0.060
Grooved flat plate (R8] 0.160
Tensile Plane Strain P ( ] 0.65 0
Grooved flat plate (R4] 0.71 0 0.080
Grooved flat plate (R2] 0.84 0 0.040
Round Tensile 1/3 1 0.300
AxisymmetricRound Round Tensile (R12) 0.45 1 0.240
Tension Round Tensile (R6) 0.56 1 0.120
Round Tensile (R3) 0.74 1 0.060
Compression L/D = 1.] -1/3 -1 0.070
Axisymmetric Compression Compressiorshear =217 -0.84 0.064
CompressiorShearl0 -1/4 -0.73 0.064
Pure Shear Shear (Angle=0) 0 0 0.030
Shear (Angle=10 0.020
ShearTension (Ang ) [0, 173] [0, 1]
Shear(Angle=30) [0, 1/3] [0, 1] 0.020
e —(—) Curve ® Round Tensile Flat Tensile A Tensile Plane Strain
1.00 o O o
0.80
o
0.60
i \
s 0.40
é 0.20
14 .
& «4— Pure Shear A A A
! -0.8 -0. 0 0.2 0.4 6 0.8 1
<
L
@)
@)
-
-1.00
Axysym. Compressionj TRIAXIALITY)( = Biaxial
Tensinn
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3.2.2 Digital Image Correlation

To enable DIC, a speckle pattern is applied to all specimefaistoleum painters touch matte black
spray paintis applied as the dark backgroundand acrylic polyurethane white primer with airbrush
thinner is applied with an airbrush as the white specklgattern. The quality of all speckle patterns
is checked with a normalized 8bit histogram and image correlation peak checks during times of
severe deformation near fracture for all specimendgrigure 3.6 illustrates a typical chek from a hole
tension test presenting the subset sizeand histogram with a bimodal distribution revealing good
image contrast.All experiments use a sum of differences incremeat correlation algorithm. This
allows high strains relative to the subset size to be recorded, however the displacement errors are

also accumulated with each image.

Contrast Histogram

50 100 150 200 250

Figure 3.6: Typical subsetn a holetensile specimen and normalized histogram

For quasistatic testing,2D-DIC was conducted for all specimens except those with cylindrical
profiles (axisymmetric compression and tension tests)lt was ensured to align the camera 90
degrees to the surfae of interest to acquire adequate iplane accuracy.To obtain displacement

data, all tests are calibrated by scaling images given a known geometric measurement

A 100 kN rated MTS machine was used for all quasistatic tests. All tests were temporally

syncE 01 T EUAA xEOE , A6EOET 1 &lde 58n) camer® Gi2@i8xp04spiadt 1 ¢ Al
resolution. For specimens with small gauge sections, a Basler 150mm macro lens was used on the
camera to obtain a high spatial resolution. For stereo DIC, 2x Basler 50mm lesseere usedFigure

3.7 shows the setup on the MTS in preparation for a pure shear test. Axisymmetric compression

and tension tests were conducted with stereo 3IDIC. The stereo calibration is conducted with

, AGEOEIT 1 6 0 O daa ssbrcaibrdtiaohiolate, gviicp scales all images and computes the

stereo angle Table 3.3 summarizes the algorithm parameters used for all sets of experiments.
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Table 3.3: Digital Image Correlation algorithm parameters

Specimen Pixel size (Hm) Subset size (pixel) Step Size (pxel) Stereo Angle (deg)
Flat Tension 8.5 54 17 N/A
Flat Notched and
8.5 63 21 N/A
Hole Tension
Shear and Shear
35 105 25 N/A
Tension
Tensile Smooth and
notched Plane 8.1 117 39 N/A

Strain

Axisymmetric
Tension and 3.45 63 21 17.4

Compression

Figure37d, - 43 1 AAEET A AT A ,A6EOEI 180 $)# OAOOD
From DaVis software, virtual extensometer and strain gauge measurements can be extracted. The
details of the location of these measurements on a specimen basis are provided with the results in
chapter 4.0. They are selected based on the gauge length as per the literature, and strain gauge sizes
are kept consistent and within the severe localization and instability region where fracture
initiates. Using MATLABIjn-situ time dependent strain tensorfrom the measurements are imported
from which the principal strains and the equivalent plastic strain can be derivedrl'he following

continuum mechanics relations are employed to all datfL38].

E5P-

ro pr ot
CTdT T4 crere @3
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- - - - ] (3.4

.- - (3.5

Where — h—h—h— are the components of the 2D Cauchy strain tensor obtained from the full field

specimen surface measurement, and h are the surface principal strains. Furthermore, to
acquire the loadpath dependent equivalent plastic strains, the following formuldion is employed
[139]. Where the z strain is acquired with 2D-DIC using the constant volume assumption for

isotropic materials. For an isotropic material, it can also be assumed that - -

L T (3.6)

This enables the fulfield parametrization of the material for the GISSMO and enables a simplified
procedure for the computational calibration of the modelln addition, FEA fields can be compared
to the DIC fields and extrapolations from the surface cabe employed to acquire the equivalent
plastic failure strain at the nonvisible central fracture regions of the specimen mieplanes.Figure

3.8 shows all plane stress and plane strain specimens as received from EDM machining before and
after speckling, with a couple of examples as viewed through the LaVision cameaad below areall

flat tensile specimens before and after speckling, with 2 backuspecimens for each orientation.
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Figure 3.9: Quasistatic flat tensile specimens before and after speckling
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3.3 Strain-Rate Dependent Extensiomwith Lode Angle Dependence
3.3.1 Hopkinson Bar Systems

Four specimens are used in anovel lode angle dependent methodologyfor high-strain rate
characterization to provide an empirical strainrate dependent extension to material damage

models.It is designed to quantifythe effect of stressstate in terms of shear stress on the propensit

of the material to form ASBs.ldeally, three specimens should be usedo provide strain-rate

OOOAT COEATET ¢ AAOA | AT i POAOGED and 1, @é$peravelfAll threeOAT OET 1
maintain consistent lode angles up to fracture. However, th®rsional Hopkinson bar was under

construction during the writing of the thesis and therefore the data could not be added. The data

will be added to the final GISSMO model of ARMOX 500T.

In addition, two compressionshear specimens quantify the effect oftear stress on ASB formation.
It is developed by LW Meyer as described in sectioh4.2.1 The initial stress state in the angled
cylindrical specimensis quantified by a shear/compression load ratio; deemed_, determined by
stress transformation equations. This research further defines aunique empirical instability

criterion basedon the correspondence ofaxial elongationto equivalent strain at ASBinit iation.

3.3.1.1 Direct Impact Hopkinson Pressure Bar
The Direct Impact Hopkinson Pressure Bar (DIHB) consists of a nitrogen gas gun system which

provides the impulse energy. A 0.15m long 8 v Oheat t¥eated (55 HRC) 1.37 kg AISI 4140 steel
projectile is fired inside a barrel directly at the specimen which is mounted on the 4140 transmitted
bar. The projectile was annealed at 850 C for 2 hours followed by oil qguenching is chamfered at
the edges to avoid mushrooming and flat grinded and polished to attain a flahd smooth surface.
Molybdenum disulfide (MoS2) extreme pressure grease is used to reduce friction at the specimen
bar and specimenprojectile interfaces. A DIHB schematic is shown inFigure 3.10. The forcetime
history of the specimen is obtained via load cell calibration method4p] and the following true

stress-strain curves can be derived.

(3.9)

-0 0 : (3.10
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Where "00 is the force history of the specimen and is acquired via calibration of the entire signal

chain as per the aforementioned compressive calibration setug) hd are the initial and final

specimen lengths,0 is the crosssectional area of the specimn, and— is a linear time array

ranging from 0 to 1 whereo is the iterative time step starting at t0 ando is the final instant of

time. This normalizes the stress and strain to the linear deformation assumption.

Photodiode timing gates

Gas gun barrel T+ I3 Speumen Strain gauges Momentum
Trap

= AISI 4340 Transmitter bar b '.
LED Light : ‘%LED Light Wheatstone bridge

(6000Lux)

Compressed Nitrogen
cylinder system

{6000Lux)

High speed DIC Amplifier
camera (85 mm . - ~— w
macro lens) ~ omputer =
(DaVis) Digitizer

(LabVIEW)

Figure 3.10: Direct Impact Hopkinson Pressure Bar

3.3.1.2 Tensile Split Hopkinson Bar
Once built, traditional elastic wave equations can be applied to the incident and transmitted bar

strains obtained from the strain gauges.Assuming perfect 1D wave propagation (no wave
dispersion due to poisson ratio effects), and stress equilibriugthe bar strains can be translated
ET O OEA Ob Asthainirebpoidis® TOCs@ebOaquilibrium assumption is required for a
valid Hopkinson bar test in uniaxial tension, since if not met, the homogenous deformation
condition is not met, and stress in not distributed evenly in the specimen. Depending on the
specimen gauge length and shape of the incident pulse, it takes some time to reactesst
equilibrium. Equations 3.11-3.13 dictate the stress equilibrium condition:

0 (@)
© 50T T (3.12)
o {5‘_!0_ (3.12)
(0]
(313)
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Where , h, are the stresses at both ends of the specimen at the incident and transmitted bars,
respectively.® b are the crosssectional bar and specimen areas, E is the elastic modulus of the

bar material, and- b R are the incident,reflected,and transmitted bar strains respectively.

Usinga MATLAB script, strain gauge datasets are imported into the script araldigital Butterworth

filter is added to the pulseshaped data to eliminate the noise floor of the electrical signal. The
normalized cut-off frequency is determined byo — where’Q 2 is the cutoff frequency at a

given signal sampling ratéQ for bar radiusi and Poisson ratiov. This filter is applied to all incident
and transmitted signal data prior to any data redction or formulations. Sress-equilibrium is then
checked for every test. Once stress equilibrium is ensured, equati@il2 can be used to obtain the
specimen stress response (dwave analysis). Alternatively, equation3.11 can be used (2wave
analysis) or an average of both can be taken {&ave analysis). twave analysis is used in this
system and, is denoted the specimen engineering stress. Lastly, the following equations can be
employed to obtain the strain and strainrate from the reflected pulse

co
o (3.14)

-5 - Qo (3.15)

Where C is the elastic wave speed in the bar material, aid is the specimen gauge length. Given
the previously stated assumptions and assuming insignificant energy loss at all interfaces, the
above equations can be used to estimate the strain rate dependent strestsain response of the
specimen. Some wave dispesion will always be present in Hopkinson bar tests. In 1D wave
propagation theory, the wavelength of the elastic wave dictates its speed. A higher frequency elastic
stress wave will travel slower than a lower frequency wave98]. When the impact flange $
impacted, a spectrum of frequencies is present in the step function incident stress pulse.
Furthermore, as the elastic wave propagates through the bar, the bar cross section changes slightly
due to the poisson ratio effect, altering the local wave spedd that section due to its dependence
on the crosssectional area of the bar. When the higher frequency components propagate slower
behind the low frequency components, in combination with poisson ratio effects occur, wave
dispersion occurs. These are known as Pochhamme@hree oscillations, and they are observed in all

Hopkinson bar tests.
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Pulse shaping is a technique used to mitigate Pochhamm€hree oscillations by placing a
plastically deformable material on the impact lange (or impacted face on the incident bar under
compression) [98]. The material filters out the high frequency components of the stressave and
changes the incident pulse of the streswave. Often, it can serve the dual purpose of mitigating
wave dispersion and reducing the time to reach stresgquilibrium as it changes the rise profile of
the traditional step function incident pulse [98]. The reader is referred Vecchio and Jiangvho

discuss pulse shaping techniques in detdil40].
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Figure3.11: TensileSplit Hopkinson Bar

3.3.2 Dynamic Testing Matrix

In addition to the tensile specimen usedKigure 3.2), the other three specimens used arg@resented
as wellin Figure 3.12, with a graphical illustration of the stressstates inFigure 3.13. All specimens
indicate stress-states quantitatively and respective_6 @x8symmetric compression specimens have
dimensions @.35x7mm, such as to maintain a 1.1 L/D rati@like to the @9.5x10.5mm specimens
discussed in section2.4.2.1, which are preferable for microstructural characterization of ASBs.
- Ol OEAQEAI OPAAEI AT O EAOA ,13$ OAOET | AEmpoyindT A AOA
stress transformation equationsand assuming a biaxial stresstate [138], the principal stresses
and corresponding_ can be obtainedbased onthe angle of inclhation. Then,the initial triaxiality
and lode angle parameter can be quantified in both the uniaxial and multiaxial specimens per
equations 2.52.7 and 2.132.14 in section2.3.1 As per the work of LW Meyer, these specimens
maintain consistent stressstates in the maximum shearplanes making them preferable for

material characterization of ASBs.
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For high strain-rate, four repeats are conducted for all tests. 3@xisymmetric compression(C) tests
are conducted to acquire4 non-fracture strain-rates and4 fractured strain rates such as to acquire
strengthening stress data (no fracture) and fracture strain data. This is done because during the
creation of the fracture surface, work isdone, and energy is lost which is not captured by the
transmitted strain gauge and this is observable in the data with a significant loss of flow stress. For
high strain-rate tension (T), 16 tests are conducted. This is to providel fracture strain rates for
both strengthening andDIC strain data. It was found that the work lost to the fracture surface was
negligible in the data and no difference was found between fractured and ndractured tensile
tests. Lastly, 6 tests are conducted on compressioishear (CS) specimens @ at each angle)for

comparisonto axisymmetric compressionNote, the number on CS specimens indicates the angle.

Furthermore, 6 additional tests are performed on compressiorshear specimens three at each
angle) with increasing strain levels at a constant impact momentum. This is achieved using a
stopper ring of a specific high tolerance length to achieve a desired pdetermined strain. These

specimens are then used for postortem microstructural characterization and metallography.

L/D=1.1

/D=1

/D=1

/D=3

A= w0 - 951 L= 567 N
"2_ 02_ ’ ”2_ ’ “2_
n=-1/3 n=-2/7 n=-1/4 n=-1/3
7=-1 { = —0.84 {=-073 =1

Figure 3.12: Depictionof thehigh strain-rate specimensvith constitutive stressstate definitions

Table3.4: Dynamictest matrix (torsion outside scope of thesis)

Angle of Principal - Initial Lode Shear /
Specimen inclination Stresos Ratio Triaxiality () Angle Compression
(deg) @) y Parameter §) | Load Ratio ()
AX|symmet_r|c 0 b 13 1 0
Compression
Co;"hperzfzon 6 -9.51 -2I7 -0.84 0.10
Cosmhggersféon 10 -5.67 -1/4 0.73 0.17
Amsymmetnc 0 H 1/3 1 0
Tension
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Figure 3.13: Dynamic stresstate map(torsion outside scope of thegis

3.3.3 High-SpeedOptical Imaging

3.3.3.1 Optical Camera Setup
Figure 3.14 illustrates the LED light and camera setup arrangemenio optimize image quality, the

LED light produces13,000 lux and has a hemispherical dome coated with reflective material to
promote diffuse lighting conditions. The setup features a novel 3fprinted PLA light concentrator

to reflect and focus the LED light onto the specimen, illustrateas wellin Figure 3.14.

Figure 3.14: High-speed optical camera experimental set@gm TSHB3.14a: light concentrator.3.14b: Camera & LED.

The camera is a Phantom V1611 high speed camera and is attached to-mddnt 180mm macro

lens with a large, fixed aperturenumber f/2.4. This narrows the depth of focus while maximizing
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the amount of light passéd through the lens.This setup enables the LED light to be very close the

specimen and maximize the usage of itgght by directly focusing its beam to the light concentrator.

3.3.3.2 Digital Image Correlation
The camera frame rate is set at 100 kHz, constrainirthe spatial resolution to 384x256 pixels.For

all high strain-rate experimental setups with the macro lens the FOV at this resolution is
approximately ~24x16 mm. This frame rate enabled a temporal resolution of 1¢ s. Speckle sizes
were on average in tle range of 005 - 0.2 mm diameter. Given the FOV and spatial resolution, the

pixel size is about 0.06 mm (6C m).

Figure 3.15 shows speckledtensile and compressionrshear specimens before testingviewed

through the Phantom camerawith their subsets and typical correlation peak just before fracture.

Given good imagecontrast and image correlation, no image prgrocessing is required and

therefore not conducted8 ) i ACAO xAOA BT OO0 DPOT AAOOAA OET C , A6
sum of differencesincremental correlation method. If a relative to first correlation is conducted,

only noise peaks are observed-or the given FOV a subset size 021 was used witha step size of3.

Smaller subset sizes increase noise with no increase of accuracy, and larger sizes lose resoluion.

finer step size is implemented to increase resolution of straifocalization in the fracture regions,

larger step sizes provide identical homogenous strairesults, but reduced localization strains

Figure 3.15: Speckled tensile and compressishear specimengiewed through the highspeed cameravith respective
subsetsand correlation peak of the necking region of the tensile specimen
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3.4 Microstructural Characterization
3.4.1 Light Optical Microscopy (OM)

As received and posimpact non-fractured specimens were observed under an optical microscope
to observe and characterize thenitiation, mechanical properties,and evolution of adiabatic shear
bands in axisymmetric compression and compission-shear specimensAs-received gpecimens are
sectioned using waterjet cutting from the asreceived ARMOX plate, away from the flameut
edges.3 different asreceived specimens are observed to quantify any rolling texture and possible

microhardness differences on the three different planes.

To avoid inadvertent tempering, all

specimens were cold mounted using a
epoxy-hardener mix and prepared using

standard metallographic  procedures. |

Silicon carbide grinding papers of
400/600/800/1200 grit were used  Figyre3.16: Coldmountedpostimpact ground andpolished specimer
before fine polishing with 0.05 um and asreceivedsectioned specimen illustratio

alumina powder to obtain a flat and mirrorlike surface. All ARMOX 500T specimens were etched
with 2% Nital full immersion for 15 s, followed by ethanol and watercleaning, respectively.They
were then dried with a low-pressure air nozzle.The Zeiss Axielmager 2.0 optical microscope was
used to observe ASBasing 5x, 10x, 20x and 50xobjectives with differential interference contrast.
The Vickers microhardness tester was used with a 40x objective to perform standard
microhardness testing. 10 microhardness tests were conducted in all measured regions using 100
gf (0.98 N) and 15 s dwell time.Figure 3.16 shows the sectioning strategy for observing the

different planes, and theas-receivedpolished specimen with a mirror surface

3.4.2 Scanning Electron MicroscopySEM)

As-received specimens were observed with a fieleemission scanning electron microscope (FE
SEM)with a vacuum pump The same2% Nital etchedcold-mounted sectionedspecimens are used
and coated with pure platirum in an argon atmosphere to produce a clean, contaminant free
micrometer thin conductive surface coating. In addition, carbon tape is addetb ground the
specimen and ensure electrons have a conductive path ameitigate charging the specimen.The

sectioned specimens enable the observation of the microstructure before impacRrimarily,

61



secondary electron images are acquired to observe the morphology of the microstructued high

spatial resolution.

For fractographic imaging, fracture surfacesvere mounted directly into the SEM andgrounded
with carbon tape. Postmortem failure analysisunder quasistatic and high strain rate tensionwas
conducted Postmortem high strain-rate compressionand compression shear specimengere also

observedto elucidate the fracture surfaces of ASBs.

3.4.3 Transmission Electron Microscopy(TEM)

To access the nanostructureand atomic scale resolutionof materials, the transmission electron
microscope (TEM) is required. Like the SEM, the TEM depends on the wapagticle duality of
electrons. However, rather than depending on the backscatter or secondary electron emittance of
materials the SEM depends on, the TEM produces a beam of electrons which is transmitted through
the specimen. Therefore, in preparation for TEM, the spamen must be a thin lamella which is
transparent to electrons. This is accomplished by focused ion beam milling (FIB). For this thesis,
three impacted specimens using stop rings (described in sectidh3.2and discussedn chapter 5.6)

have been selected for FIB and TEM to discern the underlying mechanism of ASB formation.

3.4.3.1 Focused lon Beam Milling
Figure 3.18 shows the process of the FIB for one of the specimens. The FIB process uses a beam of

ions from a liquid metal source (gallium ions). The gallium metal heated onto a tungsten needle,
and through carefully controlled electric fields forms into a cusp at the tip of the needle. This cusp is
known as a Taylor cone and has a very small nanoscale tip, which in combination to the high
electric field density at this point can ionize and create fieldmaission of gallium ions. The ions are

then accelerated through magnetic fields and focused into a highly concentrated ion beam through
electrostatic lenses onto the specimerDue to this nanoscale accuracy of beam control and area, the
FIB process can seld the exact region of interest for TEM specimen preparation. This is critically

important in ASBs where theycan beas thin as 3 m.

Figure 3.18: FIB milling preparation of an ASB in an AX56pecimen for TEM
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3.4.3.2 Physics of TEM

The TEM consists of a voltage driven electron gun, such
|

that upon a carefully controlled voltage applied to it, Flectron gun
electrons are emitted by thermionic field emission into

a vacuum as Ba electromagnetically controllable

A

electron beam. The condenser lens and aperture

manipulate and configurate the power, size, and shap& gndensor aperture

of the beam (magnification level). The condenser

aperture focuses this beam onto the desired size andspecimen port Objective aperture

shape according to the specimen. When passing

Objective lens

through the specimen, the waveparticle duality nature

. <] Diffraction lens
. . . . Intermediate aperture <] .
of the electron captures information when interacting Htha Intermediate lens
. . . . (1] Proj I
with the atoms in the specimenAfter passing through  Binoculars DIqmp|| Projectorlenses
the specimen, aseries of electrostatic plates and
electromagnetic fields enables manipulation of the (] Fluorescent screer

beam configuration to acquire a variety of different

information from the material.

Image recording system

3.4.3.3 Imaging Contrast Mechanisms S
Upon interaction with the sample, electons may change Figure 3.19: Transmission Electron Microscope (TEI

their trajectories via diffraction (scattered) or will remain unaffected and maintain their initial path
(un-scattered). When the objective aperture is placed in the back focal plane of the objective lens,
only the un-scattered bright centrd beam electrons are passed through the aperture resulting in a
bright field (BF) image. Alternatively, if the objective aperture is disengaged and the selected area
aperture engaged behind the back focal plane of the objective lens, only the diffracted-srattered
electrons are passed through the aperture and a dark fiel@DF) image is obtained As observed in

section4.1.2.3and section5.6.3 bright and dark field images reveal different phenomena.

3.4.3.4 Selected Area DiffractioMode
The concentration and directionality of atomic planesin individual crystals are revealed using

selected areadiffraction (SADP) Attainable lattice planes for BCT are acquireds expected in as
received lamella Different orientations of different lath grains reveal different zone axes. Each dot
is a plane of atoms as various planes are present in a crystal lattice system. This is acquired by the
physical process of diffraction as atomic wavelengths interfere \th one another as the electrons

are passed and interact trough the atomic configuration in the ARMOX 500T specimen.
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4.0 Quasistatic Characterization

4.1 Asreceived ARMOX 500T
4.1.1 Mechanical Characterization

All ARMOX 500T (AX500) specimens for microstructural and mechanical characterization were
attained from 30mm thick 508x508mm plates of AX500 received from SSAB, Swede&3SAB
produces very clean steel free of MnS stringers and highly reduced levels of Phosfus and sulfur,
thereby eliminating possible failure modes experienced by unclean steels. SSAB is also in the
process of becoming the firstt00% green steel production plant, thus giving AX500 the potential to

be a green steel with no carbon footprint irthe future.

4.1.1.1 Metallurgy of ARMOX 500T
ARMOX 500T is exclusively produced by SSAB, Sweden and available in plates ranging from 3mm to

80mm thickness. It is a mediumcarbon (0.32 %) low-alloy hot rolled quenched and tempered
martensitic steel with very high strength and balanced toughness tailoregrimarily for armour
applications. The carbon amount isselected toavoid conditional embrittlement such as in high
carbon steels Thequench & temperingprocedure is unknown; however, it is carefully controlled
such as to avoid retained austenite andreate a pure tempered martensite microstructurewith a
selected balance of strength and toughnesH is alloyed in small percentages primarily by nickel,
manganese, molybdenum, silicon, and a small boron percentagBigure 4.1 illustrates the

fabrication process for AX500as received30mm plates,and chemical composition of the alloy.

Post-treatment of molten steel
/ LD converter (funace)

Culuus \ Torpedo cars A Vi
cast g L
=5 Blast fumaces . ‘_ LRy ’.-P”ﬂl s F
\ Slwfumaces W&B [ ¥ :
: S5 | - : :
35:2?5530“““ Eika -E" Coking plant A s 5 *—Z;-
‘Querching and o

\\g tempering

=~

032 0.4 12 0.010 0.003 1.0 18 0.7 0.005

Figure4.1: Process metallurgyl142], asreceived platesand chemical compositioof ARMOX 500[141]
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4.1.1.2 Flat Tension Plastic Strain Ratio
Flat tension tests were conducted on add kN MTS machine in accordance with thASTME517-19

standard. To determine the plastic strain ratio, 2DDIC was used to acquire direchigh resolution

surface axial (y) and width (x) measurementsTo acquire the thickness strain measurement, the
constant volume assumption can be used for any aterial undergoing plastic deformation. The
plastic strain ratio, or commonly known as the Rvalue, is then the width strain over the thickness

strain. Thus,the following formulation is used.

18 tests are conducted to quantify any rolling texture effects on material propertie3hree repeated
tests are conducted on each of 6 different orientations. 3 orientations @& tests are conducted on
top surfaces of the 30mm plate (surface Aor rolling-transverse RDTD plang. The other 3
orientations or 9 tests are conducted on side surfaces, ofaterjet cut out rectangular prisms taken
from the RDTD plane. The side specimens are on surface B or nornanalling plane (0), surface C or
the normal-transverse plane (90) or on a diagonal 48legree cutout. Figure 4.2 illustrates the
different orientations, the specimens acquired via EDM from the waterjet cut prismsand the
maximum principal strain field just before fracture initiation. To acquire good inplane accuracy,
the cameraoptical axis must be perpendicular to the surface of interest. This is achieved by aligning
the digital straight red line indicators on L6 EOET 1 8 0 O £#O0xAOA xEOE OEA
specimen, such that there is a maximuni-pixel deviation along the full gauge length of the

specimen.Calibration is done by scaling to the known width of the specimen.

ND

Figure 4.2: Different orientations for flat tensile specimensut-out specimensand principal strain field

65

CAI



To determine the Rvalue, measurements are taken beyond the yield point and before the ultimate
tensile strength is reached. Simultaneously, the hardening curves of the material are obtained
including the vyield, ultimate tensile strength, and elongation It was found that the side surfaces
provided very inconsistent stressstrain results for repeated test, and often the fracture locations
were not centrally located on the specimen. The results are therefore not presented. For the top
surfaces, the stressstrain curves and the measured Rralues are shown inFigure 4.3. Table 6 then
showsthe precision of the tests for the hardeningelongation, Rvalue data. Note that the statistical

significance of these tests, as well as all other data of this thesis is reported in Appendix A.

ARMOX 500T Flat Tension (ASTM E8) Plastic Strain Ratios - ARMOX 500T
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Figure4.3: Flat tension stresstrain & plastic strain ratio results
Table4.1: Precision and averages of all flat tension tests in three top directions
o : Ultimate .
D|(r$gg§)n Dataset Y|eI((jMSFt);e)ngth Strength Elo?(?ﬁ)z;tmn Rvalue
(MPa)
Test 1 1360 1866 12.37 0.873
90 Test 2 1210 1862 12.66 0.895
Test 3 1283 1867 12.08 0.845
Average SID 1284 61 1865 2 12.37 0.24 | 0.871 0.02
Test 1 1266 1898 10.99 0.910
45 Test 2 1228 1899 10.95 0.912
Test 3 1295 1899 10.77 0.774
Average SID 1263 27 1899 1 10.90 0.10 | 0.865 0.06
Test 1 1177 1773 11.55 0.846
0 Test 2 1151 1768 11.33 0.8%4
Test 3 1244 1841 11.29 0.8%
Average SID 1191 39 1794 33 11.39 0.11 | 0.868 0.02
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4.1.2 Microstructural Characterization

4.1.2.1 Microscale Structure
Specimens were cubut by water jetting and prepared for optical microscopy and microhardness

testing as per section3.4.L ARMOX 500T consist of a tempered martersite microstructure, as
described in detail in section2.1.2.1 During the growth of martensite from austenite, multiple laths
nucleate unidirectionally from a nuckation point, known as a packet. The lath grains have high
aspect ratio due to the BCT lattice elongation. Due to multiple nucleation sites, the packets meet to
form packet boundaries. Therefore, there aréoth lath boundaries and packet boundaries present
in the microstructure. Figure 4.4 displays micrographs under the optical and scanning electron
microscopes to reveal the microstructure.No differences in texture wae observed for the three
different planes. This reference microstructure is critical to understand prior to any postmortem

metallurgical failure analysis.

X HV WD mag - HFW det — 5 pm
A0 4 _10.00 kV9.9 mm 10 000 x 14.9 pm ETD @YorkUMicroscopy
Lad *. 4

Figure 4.4: Optical and scanning electron micrographs of-eeceived ARMOX 500T

4.1.2.2 Vickers Microhardness
No significant differences in microhardness were observed for the three different planes obtained

from the 30mm plates. Nordiscriminatory repeated tests (10x) were conducted on each surface
and the average was taken. The hardness values for the rollst@gnsverse (RT), normatrolling

(NR), and normaitransverse (NT)planes werev w @ v Y P& andu Y v wHV, respectively

4.1.2.3 Nanoscale Structure
Information on the nanoscale structure is acquired usinghe transmission electron microscope

(TEM) to acquire a reference prempact microstructure prior to any adiabatic shear localization.
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The TEMprovides evidence of the nanoscale structure of the material including lattice structure
and carbide composition, morphology, directionality, and distribution in the material. Individual
laths can beresolved,and their structure can be revealed down to atomic scale readion. Notably,

due to the small size of the TEM specimen, naturally a large portion of the specimen is one packet.

Figure 45 reveals Electron Energy Loss Spectros@y (EELS analysis conducted on intalath
carbides within the material. It is revealed that the carbides are composed of carbon and boron
with minimal iron. Carbides grow in the structure with tempering, a higher tempering temperature
will result in larger carbides which toughen the steel at the expense otrength and hardness
These carbides provide an explanation for the unique strength and toughness of AX500. There are
two different types of carbides which evolve in the microstructure: interlath and intalath carbides.
Both interlath and intralath carbides have consistent directionality within a respective packet.
Interlath carbides are in between two different lathson lath grain boundaries. Intralath carbides

are within laths and have a different orientatiors within a distinctive martensite packet.

Figure4.5: EELS elemental analysis revealing carbide composition

In Figure 4.6, lath grains can be observed which are shaded differently. Each lath grain is unique

with its own internal structure, dependent on the crystal growth during quenching and subsequent

tempering process In the tempering process,carbide diffusion and growth occurs along with

dislocation annihilation which toughens the material and alleviates internal residual stress,
respectivel. 3T 1 A 1 AOE COAET O Ai 1T OAET ET OOAI AOE somed OAEAAC
lath grains are dislocation rich and some are dislocation poorn addition, different stages of

carbide growth can be observedThe intralath carbides start to diffuse out from the saturated BCT

structure and begin as small acicular carbides, whiicthen grow into thicker platelet carbides. From

EELS, the intalath carbides are most likely boron carbides and are deemed®.
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Figure 4.6a: Inhomogeneity of lath grains..8b: Nanoscaléntralath and interlath carbide distribution and morphology4.6¢c:
Close up view of aacbide rich lath. 4.6d: dark field image of carbide rich lath

These B4C carbides along the lath grain boundaries can have significant effects on the damage
resistance and toughening mechanisms of the material under loading. It is a hard material along a
grain boundary which can have both positive and negative effects. For ewple, it could inhibit
dislocation motion through a grainacting as a strengthening mechanisprhowever, it could also be a
source of embrittlement and crack initiation. In Figure 4.7a, dislocation rich and dislocation poor
regions arehighlighted. Figure 4.7b presents a relatively larger scale ovenew of all regions.Dark
regions in bright field images indicate dislocation rich regions, due to the increased interatomic
spacing and voids present in those regions. Contrarily, white regions are dislocation poor regions
with more densely packed BCT laitte structure. Figure 4.7c presents a closer look at these regions,
where various dislocations can be clearly spatially resolvedrigure 4.7d reveals an interlath carbide

along a lath grain boundary, it is clearly visible that dislocations have accumulated on the upper
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side of the carbidematrix interface. Additionally, two colored dots indicate locations for selected

area diffraction patterns (SADP) which correlate to SADP imagésggure 4.7e andFigure 4.71.

Large
interlath
carbides

(B4C)

Dislocation
rich regions

Dislocation
poor region

BCT Matrix
BCT matrix

Dislocation
rich lath
grains
(residual
stress)

Dislocations

Boron
carbide
(B4C)

Figure4.7a: Interlath carbide orientation within packet along lath grain boundaries.?b: Locations forISADP. #c: BF image
revealing dislocation poor and rich lathg.7d: Interlath B4Ccarbide with dislocation rich boundary interface with BCT matrix.
4.7e: SADRf BCT attainable lattice structure on a zone ax&7f: SADHRrom a different zone axis of B&Eructure.
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