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ABSTRACT

This thesis presents the results from characterizafiohe failurebehaviour ofhot stamped
USIBOR® 1500-AS steelsheetwith tailored propertiesA phenomenological approach is used in
which failure strainis characterizeés a function of stress staaad ashot stamped conditign
based on the results of an extensive experimental campaign. A range of material quench
conditions are investigated stdting in a multitude of material microstructures.

Considering the framework for tailored hot stamping using in die heating to achieve different
material responsessix different material quench conditions were considered in this work,
ranging from fully martensitic (Vickers microhardness of 485HV) to a mixed febdmite
microstructure (185HV). Four of the material quench conditions investigated were produced
using laboratory equipment, while the remainder were obtained from tailored axial crush
comporents that were quenched with die temperatures of 400 antC700

Miniature shear,butterfly, hole expansion, hole tensile, and hemispherical dome tests were
developedfor fracture characterization of eft metaland digital image correlation (DIC)
techniques were used extensively in order to obtain fracture strainstraimd maths for the
different experimentsNotched tensile specimens weatso tested, however these specimens
were not usedor fracture characterizatiordue to their nomproportional loading paths and
indeterminate fracture locations.

Considering fracture straito be a function of stress statend assuming the material
investigated in this work to be isotropic and von Mises yielding,equivalent strain at fracture
andstress triaxiality of each experiment was determined from-m&asurednajor and minor
strains Fracture loci werghencalibrated for different material quencbnditions The validity

of the experimental fracture locus was probed using a number eproportional loading



experiments, in which specimens were initially-pteained in equbiaxial tension, before being
subjected to loading states of simple sh@anniaxial tension. Additionally, work was done to
adapt and apply the experimental fracture loci to impact simulations of hot stamped components
with tailored propertiegequiringdeve o p ment of f@Amodel .dependent fr

There was found to be an inverse relationship between material hardness and measured
fracture strain, with the fully martensitic material quench condition (485HV) possessing the
lowest ductility, while the greasé fracture strains were measured in the samples produced
through die quenching at 70C (185HV).For the range of material conditions considered, the
lowest fracture strains corresponded to a plane strain loading condition, whiladiiuee strains
measured irsimple sheawere considerably greatefhe material quench conditionsrdered in
increasing ductility are as follows (fracture strains for simple shear and @aaé tension
included in parentheses): fully martensitic5@. 0.15), intermediate forced air quench (0.68,
0.22), fully bainitic (0.90, 0.36), 408C die quench (1.01, 0.38), and 70D die quench (1.05,

0.44).
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1 INTRODUCTION

1.1 Motivation and Objective
As automotive manufacturers continue to develop more fumliexft vehicles, extensive

efforts have been undertaken to reduce vehicle mass through the develapdhapplicatiorof
lighter weight materials However, due to occupant safety requirements, automotive
manufacturers must produce lighter weight vehigl@bout sacrificing structural integrity and
crash worthiness. A means of providing superior occupant safety while simultaneously
decreasing chassis weight is through the use of materials with enhanced specific strength, such as
ultra-high strength steglUHSS). Boron steel sheets can be used to produce components with an
ultimate tensile strength of 1500 MPa through the Hot Forming Die Quenching (HFDQ) process
also known as hot stamping or press hardenifyis process entails pfeeating a blank to
temperatures in excess of the austenizing temperature in order to induce a phase transformation
from austenite to martensite during forming in a cooled die. A more recent advancement in the
HFDQ process features the use of dies with discrete, tempecatirelled sections, in order to
induce different cooling rates, thereby resulting in the formation of softer, more ductile phases
such as bainite or ferritan order to allow for additional deformation compared to a fully
martensitic part

In addition,as naterial modeling developments allow manufacturers to create increasingly
sophisticated computer simulations, there is growing attention being paid to how material failure
can be modeled with the goal of further improving simulation accutdogeling of méerial
failure is of particular interest when considering parts with tailored properties produced in the hot

stamping process, since the various microstructures present possess drastically disparate



ductility. Therefore, the principal objective of this \as to develop a failure model, which can
be applied to models featuring hot stamped parts and accurately predict fracture.
1.2 The Hot Stamping Process

First developed in Sweden as a method of manufacturing stamped components with fully
martensitic microstreture [1], hot stamping has recently risen to prominence as an innovative
manufacturing technique that can be used to reduce the mass of structural components.
Currently, the hot stamping process can be characterized asdatinedirect, where the direct
process involves heating a blank in a furnace above thenmiisy temperature anthen
guenching the part as it is formed, while the indirect process begins with a cold formed part
which is then heated and subsequently ghedcduring a calibration operation in order to
achieve the desired final geometiyieating of the blank results in increased ductility and
decreased flow stress, improving formabili®j. Steel grades usddr hot stampingnclude 22
MnB5, 27MnCrB5, and 37MnB4, with 22MnBfBeingthe most commonly used gradg&oron
steels are used since boron lafarge influence on hardenability and also suppresses the
transformation into softer microstructures, such as ferrite, due to pag&oip of boron carbide at
grain boundaries and boron segregafJn Manganese is a substitutional solid solution element
and is required for hardenability but has only a slight influence onquestching strengthn
thiswork, only the direct hot stamping process is considered.

The direct hot stamping process generally consists of heating the blank above the austenizing
temperaturedver 900°C) for at least 5 minutes. The austenized blanguiskly transferred
from the firnace to the forming press and is then stamped. A cooling rate in exces8Qis 27
will yield a diffusionless martensitic phase transformation beginning at@2sesulting in a

final part with strength in excess of 1500 [MP4].



1.2.1 Hot Stamping with Tailored Properties
While the hot stamping process was originalvisedas a material forming process that

could produce parts with outstanding strength, a more recent area of resedhehussesof hot
stamping to form parts it tailored microstructures. Some of the methods used to achieve
various microstructures in a single component include taitlded blanks, tool tempering, and
blank temjering. Tailorwelded blanks typically consist of two different materials, a -heat
treatable steel and a ndreattreatable steel, welded together to form a stamping blank for a
single part. During the HFDQ process, the Hesdtable section undergoes a phase
transformation, resulting in a martensitic microstructure, whilentieostructue of the non
heattreatable sectiois less affectedTooltempering utilizes dies designed to induce varying
cooling rates in order to yield different microstructures, such as through the use of temperature
controlled die sections. By heating or coolifferent sections of the diea,single partan be
created with softer or harder sectiopspviding control over thdocal mechanical properties of
the final part. Finally, blankemperingis a means of producing hot stamped components with
tailored preerties by controlling the temperature of different regions of a single blank. By only
heating certain regions of the blank in excess of the austenizing temperature, only these regions
will undergo a phase transformation to a fully martensitic microstreioiehen formed in a
cooled die, while the sections that were not heated to this temperature will retain the original
microstructure.

Since the strength and ductility of the final part depend on the cooling rate during the
guenching process, different nostructures can be achieved through the means des$cribe
above. In order to achiewecrash response with improved energy absorption, in comparison to a

fully martensitic hot stamped paeorgeet al [5] demonstrated thabrirol of die temperature



can beused to create parts that feature softer segtmmsisting of microstructures containing
bainite and ferrite
1.2.2 Modeling of Hot Stamped Material

Currently, various models have been developed to predetstressstrain respnse of
USIBOR® 1500AS, either as a function of cooling rg@& or as a function of microhardn€e§g.
Generally speaking, it has been considered adequate to model theststi@ssesponse of i
material usingisotropic constitutive model48], taking into consideration the effect of
microstructurg9]. However, work done to predict the failure response of this material has been
fairly limited thus far, with only a limited number of microstructures considered. In order to
improve modeling capabilitiesf hot stamped parts with tailored propertidds work aims to
develop a fracture model forSIBOR® 1500AS, which considers a range of tedal quench
conditions.

1.3 Failure Characterization

In addition to characterizing material plasticity, there are also benefits in being able to
accurately predict how a material ultimately fails. Numerous approaches for doing so exist, with
varying degreef physical basis. Specific physical and phenomenological approaches are
discussed in more detail in subsequent sections.

From a broader perspective, the main motivation for the characterization of failure for a
range of microstructures present in hot giathparts with tailored properties is to enhance the
accuracy of finite element simulationstbe crash response wéhicles that featurailoredhot
stamped components. As a result of the tailored hot stamping process, parts are produced which

feature nicrostructures that possess disparate levels of ductility. In order to confidently develop



and optimize the impact behaviour of new hot stamped components with tailored properties,
failure must be accurately characterized.
1.3.1 Failure of (Ultra high strength) Steels

The current literature on the topic of failure of ulligh strength steels is rather limited.
Eller et al [9] have looked at failure of IBOR® 1500-AS for the purpose of calibrating failure
model to be used in automnge crash simulationsTheirwork looked at characterizing material
failure as a function of stress state for thneaterial conditions (quenatd in cooled tooling
slow cooled inheated tooling, and asceived) usindive different experiments to varyress
state Similar work looking at the influence of microhardness on equivalent failure strain for two
notched tensile specimens has been compleye®stlund [10]. This work investigated four
conditions of material that wembtained through quenching temperaturecontrolled tooling.
These material conditions included the following compositigsfully martensitic; (i) 97%
lower bainite;with a small amount of austié® and martensite(jiii) 75% upper bainite with a
mixture of irregular ferrite, martensit lower bainite, and austenitand (iv) 95% irregular
ferrite with small amounts of upper bainite, martensite, austenite, and polygonal ferrite.

Looking atfully hardenedViIBW1500+ AS, aboron steeproduced by ThysnKrup,Mohr
and Ebnoethecharacterizedracture under plane stress conditigB§. Initial dogbone tensile
tests indicated that the material could be considered isotropic. In order to understand fracture
behaviour,hemisphegal dome andoutterfly specimenswere tested The butterfly specimen
features a reducdthickness central gage section and was testedarious orientations to
encompass stress states corresponding to pure shear, combine@rsdienr andplanestrain
tension.For validation, experiments using three different notched tensile specimen geometries

were carried outUnlike the butterfly tests used to calibrate the fracture locus, the notched tensile



specimens produced na@onstant stress states, which evdhvaver time, making them more
suitable for model validation rather than calibration.

Outside of thesstudies there is a dearth of literature on the topic of failure characterization
of HFDQ boron steel. However, much more common in the literature @srobsen the failure of
various high strength steels (HSS), advanced high strength steels (AHSS), transformation
induced plasticity (TRIP) steels, and dual phase (DP) stekischaracterizing fracture of
TRIP780steelas a function of stress state, Dunamitized a tensile test specimen with a central
hole, notched tensile tests, amdemispherical punch dome t¢kl]. These tests were used to
obtain uniaxial tensile, intermediate uniaxmdxial, and nearly eqtbiaxial tersile failure
strains, respectivelywWhile the stess state was fairly constant for both the central hole and
hemispherical punch dome tests, the notched tensile specimens yielded evolving stress states as
deformation localizedFurther work by Dunand and ®lr on the failure characterization of
TRIP780 steel led to the development of a butterfly specimen, an optimized geometry with a
gauge section of reduced thickngshown inFigurel), in order to assess fracture for combined

shar-tension stress statfR?].

Figure 1: Geometry of butterfly specimen proposed by Dunand and Moh[12]



The butterfly tesmakesit possible to carry out fracture expeents on a single apparatus,
with one specimen geometry, however it has complexities when compared to a simple tensile or
hemispherical punch dome test, namely rechining of test specimenapparatus calibration,
and modelling of experimenti characgrizing fracture of DP780 steel, considering both stress
state and strain rate, Walters utilized butterfly specinsgmsHasek specimens (hemispherical
punch dome tests with varying specimen geometryyder to develop a fracture loc[is3]. In
that work, it was determinedhat, when consideringtrainrate effects on failure the Hasek
specimens are superior to the butterfly experimesmsethe complex geometry of the butterfly
specimen was found to diffract stress wavesspa through the specimen, preventing
equilibrium from ever being achieved high rates of straimj” rklund et al [14] used inplane
shear tests, plane strain tests, and Nakajima tests to characterize failure of Docol 600 DP (dual
phase) and Docdl200M (martensitic) steeldn order to characterize failure of DP980 steel) Lo
and Huh conducted tensile tests, utilizing a multitude of geometries to address a range of stress
stateg15]. Specimen geometries include dogne, central hole, plane strain, anglane shear,
as well as 3 different noteld tensile and 3 different shear geomefr&g®wn inFigure 2. As
with the similar experimentsn [8] and[11], most of these specimen geometries produced an

evolving stres state.

Figure 2: Specimens used by Lou & Huh for fracture characterization of DP980 AHSH.5]



1.3.2 Damage Modeling
Mechanical damage modatanbe broadlygroupedasbelonging to one of tweategories

either mcromechanical damage modek continuum damage modeMicromechanicatlamage
models are physicallyased,treatingmaterial asbeing compriseaf inhomogemrous cellsand
attempting to modethe nucleation, growth, and coalescence of vaidd mcrocracks which
lead to material softening and eventually fract@&ach models typically contain a yield function
which triggers a loss of load bearing ability upon reaching a critical value. One of the most
widely used micromecharal damage models ifigé Gursormodel[16], the yield function of
whichis:
B — (AT OB P Q T
where, i s t he undamaged "Qstheeoidvalumé Factiprj, edndl, are¢ r e s s,
the macroscopic equivalent (von Mises) stress and mean stress, respdetiaghge evolution
is then given as:
yQ 3Q 3'Q

where ¥'Qis the incremental void volume fraction, aséQ and 3'Q are the
incremental void volume changes due to void growth ail macleation, respectively.

While micromechanicainodels account for the physical phenomena that aocaumaterial
[17] [18], due to their complexity, they require considésadbmputing resouss, making them
unsuitable for application to automotive crashworthiness simulatiamsh involve very large
scale computations

Approaches more common to continuum mechanics models consider the macroscopic

response of the material, and are often caldat in a phenomenological manner, rather than



attempting to model the phenomena at play at a microstructural level, and calculate damage
separately from material plasticity.

In its simplest form, modeling material failure has been achieved using aldatiea of
equivalent plastic strain which corresponds to that at material failure, as suggested by Huber:

T T

where - [is equivalent plastic strain and is equivalent plastic strain at failurgvhile this
criterion for materiafailure is relatively simple, in theory requiring only a single experiment to
calibrate, this approach assumest ttailure strain is stresgate independent

One approach of incorporating loading st@ypically defined as stress ratio or strain ratio)
into modeling of material failure is to extend the widely used forming limit diagram (FLD) to
fracture, yieldinga fracture forming limit diagram (FFLD)Like the FLD used frequently in
metal forming to identify the necking limit of material for a range of strain paths, the FFLD plots
major and minor strains. Calibration of this fracture criterion is fairly rudiamgn using
experiments which induce uniaxial tension and equibiaxial tension, given by:

- - - 0

A drawback of usinghe FFLD to predict fracture is the fact that the majority of FFLDs are
determined using proportional loading matk@nd don't make allowances for cases where non
proportional loading occurs. Furthermore, as FFLDs have largely been developed as an extension
of FLDs, the range of stress states that such a failure critmimiders are somewhat limited.

A commorty adgptedcontinuummodelof fractureis the Johnson and Cook modelpredict

fracture straif19], which also features allowances for strain rate and temperature:




where- is the fracture straifQ) O O RO RO are material constants,is stress triaxialitfthe
ratio of average stress over equivalent stre$$jYR'Y are the temperature, room temperature,
and melting temperature, respectively, andand- are the equivalent plastic and reference
strain rates, respectively.

Continuum damage mechas has produced models which feature a coupling of damage
with stressstrain responsen order to account for the loss of load bearmagacitythat results
from the crosssectional decreasingas a result of voids and crackBor instance, as a
phenomenimgical means of capturing the material softening that results from void nucleation,
growth, and coalescenc8arvik et al [20] developed an extension to the John€amwok
continuum modelThe model proposed by Johnson and Cexjressednaterialflow stress as
function of strain, strain rate, and temperature

, 6 6- p 611 p Y
where - is equivalent plastic straim, B, n, C, and m are material constants, -~ _ is
dimensiomess plastic strain rate for p8ti , and”Y is homologous temperatui@1].
Barvik et al introduceda term fordamagenduced softening
., Pp 1 006 6- p oO1%F p ¥
In this moel D is the damage variable, ranging between 0 (undamaged) and 1 (brokén)sand
a coupling parameter, coupling the flow stress definition with danvage set equal tb.

However, when it comes to modeling midtage processes, difficulties can aifsa single
damagemodel is used for all stepBor instance, somef the previously outlinedamage models
only considered the strain at fracture for predicting material failarguch cases, if the strain

path changes, accurate failure prediction beepdifficult.
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Considering themodeling of automote crash simulationssuch simulations were
historically conducted on vehicle models without accounting for the deformation that various
components underwent in theegspectiveorming processes. Howevagiven the prevalence of
forming processes the production of automotive components, it is thought siratlatons

would be more accuratethe stresses and straitisatresult fom forming areaccounted for.

1.3.3 Generalized Incremental Stress State dependent damage MOdel

(GISSMO)
LS-DYNA includes a continuum damage model, used to model material failure as a function

of stress state. This mogdétrmedthe iiGeneralized ncrementalStressState dependent damage
MOdel (GISSMO) was recently developedby Damler and DYNAmorefor modeling the
failure of ductile material§d22] [23]. GISSMO is phenomenologicah natureand is thus
calibrated using experimental result§ie primary motivation for the GEBMO model has arisen
from improving the accuracy of numerical simulations of multistage proceSislesugh some
other damage models define damage as a tensor quadiitj25], the GISSMO model usea

scalar parameter to define damage in the following form:
o

where- is the equivalent plastic strain andis the equivalent plastic strain at failure. Since
equivalent plastic strain at failure is dependent onldhding condition, this relation is only
applicable for proportional loading, that, he ratio of stresscomponents remains constant.
Therefore, in order to determine the damage that results from a process which features varying
stress states, and is thpathdependent, an incrementakasure of damage is utilized.

The model for incremental damage at a material point is given below:

11
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where'Q Gs the incremental damage,is an exponent used to introduce Amearity, O is the
current damageQ} is the incremental plastic strain, andis the plastic strain at failure,
has been determined to be a function of stress triaxiality and Lode angle

To determine the current damage, the above term is integrated:

Once the valuef the current damage reaches uni@ure is onsidered to have occurred. In the
context of finite element simulation, an element is deleted once its dae@adees unity

In additionto providing damage accumulation, the GISSMO model can also be used to
consider effects of the onset of localizatimed¢king) and material instabilif6]. To do so, an
incremental measure of forming intensity is used, which has a form similar to that of the damage

increment and is given below:

whereQOis the incrementdlorming intensity € is an exponent used to introduce Himearity,

"Ois theforming intensity @ is the incremental plastic strain, ang is the plastic strain at the
onset of instability, for the current loadisgate(a function of stress triaxialitySimilar to the
damage increment, in order to obtain the current forming intensity, the above term is integrated
and is considered to haveached a critical point upon attaining a valueuoity. It should be

noted that, unlike the damage accumulation of the GISSMO model, the parameters used for
determining the onset of material instability can be difficult to obtain experimentally, and are

instead typically determined through a reverse engineering of-stadfe deformation processes.

12



Prior to the current forming intensity reaching a valueraty, the stres®perative within a
material isdetermined from the constitutive model. Howeversasn as the forming intensity
takesa value of unitythe critical damagkevel is reached anthe calculation of material stresses
becomes coupled to the damage model. This coupling can be expressed using the concept of

effective stress in the form ofdHollowingtwo inequalities:

.. ,QQ O
’ °© 09 E@E O
” ” p p 10

whered is termeda fifading exponeritthat can be defined depending on element size and which
governs the rate of sggreduction fading due to material softening. The concept of effective
stress is used because the damage variable in the GISSMO damage model has no physical
meaning27].

The GISSMO model allows a single damage model toskd in simulation of both forming
as well as impact, simulations which have different requirements with regard to modeling. As
such, the mesh size used in crashworthiness simulations is appreciably larger than that used in
forming simulations. Since the @aneters in the GISSMO model are usually initially calibrated
to numerical simulations of the experiments used, a fine mesh is initially used. However, to be
applicable to crashworthiness simulations, this model must also be accurate when a larger mesh
size is usedAs a means of regularizing the energy dissipated during crack development, the
effective stress exponent can be defined as a function of element size, vartlimgstress
reduction that occurs during the fadeout of elemkased on their siZ22].

To calibrate GISSMO for use in numerical simulations, the minimum requirednafmn is

plastic strain at fracture as a function of triaxiality, a typical plot of which is showigume3.
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GISSMO Input-data
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Figure 3: Plot of triaxiality and plastic strain at fracture [28]

Such input data is applicable for plane stress loading c¢ases m), where there is a direct
relationship between stress triaxialfty) and Lode anglparameter, [29]:

G X P
o

However, in loading caseghich cannot be simplified to the plane stress siiabtas been shown
that there is an influence of the Lode angle on the plastic strain at fracture. Therefore, as input
data, a fracture surface for the material is required, a typical example of which is shown in

Figure4.
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Figure 4: Example Fracture Surface[29]

In order to interpolate a fracture surface using results obtained from fracture
characterization experiments, numerous fracture loci have been presented in literature. As an

example, Baand Wierzbickideveloped the following fracture loc[&0]:

-Hs-h 6Q 80 sQ 8Q  8Q , 8Q

Vall ko)
allxel

in which0 0 are material constants. Similarly, the modified M@uulomb fracture locus is
also somewhat common in literature, being described in the work of WierBigkj32], as

well as that of Mohf12]. The equation for this fracture locus is given below:

. o . Vo . R
-H+-h —06 ——=p 6 OAA o
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P 5 6 - PoEL
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where0 0 are material constants.
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Since the plastic strain at fracture has been shown to be dependent on the loading case, a means
of uniquely describing the load case is required.

Considering the stress tensor:

The stress state can be uniquely described through the 3 principal gines¢selat this assumes
material anisotropy) which are obtained when the stresses on thecipah planes are

considered. Such that

In the literature, it has been proposed to represent the principal stresses as a vector inthe Haigh
Westgaard space, a Cartesian coordinate system with axes in ébgods of the principal

stresses. Such a depiction of the stress state is shdwgune5.

Figure 5: Principal stress vector in HaighWestergaard spacd33]
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Further, a cyhdrical coordinate system can be represented in this space, as shié\gareb.
This coordinate system is described in terms bfhy , or more clearly,, h-h, wheredis

axis of hydrostatic stress and, is the equivalent (von Mises) stress
Evidently, the stress state can be completely described by the vector summatiéntioé

comporent of the principal stress vector along the hydrostatic axis,0aBda vector on the
deviatoric plane, defined by Q — Historically, the stress invariant® 0, andv, have been
utilized due to their physical meanings pertainingrtean stress, shear stress magnitude, and
shear stress direction, respectively.

Considering the first stress invariant, and the second and third deviatoric stress invariants, the

equivalent stress, mean stress and Lode arglean be define9]:

0.. . oMoy
— —-Al O .
(0) COJ

While these three terms can fully defime material stress state, it is conventional to use
dimensionless parameters based on these terms, namely, the stress triaxiality and Lode angle

parameter- and, , respectively. Where:
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The tests used to calibrate the GISSMO model to a specific material depend somewhat on the
characteristics of the material. Since there is no consideration for material anisotropy in the
GISSMO modeljt has been most commonly used in modelling steels which are assotted
exhibit material anisotropy.

In summary, the current state of phenomenological fracture characterization involves
utilization of multiple tests in order to assess fracture steiross a range of stress states.
However, there ignly limited work investigating fracture characterization of hot stamped steels
with tailored properties. Ae goal of this work is to characteriacture of hot stamped steel
guenched to various microgttural conditionsin order to improve the accuracy of crash
simulations of vehicles that feature tailored hot stamped compo@ansidering therevious
work presented above, it is evident a variety of test specimens are required, investigating a
multitude of stress states. The experimental program used to achieve this goal includes butterfly,
mini shear, hole expansion, notchaad holetensile, Nakajimdype dog bone, and eghiaxial
specimens. The experimental testing program is discussed in fddtar in Chapter2. The
results obtained from the various experiments @esented inChapters3 and 4. Chapter5
focuses on calibrationf fractureloci, while Chapter6 is a brief discussion of a validation
approach Application of fracture loci to impact simulations of hot stamped components is the

focus of Chapter. Conclusionsaand recommendations are summarize@hapters.
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2 EQUIPMENT AND EXPERIMENTAL TESTING PROGRAM

2.1 Material
The materialconsideredin this researchis USIBOR’ 1500AS, which is a boron steel

produced by ArcelorMittalFor direct ht-stamping processediis steel features an aluminum
silicon coating that transforms to alumindran-silicon intermetallic layers during heating in the
furnace, thereby preventing the formation of scale iaheiting oxidation [4]. The chemical
compositionis given inTable1l.

Table 1: Composition of USIBOR® 1500AS [4]

Element Composition (weight %)
Carbon (G 0.22
Manganese (Mn) 1.23
Phosphors (P) 0.008
Sulfur (S) 0.001
Silicon (Si) 0.25
Copper (Cu) 0.03
Nickel (Ni) 0.02
Molybdenum (Mo) 0.02
Chromium (Cr) 0.2
Columbium (Cb) 0.008
Vanadium (V) 0.008
Aluminum (Al) 0.03

Tin (Sn) 0.01
Titanium (Ti) 0.037
Nitrogen (N) 0.044
Boron (B) 0.004

Iron (Fe) Remaining

All of the materialthat was quenched specifically fore work presented in this thesiad a
nominal thickness of 1.8im. As the work of Bardelcik conducted extensive tensile testing while
assumingUSIBOR® 1500AS to be isotrpic [7], this same assumptiowas adoptedn the
currentwork. It should be noted, some tensile tests were later conducted outside of this thesis, in
order to assess the validity of this assumptidsing ASTM E8 tensile specens machined in

the rolling and transverse directions of the material, for both fully bainitic and fully martensitic
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guench conditiop, Rvalues of approximately 1.vere measuredin addition, 2 further
microstructuresinvestigatedwere after the majorityof the experimental work had been
completed. These two material conditions were produced throudjle imeating of hot stamped
axial crush rails and the material used for these microstructures had a nominal thaékh8ss
mm.

In its asreceived statethis material has a ferritipearlitic microstructureThe CCT for
USIBOR® 1500AS is shownin Figure6. The cooling rates obtained for the quenching of the

material with a sheet thickness of 1.2 mm are overlaid.
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Figure 6: CCT for USIBOR ® 1500AS adapted from Bardelcik [34]. Three quench conditions
overlaid on the CCT correspond to the fully martensitic, intermediate forced air quench, and fully
bainitic, denoted by magenta, ptple, and blue. The critical cooling rate of 30 °C/sto obtain afully
martensitic microstructure is also shown.

To achievea fully martensitic microstructure in a part using the HFp@Qcess, a cooling raté
30 °C/s or greateris necessary. Slower coofj rates can be utilized in the HFDQ process to

produce microstructurglat contain varying amounts of martensuainite, ferrite, and pearlite.
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2.1.1 Quench conditions
Since this work is being done in the context of improving existing models of hot stamped

parts with tailored properties, failure characterization is required for a varigticadstructures,
produced as a result of varioggench conditionsThe asquencled microstructuresgqonditiong
consideredor the 1.2 mm sheanclude fully bainitic, tilly martensitic, and an intermediate
guench (consisting of approximatél@ % martensite an80 % bainite).

The ully bainitic microstructure was produced by austenizing blamlesfurnaceo 930°C,
holdingatthis temperature for 6.5 minutes, and tihemoving it from the furnace, allowing it to
cool in still air. This quench yielded a microhardness of approximagshyV. An example of

this microstructure are shown kigure?.

25 microns

Figure 7: Fully bainitic microstructure
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Fully martensitic blanks were produced following the same austenization process used to
produce fully bainitic blanks, howeveiter removal from the furnace, the blank wassferred
to still oil in order to quench .itThis quench mcess yielded material witan average

microhardness of 48@V. Examples of this microstructure are showirigure8.

25 microns

Figure 8: Fully martensitic microstructure

The intermediate microstructure considefer this work resulted from using forced air as
the quench medium following the same austenizing process used for the previously described
guench conditionsThe forced air quench apparatus (FAQ&hown inFigure9, developed
Bardelcik[35], wasused to produce an intermediate quench condition. This apparatus was later
revised (and thus renamdebrced Air Quench 2, abbreviated d5A-Q 2,) to adapt it for
guenching blanks for hole expansion, bidxiame, plane strain dome, and butterfly specimens.
(The mechanical testing program is detailed in Se@i@r) The FAQ 2 was calibrated so that

all of the blanks produced using this quench methodanaalverage microhardnesis386HV.
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blank

air nozzle

Figure 9: FAQA

The work of Barcellona and Palmerf3] and Bardelcik et al. [36] demonstrated that
deformation during quenching can affect the CCT, causinfpifa af the bainite noseas

illustrated inFigure 10, yielding a martensitibainitic-ferritic microstructure
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Figure 10: Comparison of conventional and shifted CCT[34], adapted from [3].

In light of this work, an additional quendondition was considereébllowing the method
used by Bardelcilet al [36], who deformed the specimeim a Gleeble thermnechanical
simulator by elongating itby 10 mmstartingat 600°C while quenching at a constant cooling
rate of 15°C/s. This deformation resulted in approximat@@% engineering strain imposed in
the area from which the specimeruga length would be mained, at a sain rate of 0.4™.
Figure 11 shows the region of the blank used the Gleeble apparatus from which specimens

were machined, as well as the location of the control thermocdpeaverage measured micro
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hardness of this maial was approximately 28BV. The resultingmicrostructure is shown in

Figurel2.

100 ,J‘

9587C 960°C

AL=10mm

~20%

Figure 11: Blank used inGleeblethermo-mechanical simulator, indicating thermocouple locations
and region from which sp&imens were machined36]

Figure 12 Microstructure of material simultaneously quenched and deformed using Gleeble
apparatus. F, GB, and M denote ferrite, granular bainite, and martensite, respectivel[36].

Unlike the previously described quench conditions, due to the deformation induced by the
guenching process on the Gleeble, the blanks used to produce these specimens had slightly
greater variation in thickness. For cmtency, prior to machining, all blanks produced on the

Gleeble apparatus were ground to produce a consistent thickness of 1.0 mm.
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After the testing of specimens produced with each of the fully bainitic, fully martensitic,
intermediate forced air, and inteediate Gleeblguench conditionsvas completedthere was
interest in testing specimens produced fraptualt ai | or ed hot stamped
(shown inFigure13) produced in heated dies with temperature of 400 and@0Uhe forming
of these parts is described [87]. Due to the relatively small area of the top hats, limitations
were imposed on the quantity and type of specimens that could be productbedrmore, since
only onehalf of the part is quenched in a heated die, care was required to ensure that no
specimens were produced from the material in the transition region, in the middle of the part. For
fracture characterization of these quench conditions, a linskéeegsof tests wasconsidered
mini shear specimen, mini dog bone uniaxial tensile specimen, mini hole tensile specimen, and

two butterfly specimengrigure 13 shows the specimens produced from each part, as well as

their location on the top hat seati.

Figure 13: Depiction of specimens produced from tailored hot stamped parts formed at 400 and 700
°C. Specimens shown, from left to right: mini shear, mini dog bone and hole tensile, and two
butterfly specimens

2.2 Constitutive and Fracture Characterization Testing Program
The experimental testing program described in this thesis may appear somewhat inconsistent

when considered in its entirety. The initial approach for characterizing the failure of tailored hot
stamped USIBOR1500-AS intended to use a variety of tensile specimen geometries, in order to
produce tests of varying stress stdteugh the use of various notched specimafhile this

approach somewhat limited the range of stress states which could be evaluated, dllould
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for a consistent group of tests to be conducted across a range of strain rates, with the aim of
enabling any strain rate effects on fractoedaviourto be observed. To probe other stress states,
a number of different butterfly tests would be cortddcTo tie the experimental results into the
calibration of a failure criterion, a hybrid experimentaimerical approaclsimilar to[38] and
[13], among others, would be employed to evaluate stress state properties of each
experiment. However, since this approashheavily reliant on the results of finite element
simulations, an alternative approach was developed over the course of the experimental testing
program. Ignoring the effect of ain rate, tests other than those mentioned above were
considered in order to assess the influence of stress state on failure strain for the different quench
conditions investigated. To this extent, tests with largely proportional strain paths were
developd and utilized. Additionally, rather than relying on the FE models of each test to provide
failure strain information, tests from which this could easily be measured were conskeered.
the sake of completeness, the results of all of the experimentsateddare presented in the
following paragraphs, however, subsequent sections that discuss failure criterion calibration will
detail which experiments were ultimately employed for failure characterization.
2.2.1 Quasi-static Tensile Experiments

A hydraulic Inston mechanical testing apparatus was used to carry out-siaaisi testing of
uniaxial tensile notched tensileand hole tensile specimenBhe geometry of the uniaxial,
notched, and hole tensile specimens are showAigure 14-Figurel7. These miniature samples
were adopted to ensure geometric compatibility with future experiments omfthence of
strain rate on failure behaviouvlini dogbone specimensere usedin [7] for high strain rate
testing For certain materialsstressstrain data acquired using these specimens has shown

acceptable correlation between this miniaturized geometry and the standard ASTM E8 geometry
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up until uniform elongatiofi39] [40]. For thisresearchthe mini dog bone tensile geometry was
used exclusively, but validation of this geomefioy this materialwas outside of the scope of
investigation The notched tensile geometries have bedect in order to maintain a gge

width consistent with theminiature uniaxial tensile specimenigll]. For the work involving
material which underwent simultaneous quenching and deformatiche Gleeble apparatus,

the sizeof blank used was very limited due to the size of the Gleeble grips and quench head. As
a result, a mini hole tensile specimen was used to increase the number of unique stress states
which could be tested'he work ofBao [42] was usedor guidance when developing the hole
tensile specimen geometrsincethat workdemonstratedhat a ratio of ligament width to sheet
thickness offour produced the best results in termscohsistenfailure at the hole edgevhere

the stress tridality of in the material is 1/3;orresponding tpure uniaxial tensiarfor the fully
martensitic,forced airintermediate, and fully bainitic quench conditions, all specimens were
produced fromsheet material with a nominal thickness b2 mm, while he specimens
machined from material quenched on the Gleeble apparatus maaiinal thickness of 1.0 mm

The specimens produced from the tailored hot stamped top hat sections had a thickiteds

of 1.8mm.
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Figure 14: Uniaxial tensile specimen geometry
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Figure 15: 1a notch tensile specimen geometry
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Figure 16. 4a notch tensile specimen geometry
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Figure 17: Hole tensile specimen geometry (Gléde)

For these experimentshe Instron Model 133%ervohydraulic mechanical testing apparatus
was fitted with a111,206 N 25,0001bf) load cell. This apparatus is shown Figure 18. All
experiments were performed at a stragiteof 0.003 &, which could be considered quasitic.
For the mini doghone uniaxial tensile geometry, this was achieved using a-lceasispeedof
0.0375 mm/s. For the 4a and l1la notched tensile specimens,utieslgagth was considered to
be two tmes the notch radius, resulting in créesadspeedof 0.0384 and.0096 mm/s being
usedWhi | e the hole tensil e s pedmdatrimeaturadhicheculd 0 t
be considered a gge length, for the purposes of selectingrasshead spdethe gaige length

was chosen as three times the hole diameter.
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Figure 18: Instron Model 1331servohydraulic mechanical testingapparatus

Digital Image Correlation (DIC) was utilized to measure displacements and to compute
expeimental surface strains for these experiments. For the fully baiioitted airintermediate,
and fully martensitic material conditions, a single Point Grey Rese@dihCL-41C6M-C
4.1MP camerafitted with a Sigma DG 28300mm f/3.56.3 macrolens was usd to record
imagesin order to apply inplane 2-D DIC. For the specimens produced on the Gleeble,
stereoscopidoint Grey Research GRAB®S5MC 5.0MP cameraditted with a Kenko 1.4X
TELEPLUS Pro 300 tele adapter and Tamron SP 180mm /3.5 Di rieexges ad were used to

capture images so th&D DIC could be applied. Frame rates were selected based on the
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expected displacement to failure for each material condition and test specimen geometry, with
the intention of capturind00-300 images per tesfThe frame rates used for the tests described
above are listed imable2.

Table 2: Camera frame rates for different experiments

Material 1 Specimen Geometry Frame Rate [frames/s]

100% Bainite’ Uniaxial

100%Bainitei 4a

100% Bainite la

100% Martensité Uniaxial

100% Martensité 4a

100% Martensité l1a

(62}

Intermediate FAQA Uniaxial

Intermediate FAQA 4a

Intermediate FAQA la

Intermediate Gleeble Uniaxial

Intermediate Gleeblg4a

Intermediate Gleeble 1a

Intermediate Gleeble Hole Tensile

For DIC, the image capture and analysis package from Correlated Solutions was used, using
VIC-2D 2009 and VIE3D 7 for 2D and 3D analysisrespectivelyRu st ol eum PBhai nt er
white primer was sprayed on each specimen, on top of which a fine random speckle pattern was
applied using Rustoleum Painter 6s Teoableshe f | at
DIC software to computdisplacement and strairefds to be deermined by comparing images
of the deformed specimen with those of the specimen pratgousstate.

2.2.2 Hole Expansion Experiments

For obtaining uniaxial tensiléilure strainsfor fully martensitic, intermediate, and fully
bainitic material conditionsa hole expansion test was usd&the specimen geometry for this
experiment is shown ifigure 19. While this test is commonly applied in industry to quickly

assess materig@dge or stretch flang®rmability [43], because this test induces a proportional
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loading casat the top edge of the halleat is essentially constant right up until material failure,
this experimentis an excellent means of determining fadure strainfor the uniaxial stress

state However, it is also considered to be quite useful for assessing formability of sheared edge
conditions as shown by Butch¢44] and Levy[45]. The hole expansion apparatus at the
ArcelorMittal Regarch and Development facility in Hamilton was used foreRfgerimentThe
sample incorporates127 mmx 127 mm b 0  xblafik avith a 10 mm diameter reamed h(ite

avoid the influence o$hearecedge effectsin the centreFerrocote MAL HCL llubricant was
applied around the hole on the bottom surface of the bhatlcontacts the punch

127

D10

127

Figure 19: Hole expansion specimen geometry

This apparatus consssof a binder which applgea clamping force tohie blank while a
conical punch s forced throughthe reamed hole until a crack appears through the thickness of
the materiallt should be noted, that while a range of variations of this test exist, utilizing flat,
hemispherical, or conical punches, using a flat or hemiggathgsunch for this test typically
results in failure behind the hole edge, where the material experiences a stress state closer to that
of equibiaxial tension rather than the uniaxial stress state achieved with a conical ptéich
The conical punch also serves to supress necking at the hole edge, where the material fails in this
test, yielding an extremely consistent stress state for the duration of theitegir this reason

that the conical punch was usiedthis exgriment Unlike the other experiments carried aut
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this work DIC was not used, asdlesterat ArcelorMittal has an integrated camera syst&itin
a semiautomated measurement systevhich allows the strain at failure to be measutieectly
from the dameter of the specimen at failufehe view provided by the camera system during a

test is shown irfrigure20.

Figure 20: ArcelorMittal hole expansionspecimen

2.2.3 Hemispherical Dome Experiments
To obtain &perimental failure strains for stress states corresponding to biengbnandin

planeplane strain, an MTS dome testgsparatusvith a hemispherical punch was usdthis
apparatus is shown Figure21. The baxial specimesa consisted 0203.2 mmx 203.3mm(8 0 X

8 bblanks,asshown inFigure22. The plane strain specimens were of a notched geonretry
accordance with the 1ISO guidelines for plane strain te$finj with the dimensions shown in
Figure 23. Although often used to characterize material formability, dome tests are also
frequently used in stresdate dependent material fracture characterization. Ma¢k&inand
Beese[49], among other$50], [51], have utilized a neaquibiaxial dome test for fracture

characterization in a biaxial tensile stress state.
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cameras

Figure 21: MTS dome testerapparatus

203.20

203.20

Figure 22: Biaxial dome test specimen geometry
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Figure 23: Plane strain dome test specimen geometry

The dome tester consists of upper and lowek Ibead sections and a hemispherical punch.
The various dome tester tooling componeamtsshown inFigure 24 and their dimensions are
listed inTable3. Given the high strength of the material testéeé, lock bead was essential for
this test. However, the brittle nature of the martensitic and intermediate quench specimens
necessitated clamping the blanks prior to heat treatingrder to preorm the lock bead
geometry Clamping the material in its agceived stateihen the material is relatively ductile,
served two purposes. Firstly, it prevents fracture at thebdeekl when the specimen is clamped
just before testing and secondly, it serves to stiffen the blank, preventing warping during the oil

ard forced air quenches used to produce martensitic and intermediate quenched specimens.

Lock
Bead

Binder Punch

Die

Figure 24: Dome test apparatugooling components. Blank is placed between die and binder

Table 3: MTS dome tester toding dimensions

35



Tooling Component Dimension [mm]
Punch diameter 101.6

Lock beadmidpoint diameter 133

Die inner diameter 107.6

Die entry profile radius 6.35

Lockbead height 4.7

From this apparatus, punch force and stroke were obtained,3Di2IC was used in order
to measure dome heighnhdstrains.To achieve quasstatic strain rates, a punch speed of 0.25
[mm/s] was used for all test$Stereoscopic Point Grey Research GRAS5MC 5.0MP
cameras fitted Schneider Xenoplan 14vm Compact €éMount lenses were used to capture
images during the experimentss with the quasstatic tensile testshe camera frame rate was
selected in order to record approximat830 to 400 images per test. The frame rates for the
different material conditions anghacimen geometriegrelistedin Table4. For postprocessing
of the captured images, the DIC subset size varied slightly based on speckle pattern quality, but
was typically 2125 pixels. For computation of true logarithmic stsaistep and strain filter sizes
were 5 and 7 pixels, respectively. A 1.2 mm diameter circle was centred at the location of the
first visible crack in order to evaluate strains at the onset of fracture. In work outside the scope
of this thesis, it was fouhthat the influence of step and strain filter size had miniscule influence
on true strain measured at the onset of fracture.

Table 4. Frame rates for hemispherical punch dome tests

Material i Specimen Geometry Frame Rate [frames/s]

100% Bainité Equi-biaxial

100% Bainite Plane strain

100% Martensité Equi-biaxial

100% Martensité Plane strain

Intermediate FAQA Equibiaxial

ghO|W|hlw

Intermediate FAQA Plane strain
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In order to obtain consistent dome height measunésneonsiderable lubrication, consisting
of three sheets of Teflon with petroleum jelly applied between each as well as to the blank and
the punch, was usedhis particular approach to lubrication was selected after carrying out
experiments inwvhich the quantities of both Teflon and petrolatum useere varied It was
found that this particular lubrication approach consistently resulted in fracture occurring at the
centre of the specimen.
2.2.4 Butterfly

The butterfly test is utilized to obtain failure straifor a range of stress states, from simple
shear through to tensile plane strainderquastistatic loading conditionfl2] . The apparatuys
shown inFigure 25, occupies a hydraulic load frame andsists of indexable grips, which can
be rotated in increments of°.5This apparatus is configured in a manner such fHad
corresponddo simple shear andi90°0 correspondgo tensile plane straifb2]. For this work,
testswere carried out on fully bainitic, fully martensitic, and intermediate forced air quenched
microstructures, using grip orientations 6&f @0°, and30°, resulting in stress states of simple
shear, combined shetension, and combined shdansion For the butterfly specimens
machined from axial crush members formed in dies with temperatures of 400 and 700 °C, grip
orientations of 15° and 90° were used. Thasentationscorrespond t@tress states abmbined

sheartension and planstrain tensiontespetively
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horizontal

load cells

Figure 25: Butterfly apparatus, with close up of grips
The hydraulic load framautilizesa 111,206 N 25,000 Ibj load cell. The specimen is securely

clamped in a pair of grips, one which remairs stationary whilelte other is connected to the
hydraulic actuator. While the hydraulic actuator is only capableapplying vertical
displacement, the grip orientation can be rotated, controlling how the specimen is loaded. In
order to measurkothvertical and horizontablads applied to the specimen, the apparatass

fitted with two load cells oriented horizontallywith capacities o#44,482 N {0,000 Ibj. In

order to analyze displacement and strain fieldf BIC is used, recording images using
stereoscopid?oint Grey Research GZCL-41C6M-C 4.1MP camerasfitted with Schneider
Xenoplan 1.9/35mm Compacti@ount lensesThe cameras are positioned on a rotatable camera

mount, shown irFigure 26, which can be oriented fronf @ 9, in increnents of B, like the
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specimen gripskor the purpose of recording any rotation of the test specimen during testing,
each of the grips feature two tracking markers which can be tracked stsmnegscopi®IC.
Postprocessing of captured images was carrigdusing Vic 3D 7. For the majority of tests, a
subset size in the range-23 pixels proved suitable. A step size of 4 pixels and strain filter size

of 5 pixels were used to compute true logarithmic strains. A 1.2 mm diameter was centred at the

locationof a visible crack in order to obtain strain measurements at the onset of fracture.

Figure 26: Indexable mount for cameras on butterfly apparatus

The specimen used in this test is shownFigure 27 and has ataperedcentre section
machined down to half of the sheet thickness in order to localize defornaatey from the
specimen edgeSince the apparatus was under development while most of the experiments were
being carried out, the gripped sectionghad fully bainitic specimens testedl O differ slightly
from the other material conditiorad orientationsnvestigatedsincethe grips were revised to
improve ease of usafter the fully bainitic specimens were machined and te3iteel.boundary
condiion imposed by the grips for both specimens is the same, but the newer grips make loading

and unloading of specimens easier as well as providing a means of measuring displacement of
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the grip which was initially assumed to be stationdiye specimen geonreds are otherwise
identical.

75

= T
50 0)

AR,

SN g 0.0

50
11.25

Figure 27: Butterfly specimen geometry[12]

2.2.5 Mini Shear
For the axial crush rails hot stamped and quenched in 400 antC70i@s, since the area

from which specimensould be machined from each rail was limited, as was the number of parts
available, an alternative to the butterfly specimen was used to obtain fracture strains for the
simple shear stress state. This geometry is smaller than the butterflyaa developgkby Peirs

et al [53]. Previous work at the University of Waterloo has found it to be an extremely clever
and effective method of charadi#ng material in simple shedb4]. The geometry of this
specimen is shown ifrigure 28. In the gauge section, a state of simple shear is induced.
However, due to the resulting rotation of the gauge section, the geometry features a slight
eccentricity between the couts in order to esure a relatively consistent stress state up to larger

strains.
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Figure 28: Mini shear specimen geometry

Since these parts were to be produced from axial crush rails, trlrapashaped cedut was
machined in the rail, followge by machining the outer dimensions of the specirkégure 13
shows the location of the rail from which this specimes wachined. Work done by Onjar]
showed that the microstructure of the rail tims region is uniform, with average micro
hardnesses @&45and195HV for the 400 and 70€C rails, respectively.

The mini shearspecimens were tested using the hydraulic Instron Model 1331 tensile
apparatus. A crosshead velocity®®3[mm/s] wasused as this was found to induce a nominal
strain rate of0.01s™. Al t hough this speci men dd5d]sasot t yr
would be expected for simple shear, stereoscopic DIC was utilizedtenadpthe fact thag-D
DIC could have been considered sufficient. For capturing images of this test, two Point Grey
Research GRAS0S5M-C 5.0MP cameras fitted with Tamron SP 180mnbff3i macro lenses
were used. Fame rate were selectedto yield between 30@00 images foreach test.For
computation of true logarithmic strains at the onset of fracture, a circle with a diameter of 1.2
mm was located in the centre of the gage secicgubset size of 281 pixels was used for DIC

analysis, with a step size bfand strain fter size of7.
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3 UNIAXIAL AND NOTCHED TENSILE EXPERIMENTS AND
SIMULATIONS

This chapter presents the data obtained from the uniaxial and notched tensile tests that were
conductedWhile these tests were conducted for the fully bainitic, fully martensiternrediate
forced air quench, and intermediate Gleeble material conditions, only the results for the fully
bainitic material quench condition are presented here, while the results from the remainder of the
material conditions are included Appendix AAppendix D Experimentatata presented in this
chapter includes plots of loadisplacement response as well as a summary of selected
mechanical properties. Additionally, for each test, local aremstvgere obtained by measuring
the cross sections of the fracture specimen.

In addition to the experimental results from the uniaxial and notched tensile tests, results
from finite element simulations of these tests are also provided in this chapterefA bri
description of the modeling approach is provided, as well as pictures of the mesh used for each
specimen geometry.

It should be noted, over the course of testing the notched tensile specimens and developing
corresponding finite element models for eagperiment, the use of these specimens for fracture
characterization came under scrutiny, and have ultimately not been used for developing the
fracture loci presented in Chapter Although results from these gariments and simulations

have been publisheb5], it was not possible to definitively identify the location of fracture
initiation in the experimentf additional concern with these experiments was the fact that the
stressstate continually evolves as the specimen is tested, prompting question over the use of such
tests for calibration of stress statependent fracture lotiniaxial Tensilei Fully bainitic

material quench condition
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For each of the material conditions, timst test done was the uniaxial tensile test at quasi
static strain rate€0.003 &). The specimen geometry is showrFiigure 14. Loaddisplacement
response was obtained for each test using load measurements from the loeicedd on the
Instron and displacements obtained frofD Zfully bainitic, fully martensitic and intermediate
forced aij and 3D DIC (intermedate Gleeble400 and 700C tailored. To derive engineering
stressengineering strain data, the dimensiongath of the specimens were measured prior to
testing. Rather than moting a physical extensometefirtual extensometsrwere placed along
the gauge length of thepecimens using Vi2D or Vic-3D. Ideally, local strain paths and failure
strains could beetermined by computing the strains locally in the region where necking occurs.
Unfortunately, due to issues of paint adhesion, seemingly a result of the aluminum silica coating
on hot stampetdSIBOR® 150G-AS [4], analysis of te necked region proved extremely difficult.
Instead, &ilure strains were determined beasuring area reduction @xtended depth of field
(EDOF) images of the fracture surfacégyure29 shows EDOF images of one specimen as an

example. The measured area reduction takes into consideratiefiettiof the fracture surface

angle All of the EDOF images are included Appendix A

Figure 29: Extended depth of field images fomeasuring area reduction at failure (left: fully
bainitic condition, right: fully martensitic condition)
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The fully bainitic uniaxial specimens exhibited reasonable repeatability in terms of
engineering stressngineering strain response,RAgure 30 shows.For the fully bainitic material
condition, the ductility of the material resulted in some of the paint applied for DIC flaking off in
the area of the neck. While this would influence the fidelity of local strain measuramémas
area, the virtual extensometer is still capable of capturing the macroscopic response of the
material, as the paint remained intact in ¢kieer areaat the endsf the gauge lengthh typical

contour plot of equivalent strain ésoshown inFigure 30.
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Figure 30: Engineering stressstrain curve for fully bainitic uniaxial tensile testsand typical
contour plot of equivalent strain one frame before fracture. Note paint separation in necked gion
of specimen

Table 5 details the local strains at failure from the area reduction ofuihe bainitic
uniaxial tensile specimens.

Table 5: Properties offully bainitic uniaxial tensile specimens

Sampe Bl B2 B3 B4 Average | Standard
Deviation
UTS (MPa) 739 795 746 767 762 21.8
Elongation 0.20 0.19 0.20 0.19 0.19 0.01
Initial Area (mm?) 3.79 3.63 3.70 3.80 3.73 0.07
Final Area (mm?) 1.54 1.80 1.49 1.87 1.67 0.16
Area strain 0.86 0.72 0.88 0.71 0.79 0.08

For thematerial quench conditions includedAppendix B
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Three fully martensitic uniaxial tensile specimens were tested aaghibited
reasonably consistent engineering st@&sgineering strain responseWhen the
EDOFimages were being produced in order to measure area, specimen M2 could not
be located. Thus, only the area strains of specimens M1 and M3 area included in
Table27.

While the forced air quench apparatus was being calibrated dduge an
intermediate microstructure, repeated microhardness measurements of the material
produced indicated greater variability than the material quenched either in still air or
still oil. However, the five intermediate forcedl quench uniaxial tensilgpecimens
tested demonstrated acceptable repeatability. Total elongation is similar to the fully
martensitic material quench condition, but greater area strains were measured.

Five intermediate Gleeble quench uniaxial tensile specimens were tested. Good
repeatability was observed in terms of UTS, total elongation, and area strain at
fracture. In comparison with the intermediate forced air quench uniaxial tensile
specimens, the intermediate Gleeble specimens exhibited greater elongation but lower
area strais at fracture.

The five uniaxial tensile specimens tested from each of the tailored hot stamped axial
crush rails were tested using an electromechanical MTS Criterion 45 tensile apparatus
fitted with a 100 kN loadcell, rather than the servohydraulic Inst&81.

While the 400°C tailored hot stamped parts had measured microhardness similar to
that of the fully bainitic material quench conditif®7], the measured area strains

were considerably greater.
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3.1 Uniaxial Tensile Simulations
To simulation the uniaxial tensile teshet specimen geometry was sectioned to create a

guartersymmetry model, as shown kigure31. Through the gage section, the mesh features
elements with a length of O/hm. This meshconsists of 29,712 constant stress, hexahedral
elementsAdditional meshes were created with other element sizes in the gauge section, in order
to assess convergence. These meshes are includgapendix E For the purpose ofmodel
simplicity, the holes that exist for fixing the specimen in the grips otehsile frameare not
considered in the moddhstead, the geometry was truncated at the location of the centre of the
specimen holes (specimen geometry showrignire14). Boundary conditions are applied at the
ends of the mesh, fully constraining one end, while allowing for displacement only ir the x
direction at the opposite end. The nodes at the end whelieection displacement is

unconstraird make up a node set, which is assigned a veloaityrol boundary condition.

Figure 31: Mesh for quarter-symmetry uniaxial tensile model
Since the explicitdynamic solver is used, time anchass scaling could be appli¢d6],
however, n this case, only time scaling is applied. Linear piecewise plasticity, a simple isotropic

model using the von Mises yield criterifi’] is used As this work does not consider straingat
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sensitivity, thevelocity-time curve applied to the uniaxial tensile models is accelerated when
compared to the quastatic strain rate used in the experiments, 0.08B Becausehe explicit

solver is used, the time step is determined by the Coarigetion[58], and is thugoverned by

the smallest element in this mod@l time step convergence study is not applicable to explicit
simulations. However, to understand the influence of any dynamic effects, the model was
initially simulated with variousvelocity-time history curves to ensure that subsequent
simulations were free of timgcaling relatedlynamic (inertial)artefactsin order to calibrate the
material model to capture the pastiform behaviour of the uniaxiaénsile test, the approach
suggested by Lingb9] was usedThis approach was used for each of the material conditions
investigated, using the averaging the true stress and effective plastic strain data obtained from the
uniaxal tensile tests in order to generate a mean flow stress curve for each material condition.
The following equation was used to extrapolate the flow stress curve for thengosm regime

of the tensile test:

” ” r’] p - - P r!] -

where,, is true stress, is true stress at UTS,is effective plastic strain, is effective plastic

strain at UTS, andj is a weighting constant which is varied betweemr@ 1, serving to
modulate a combination of linear hanitegy and power law hardeninfncrements imj of 0.2

were used to fit the constitutive response and, from each simulation, engineeringtsiress

data was extracted and plottechengt the expemental resultsSince the objective of this work

is characterize fracture strain as a function of stress statenmon approach in literature is to
consider the element in which the greatest effective plastic strain is observed and then utilize the
stran at failure and stress triaxiality and Lode angle parameter in this element. This approach
was employed in the currework.

47



The hardening curve used for all of the fully bainitic condition models is showigure 32

The results from the other material quench conditions are includégpendix B
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Figure 32: Flow stress curve for fully bainitic material condition

The predictedengineering stresstrain curveusing thefully bainitic hardening curveHigure
32) and the corresponding measured datasavn inFigure 33, indicating good correlation
with the experiments. From this model, the evolution of the stressadttite centre element,
where plastic strain is highesan also be obtained. Stress triaxiality and Lode angle parameter
are also plotted as function of engineering straifrigure 33. Over the course of elongation,
once the spmen begins to neck, the stress triaxiality and Lode angle parameter both begin to
deviate from their values for a uniaxial state of str€mmsidering plastic strain evolution, the
greatest increase in effective plastic strain in the centre elemennaibescur under a state of
uniaxial tension. An alternative means of highlighting this stress state evolutioRigune 34,
in which both stress triaxiality and Lode angle parameter are plotted as a function of effective

plasic strain. Given the slight variation in elongation to fracture observed in the experiments,
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potential variation in stress state and effective plastic strain at fracture is highlighted, with the
solid and dashed lines corresponding to the minimum and roaxiglongations to fracture,

respectively.
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Figure 33: Uniaxial tensile model results for fully bainitic material condition
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Figure 34: Stress state evolution for fully bainitic quench uniaxial tensile sgcimen

For each of the different material conditions for which uniaxial tensile specimens were tested,

the results from the numerical simulation, consisting namely of equivalent plastic strain at

failure, stress triaxiality, and Lode angle parameter, @arergarized inrable6.

Table 6: Summary of results from uniaxial tensile specimen models

Material Equivalent Stress Stress Lode Angle | Lode Angle

Condition Plastic Strain | Triaxiality -at | Triaxiality - | Parameteri | Parameter-
fracture averaged at fracture averaged

0,

100% 0.81 0.58 0.37 0.62 0.91

Bainite

100% . 0.72 0.73 0.41 0.46 0.85

Martensite

Intermediate

FA-Q2 0.61 0.67 0.40 0.53 0.87

Intermediate 0.50 0.50 0.35 0.69 0.94

Gleeble

3.2 4a Notched Tensile i Fully Bainitic Material Quench Condition

With the intention of using a tensile apparatus to obtain failure strain data for stress states
other than uniaxial tensioand additional strain rates other than solely gatgic a series of

notched tensile specen geometries were devised by Anderaad Kraehling60]. One of these
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geometries is referred to as t heoméhbadgdrtonot ch,
shoulder, is foutimes that of the ligament width. This speein geometry is shown iRigure
16. Numerous notched tensile geometries have beeth inseecent works, such 461], [29],
[62], and[38], among other§s3], however, pioneering work into the use of notched specimens
was originally carried out by Bridgmaj64]. Unlike the sheet material used in this work,
axisymmetricspecimen geometriegee r e t he focus .of Bridgmands wo
The 4a notch geometry presented similar issues to the uniaxial tensile specimens during
testing, with regard to the adhesion of the painted on speckle pattern. Virtual extensometer
techniquesanalogous to those used with the uniaxial tensile specimens were applied to the 4a
notches as a means of obtaining displacement measurements. However, as the paint flaked off in
the region of necking, where the highest local strains would be found, ihetgsossible to
obtain local strain measurements using DIC. For this reason, it was also impossible to obtain
experimental strain paths for the region in which deformation localizes. EDOF images of the
specimen crossectional area were measured insteadh aneans of obtaining local strains at
failure. Appendix A shows the EDOF images.
For the fully bainitic material condition, three repeats of the 4a notched tensile specimen
were testedFigure 35 shows the nominal stressraincurves obtained from experiments. Since
the specimens shown in this plot exhibited very similar sggas response, as well as very

similar elongation at failure, only 3 repeats were completed.
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Figure 35: Nominal stressstrain curve for fully bainitic 4a notch tensile tests

In terms of local strains measured at failuFaple 7 lists the initial and final areas of
each specimen as well as the resulting true area strain for each. B2 and B3 hauiewtarél
area strains at failure, both of which were considerably greater than those T4 7 also
lists the measured mechanical properties of the three specimens tested. Of the three tests

completed, B1 also possessed liwest strength.

Table 7: Properties of fully bainitic 4a notch tensile specimens

Sample Bl B2 B3 Average
UTS (MPa) 775 792 813 793
Elongation 0.07 0.07 0.07 0.07
Initial Area (mm ?) 3.80 3.89 3.86 3.85
Final Area (mm?) 2.03 1.79 1.75 1.86
Area strain 0.62 0.78 0.79 0.73

For the material quench conditions included\ppendix C

1 Repeat tests of each material quench condition produced very consistent results.

3.3 4a Notched Tensile Simulations
As a meas of utilizing a tensile apparatus to obtain fracture strains for stress states other

than uniaxial tension, various notched tensile geometries had been developed, as outlined in

Section2.2.1 For modeling the 4a notch, thepapach used for the uniaxial tensile models was

applied to this geometry. Identical symmetry planes and boundary conditions were used. Also,
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the velocitytime profile used in the uniaxial models was used for the 4a notch, since the same
crosshead speed wassed in the tests for both of these geometries. While the data shown
corresponds to that obtained from simulations that featured an element size of 0.1 mm at the
centre of the notch, additional models with other mesh densities were also consitpnexB6

shows the 0.1 mm mesh, while the other meshes considered are incléggenuix E The 0.1

mm mesh consists of 30,720 hexahedral, constant stress elements.

A
Figure 36. Mesh for quarter-symmetry 4a notchedtensile model
For each of the different material conditions for which 4a notched tensile specimens were tested,
the results from the numerical simulation, consisting namely of equivalent plastic strain at
failure, stres triaxiality, and Lode angle parameter, are summarizédlihe8.

Table 8: Summary of results from 4a notched tensile specimen models

Material Equivalent Stress Stress Lode Angle | Lode Angle
Condition Plastic Strain | Triaxiality -at | Triaxiality - | Parameteri | Parameter-
fracture averaged at fracture averaged

100%

C 0.46 0.57 0.46 0.63 0.67
Bainite
100% 0.40 0.68 0.54 0.47 0.57
Martensite
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Intermediate
FA-Q2 0.48 0.71 0.51 0.47 0.59

Intermediate 0.5 0.56 0.59 0.47 0.66
Gleeble

For the 4a notch in the fully bainitic material condition, the macroscopic response of this
model is shown in the form of an nominal streigin curve, shown ifigure37. The effective
plastic strain, sess triaxiality, and Lode angle parameter corresponding to the element with the
maximum effective plastic strain at failure are also included in this figure. Unlike the uniaxial
tensile specimens, the parameters used to characterize the stress stat&eineleenent
continuously evolve over the course of the test. In comparison with the ductility noted in the
uniaxial tensile model of the fully bainitic material condition, the effective plastic strain at failure

in the fully bainitic 4a notch is approxitedy half as much.
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Figure 37: 4a notched tensile model results for fully bainitic material condition
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The evolution of the stress state for this test, obtained by considering stress triaxiality and Lode
angle parameter as a furoet of equivalent plastic strain, is further highlightedFigure 38.
Given the reasonable experimental repeatability in terms of elongation to fracture, the range of

stress states and fracture strains suggested by the maalatiisety narrow.
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Figure 38: Stress state evolution of fully bainitic 4a notched tensile specimen

Since the stress state that results from this test is not consistent over the course of the test,
both the stress triaxiality andote angle parameter were also averaged as a function of
equivalent plastic strain. These values are also tabulated. The results from the other material
guench conditions are includedAppendix C
3.4 1la Notched Tensile i Fully Bainitic Material Quench Condition

As with the 4a notched tensile geometry, the 1la notched tensile geometry was proposed by
Anderson and Kraehlin0]. Comparatively, the 1a notch is a much tighter notch geometry than
the 4a nath, with the ligament width equalling the shoulder to shoulder length, hence the name

of la.
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For the fully bainitic material condition, the nominal stregin response of the 1a notches
is plotted inFigure 39. Plotted as engeering strain, elongation appears comparable to the
uniaxial tensile tests of this material condition, however, it should be noted that the gauge length
of the mini dog bone tensile specimens is nearly 4 times that of the 1a notch. To compare
macroscopic lengation of the la notched tensile specimen with the mini dog bone tensile
specimens tested, overall displacement measured at the ends of the gauge section is a better
means of comparing these two different specimen geometries.

For the fully bainitic 1anotched tensile specimens tested, the macroscopic response of the
specimens is fairly consistent. Based on measurements of the specimens prior to testing, the three
specimens tested had very consistent dimensions. The-sacssnal areas measured after
testing was completed were also very similar for two of the samples tested, with the third

specimen exhibiting a somewhat larger measured area, and thus lower fracture strain.
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Figure 39: Nominal stressstrain curve for fully bainitic 1a notch tensile tests
Table 9: Properties of fully bainitic 1a notch tensile specimens
Sample Bl B2 B3 Average
UTS (MPa) 801 831 852 828
Elongation 0.22 0.21 0.20 0.21
Initial Area (mm ?) 3.78 3.74 3.74 3.75
Final Area (mm?) 1.82 1.97 1.83 1.87
Area strain 0.73 0.64 0.72 0.70
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For the material quench conditions includedppendix D

1 Repeat tests of each material quench condition produced very consistent results.
3.5 1laNotched Tensile

Similarly to the uniaxial and 4a notched tensile specimens, numerical simulations of the la
notched tensile geometry were created in order to be able to obtain parameters to characterize
fracture, specifically the effective plastic strain, stress triaxiality, avdkelangle parameter of
the centre element of the specimen. For each of the four different material conditions tested and
modeled, the centre element of the specimen coincided with the location of the largest plastic
strain and these results are tabulatedable 10. Like the other two tensile geometries, quarter
symmetry boundary conditions were also applied to the mesh of the 1a notched tensile specimen.
The gauge section consists of 0.1 mm solid elements, in order to maimaisteocy with the
other two previously discussed tensile geometries. However, since the gauge length for the notch
geometries considered in this work is taken to be the distance shoulder to shoulder, the applied
velocity control boundary condition is onearter the magnitude of that applied to the other two
geometries. The solid element formulation used iRDYNA is type 1 (constant stress). The

model consists of 51,456 solid elements. The mesh is shokigure40.
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A
Figure 40: Mesh for quarter-symmetry 1a notchedtensile model

Table 10: Summary of results from la notched tensile specimen models

Material Equivalent Stress Stress Lode Angle | Lode Angle
Condition Plastic Strain | Triaxiality -at | Triaxiality - | Parameteri | Parameter-
fracture averaged at fracture averaged

100%

~ 0.52 0.70 0.58 0.27 0.26
Bainite
100% 0.35 0.75 0.59 0.16 0.19
Martensite
Intermediate
FA-Q2 0.42 0.78 0.60 0.15 0.18
Intermediate 0.37 0.67 0.58 0.5 0.27
Gleeble

The model of the la notched tensile specimen in the fully bainitic material condition
produced results that were largely similar to the other two geometries that were discussed in the
previous sections. For this model, the peak loads are similaose observed in the experiment,
however, like the 4a notch geometry, the load drop in the model after the maximum load is
reached deviates somewhat from the experimental reBidtge41 plots the engineering stress
strain reult obtained from the model against that of the experiments. Additionally, effective

plastic strain, stress triaxiality, and Lode angle parameter are also plotted against engineering
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strain in this figure. While the Lode angle parameter remains relatoeigtant over the
duration of the deformation of the specimen, the stress triaxiality increases from approximately
0.54 to 0.71. At the displacement corresponding to failure, the model also indicates a maximum
effective plastic strain of 0.56. To more aly indicate how the stress triaxiality and Lode angle
parameter vary over the course of the test, these two parameters are plotted as a function of
effective plastic strain ifrigure42. The results from the other material quermonditions are

included inAppendix D
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Figure 41: 1a notched tensile model results for fully bainitic material condition
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Figure 42: Stress state evolution for fully bainiic 1a notched tensile specimen
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4 FRACTURE EXPERIMENT RESULTS

In the interest of brevity, the experimenfi@ctureresults are discussed in detail for only one
material quench condition for each test. For the tests performed on the material queniebed in t
lab, the fully bainitic material quench condition is presented. Additionally, for the hole tensile
test, the intermediate Gleeble quench material condition is presented, while any additional tests
outside of those encompassed by these two material lyweEmditions are presented for the
tailored hot stamped axial crush rails quenched at a die temperature°®. A@Dere applicable,
the differences between the different material quench conditions are discussed in brief
comments. The remainder of the esipental results can be foundAppendix FAppendix Q

Note that this chapter focuses on presenting results from the individual experiments and
specimen types, including measured loligplacementesponse and local strains at onset of
failure. These failure strains are combined to produce fracture loci comprising failure strain
versus stress triaxiality, as presented in Chaptehich includes fracture loci for all rexial
conditions. The experiments presented in this chapter are ordered increasing in triaxiality,
beginning with simple shear and ending with egjaxial tension.

4.1 0° Butterfly i Fully Bainitic Material Quench Condition

The @ butterfly test is used tobtain failure strains corresponding to the simple shear stress
state. For this case, the specimen orientationbanehdary conditions arghown inFigure 43.

The specimen is aligned vertically, in the direction of the load fr&oe.each test, the load
displacement data presented has been normalized over the specimen thickness in the gauge
section. Measurement of specimens indicated that there was some inconsistency in the machined
gauge section. While the most poorly machinedcispens were not tested, some marginal

specimens were tested to round out data sets for some test conditions.
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For the fully bainitic material condition, 7 repeats were tested, with s@ngistent results.
Figure 44 shows the forcelisplacement response for these experiments. The true strains at
failure measured on the surface of the specimen are list€dhbie 11 for each of thaepeds.
Regarding the DIC analysis of these specimens, due to the severe deformations induced by this
test, incremental correlation was used. The vertical-thspplacement response measured for
each specimen is plotted gure 44. Figure 45 shows the major and minor surface strains for
these experiments. For each test, it is evident that the strain state corresponds to that of simple
shear since R . For this particular test, the fracture location appeared to be in the centre of
the gauge section for some, but not all of the tests. In some tests, it appeared that fracture

initiated at the machined through thickness radius.
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Figure 44: Load-displacement responséor fully bainitic 0° butterfly test

The strain paths at the location of maximum strain for each repeat are evidently
extremely proportional and no evidence of thinning was observed. In addition to thet@des
strain paths of each of the tests, the major, minor, and equivalent true strains at failure are listed
in Table11. This table also includes the maximum measured vertical force and displacement at
failure for each specimehe measured failure strains are quite similar, indicating very good

consistency in this test.
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Table 11: Failure strains for fully bainitic 0° butterfly test

Sample 1 2 3 4 5 6 7 Average | Standard
Deviation

086 | 0.75 | 0.78 | 0.81 | 0.82 | 0.68 | 0.77 0.78 0.06

-0.88 | -0.74 | -0.79 | -0.81 | -0.79 | -0.67 | -0.76 | -0.78 0.06

“Hi 1.01 | 086 | 091 | 094 | 093 | 0.78 | 0.89 0.90 0.07

For thematerial quench conditions includedAppendix E

1 In contrast to the fully bainitic case, comparatively greater variability is observed in the
fully martensitic specimens, both in terms of displacement at failure as well as strains at
fracture.In all cases, the fracture of martensite was very abagpearing to initiate in
most cases at the centre of the gauge section.

1 While the results from the five repeats of the intermediate forced air quench material
condition conducted are presented here, additional repeats bad¢onducted in order to
yield five consistent results, due to the poor consistency of this quenching methodology

when attempting to quench the comparatively larger blank size required for the butterfly
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specimenConsiderabldime was spent adjusting the 22 in order to yield relately
homogenous blanks, which possessed similar microhardness to the previously tested
specimens produced using the-RR.
4.2 Mini sheari 700 °C Tailored Hot Stamped
As discussed in sectidh2.5 the mini shear geometry was ugedbtain fracture strains in
simple shear for the material produced by hot stamping followed byugieching at either 400
or 700°C. For each material conditiofive repeats of this test were conductédr the mini
shear specimens machined from th&kgrush rails hot stamped and quenched in ‘Ta@lies,
the loaddisplacement response obtained from this test is showkigure 46. The material
response of the specimens tested is extremely consistent in terms of elorytilme. In this
figure, onset of fracture is indicated. This corresponds to the average elongation at fracture of the
specimens tested. Locally analyzing the DIC results of this test, local strains were obtained.
Considering the major and minor stramsasured in each specimen, strain paths were extracted.
Figure47 shows the strain paths obtained from the centre of the gauge section. In this figure, the
dashed black line denotes the theoretical strain path for simple shéctn, ttr experimental
strain paths are generally extremely close to. Due to paint issues compromising the speckle
pattern for one of the specimens tested, the strain paths of four repeats are included in this figure.
A summary of the mechanical propertidstained from the mini shear test for this material

guench condition is included rable12.
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Figure 47: Major true surface strain vs. minor true surface strain for 700 °C quench mini shear test

Table 12 Properties of 700°C quench mini shear specimens

Sample 7001 7002 7003 7004 7005 Average | Standard
Deviation
Peak Load [N] 2619 2666 2677 2659 2691 2662 27.1
Elongation [mm] 2.27 2.28 2.14 2.22 2.29 2.24 0.06
0.93 0.96 0.86 0.82 0.89 0.07
-0.89 -0.81 -0.81 -0.81 -0.83 0.04
“Hi 1.12 1.11 1.00 0.99 1.05 0.07
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For the material quench conditiamcluded inAppendix G
1 For each of the400 °C tailored hot stampd material conditionsfour of the five
specimens tested produced very consistent strain data. Fspebtienerthat did not, this
was a result of a compromised speckle patterrhé gage section of the specimen
Otherwise, these tests were extremely adqige.
4.3 10° Butterfly i Fully Bainitic Material Quench Condition
The butterfly specimen was tested in thé d@entation in order to obtain failure strains for a
stress state between simple shear and uniaxial teridienorientation of the specimen fdrig
test is shown inFigure 48. This particular orientation highlights an advantage of this test
apparatus, as it enables fracture characterization of shear, combined-stesignand plane
strain tension stress states simply ddtering the orientation of the grips in the apparatus.
Additionally, since the specimen rotates with the grips, the cameras used for the stereoscopic
DIC setup are mounted on a fixture which can also be rotatesliring that the same camera

window oriertation is used for all tests conducted on the butterfly apparatus.

&7

Figure 48: 10° butterfly specimen orientation
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For the fully bainitic material condition, fourepeats were completed, with reasonable
repeatability observed. Thaacroscopic forcelisplacement response of the specimen is shown
in Figure 49. The overall response is rather similar to that of the fully bainitic butterfly
specimens tested in thé Orientation. This test was very repeatakléh extremely similar load

displacement response for the four samples tested.

30000

Force [N]

0 T T T T T

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Displacement [mm]

Figure 49: Load-displacement responséor fully bainitic 1 0° butterfly test

In comparison with the fully bainitic butterfly specimens that were deste the O
orientation, fewer specimens tested in the 10° orientation exhibited fracture at the through
thickness machined radilfhe major and minor true surface strains measurethergauge
section of the specimens is showrFigure50. Evidently, the strain path that resulted from this
test is between that of simple shear and uniaxial tension, which are also indicated in this plot by
dotted and dashed lines, respectively. This strain path is reasonably propofiadual 3 lists

the major, minor, and equivalent strains at failure meaduaretle four repeats presented here.
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Figure 50: Major true surface strain vs. minor true surface strain for fully bainitic 1 0° butterfly test

Table 13 Failure strains for fully bainitic 10° butterfly test

Sample 1 2 3 4 Average | Standard
Deviation

0.66 0.66 0.67 0.51 0.62 0.08

-0.54 -0.57 -0.58 -0.45 -0.53 0.06

“Hi 0.77 0.80 0.84 0.66 0.77 0.08

For the material quench conditions included\ppendix H

1 The other two material conditions tested in this orientation generated much more

consistent strain paths up to fracture, lacking the necking observed in theduliic

specimens.

1 In comparison with the fully bainitic butterfly specimens tested in tliefiéntation, the

strain paths of the fully martensitic specimaevsre somewhat closer to that of simple

shear.

1 Fairly consistent strains at fracture were meaddor most of the intermediate forcaa

guench specimens, although sample 2 exhibited noticeably higher strains at failure.
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However, the elongation at failure of this specimen was consistent with the remainder of

the tests. Although the cause of tharigtion is unknown, material inhomogeneity as a

result of the quenching methodology is a possibility.
4.4 15° Butterfly i 700 °C Tailored Hot Stamped

Since the fully bainitic, fully martensitic, and intermediate forced air quench butterfly
specimens were test when the butterfly apparatus was still undergoing development, an
analytical relation for determining the stress triaxial@$] from the loading angle was used to
determine appropriate loading angles for combined dieesion loading. Unfortunately, as a
result of later analysis of the resulting strain paths, using aMises assumption to estimate
major and minor stresses, it was determined that this relation did not predict the expected stress
state. For the butterflypgcimens produced from the tailored axialstr rails formed at 400 and
700°C, the previously completed butterfly tests of the other 3 material conditions were used as a
starting point to determine a suitable loading angle, which would induce a stteskesteeen
simple shear and uniaxial tension. As a result, one test of each of the 400 aabi@terflies
was completed initially using a loading angle of.1&s analysis of these 2 tests showed that this
loading angle resulted in a stress state withaxiality of approximately 0.{discussed in more
detail in section5.1), the remainder of the 400 and 700 butterflies were tested using this
loading angle.
The specimens produced from tf@med axial crush railgjuencledin dies at a temperature

of 700 °C were the last experiments that were conductéd a result, the quality of the DIC
techniques applied, both in terms of speckling and analysis of these specimens, was likely the
best of all the specimens that werdedsn this work. The resulting foratisplacement response

of the15° tests is shown ikigure51. The macroscopic response is evidently consistent in terms
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of material yielding and hardening behaviour, although there is a amaiint of variation in the

measured displacements to fracture.

40,000

35,000 -

30,000

25,000

20,000

Load (kN)

15,000

10,000

5,000

0 L T T T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Vertical Displacement (mm)

Figure 51: Load-displacement response for G0 °C quench 15° butterfly test

The strain paths that resulted at the centre of the specimen, where fracture was observed t
initiate in this test, are shown iRigure 52. As this was the most ductile material condition
investigated, the strains measured in this test are the largest of all of the butterfly specimens
tested at 15 As indicated by théairly linear response between major and minor strains, this test
induced proportional loading in the specimen up until fracture. The tests were also very
repeatable, with nearly identical strain paths resulting in this test. A summary of the major,
minor, and equivalet true surface strains of the fivepeats is shown imable 14. On average

0.96 -0.77, and 1.02 were measured as major, minor, and equivalent strains at failure.
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Figure 52: Major true sur face strain vs. minor true surface strain for700°C quench 18 butterfly
test

Table 14: Failure strains for the 700°C quench 15 butterfly test

Sample 1 2 3 4 5 Average | Standard
Deviation

0.96 0.92 0.92 1.04 0.96 0.96 0.05

-0.79 -0.75 -0.76 -0.78 -0.80 -0.77 0.02

“Hi 1.02 0.97 0.98 1.08 1.03 1.02 0.04

For the material quench condition included\ppendix t

1 The five repeats tested weegtremely consistent in terms of load, total elongation, and

measured principal strains. Centre fracture was observed in each test.

4.5 30° Butterfly i Fully Bainitic Material Quench Condition

The fourth orientation of butterfly specimens used for this worls\tze 30 orientation. In
terms of stress state, this orientation induces a combinedtsing@n stress state. In comparison
with the specimens tested in the°l@nd 13 orientatiors, the 30 orientation induces
comparatively more tersistress and leshear stres$igure53illustrates specimen orientation

for this test.
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Figure 53: 30° butterfly specimen orientation

For the fully bainitic butterfly specimens tested in thé @fentation, threspeimens were
tested. Unfortunately, during testing of one of the specimens,-anmuifier in the controller
ceased functioning, resulting in load data for this test not being captured. Since the apparatus is
run using displacement control, however, thé ¢esild be continued up until fracture in order to
obtain fracture strains for this specimen. The {deplacement data from the two tests in which
it was recorded is shown Figure54. Macroscopic response of these two specsragpears to
be reasonably similar. Despite the load data corresponding to the third specimen being lost, the
displacement at failure was still recorded. The displacements at fracture for all three specimens
are noted inrable15. This table also indicates the major, minor, and equivalent strains at failure
that were measured in each of the three tests. Overall, the results from these tests are reasonably
consistent. Ideally, a greater quantity of specimens would have been &v&ilabkt, granting

greater confidence to the fracture strains obtained from this test.
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Figure 54: Load-displacement responséor fully bainitic 30 ° butterfly test

For all three of the fully bainitic butterfly specimens that wested in the 30orientation,
the major and minor strains are plottedHigure 55. As expected, this particular specimen
orientation resulted in a combined sh&arsion loading, slightly closer to uniaxial tension than
simpleshear. In this figure, the theoretical strain ratios for uniaxial tension and simple shear are
shown as black lines, dashed and dotted, respectively. For the specimens tested, it is apparent
that the strain path that was observed for each specimen wealy fargportional. For two of the
three tests, the strain ratio appears to remain consistent throughout the test, up until fracture.
However, in the third test, the major strain begins to increase much more rapidly than the minor
strain towards the end ohe test. Of the three orientations in which fully bainitic butterfly
specimens were tested, this orientation resulted in the lowest fracture strains, with average true

equivalent strains at fracture of 0.74 being measured.
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Figure 55: Major true surface strain vs. minor true surface strain for fully bainitic 30° butterfly test

Table 15: Failure strains for fully bainitic quench 30° butterfly test

Sample 1 2 3 Average
0.51 0.74 0.68 0.64
-0.36 -0.45 -0.39 -0.39
M 0.66 0.84 0.75 0.74

For the material quench conditions includedppendix J
1 Three fully martensitic and four intermediate forced air quench specimens were tested.
For both of these materialgnch conditions, the macroscopic and localized behaviour
was very consistent. Measured strain paths are also extremely proportional.
1 Limited specimens were available for testing, due to inconsistent machining.
4.6 Hole Expansion i Fully Bainitic Material Quench Condition
For the hole expansion test, punch load and displacement are not recorded. The sole metric
considered in this test is the diameter of the hole at the moment that a crack is observed through
the specimen thickness. From this measurement, kgowhe initial diameter of the hole,
equivalent strain at failure can easily be derived, from the following equation:
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_ 2
(0]
whereO is the outer diameter of the hole at fail{44].

To avoid the influence of a shear affected zone, the holes in all specimens were produced
using a lubricated 10 mm reamer on a drill press. Prior to using the reamer, 3 smaller drill bits
were used to incrementally increabe hole diameter. The specimen was flipped over before
drilling with each successive drill bit in order to prevent the formation of a large burr. During the
reaming operation, once the reamer had gone through the thickness of the material, thesdrill pres
was stopped and the reamer removed, in order to avoid creating scratches on the inner surface of
the hole. The hole was then polished using sandpaper, beginning with 180 grit and successively
increasing up to 800 grit in order to eliminate any scrataichsced by the reaming procegs.

tested hole expansion specimen is showhRigure 56, while the equivalent strain at fracture is

plottedas a function of material quench conditiorFigure57.

Figure 56: Tested hole expansion specimen (fully bainitic material quench condition)
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Figure 57: Equivalent strains at fracture for different material quench conditions

For the fully bainitic condition, the expmental results are listed ifable16. As would be
expected the fully bainitic material condition exhibited the greatest equivalent strain at failure of
the material conditions investigated. The results were fairly consistéhttive exception of
specimen number 8, which produced fracture strains that were more than 10% below the
recorded average for this test. Since the material heat treatment for the fully bainitic material
condition simply required removing the spaen fromthe furnace at 930C and allowing it to
cool standing in still air, this material condition was likely the most consistent of those tested.
Perhaps a more likely cause of the comparatively lower hole expansion and fracture strain
observed in specimen 8 the machining process used to produce these specimens. Although it
was attempted to produce specimens as consistently as possible, using the methodology outlined
in the previous section, it is possible that perhaps this specimen was not polishedsasntiynsi

as the other specimens tested.
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Table 16: Hole expansion results for fully bainitic material condition

Sample 1 2 3 4 5 6 7 8 Average | Standard
Deviation
$ 23.47 | 23.00 | 23.36 | 24.2 | 22.71 | 22.49 | 22.26 | 20.65 | 22.77 1.05
"o 085 |083 |08 |088 |082 |081 |0.80 |0.73 |0.82 0.05

For the material quench conditions included\ppendix K

1 The fully martensitic hole expansion specimens yielded the greatest consistency of the

three material queh conditions tested.

1 The FAQ2 proved to be extremely finicky for producing consistent blanks for hole

expansion, thus an excess of blanks were prodwrest a reasonably consistent

microhardness could be achieved through the quenching prétmssver, sme of these

specimes were damage during the reaming operation. For the sake of consistency with

the other two material quench conditions that were investigated in hole expansion, eight

repeats were tested.

4.7 Hole Tensilei Intermediate Gleeble

The hole tesile test was only used for the intermediate quench condition produced on the
Gleeble and the specimens produced from actual hot stamped parts with tailored properties. As
noted inSection2.2.], this test was only used for gematerial conditions due to the fact that it
was not possible to produdarge enough blanks fdnole expansion specimens with these
microstructures. Various works have utilized tensile specimens with a central hole in order to
generate a stress stateuwfiaxial tension at the free surface on the inner edge of the hole, as

shown by Bad42], Roth & Mohr[50], and Kofianiet al [66]. Although the hole expansion test

would have been preferred, due to ease of testing, since it does not requirsdcNiGed

specimens or stereoscopic DIC, the hole tensile testdeamed an acceptab#ternative.
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However, since this was the only case in which this type of specimen geomastrysed, it
would have been preferable to do work to optimize this geometry prior to testing. Although
Section2.2.1noted that the work of Bao investigated the influence of sheet thickness on fracture
behaviour, and the colusions of his work were used in developing the geometries used, there
was insufficient materialparticularly of the 400 and 70 tailored hot stamped material to do
testing with more than one specimen geometry. In the future, if hole tensile speamménde

used for fracture characterization work, preliminary work should be done to characterize the
influence ofthe ratio ofsheet thickness to ligament width for the material being investigated
prior to using this specimen to obtain experimental in&ctlata. As this was not possible within

the scope of this work, some of the tests that were conducted using hole tensile geometries
exhibited fracture initiation slightly behind the edge of the hole, where the stegssis not
uniaxial tensionA typical area of interestAOl) for obtaining macroscopic informationseown

in Figure58a, while Figure58b showsa typical local AOI.

Figure 58a: full AOI, b: local AOI
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Figure 59: Nominal stressdisplacement response for Gleeble intermediate quench hole tensile
specimens

Due to the nature of DIC, measuring local strains at the hole edge is difficult, due to the fact
that displacement and strain fieldan only be computed for an area slightly smaller than the
AOI [67]. More precisely, this means that there is an area at the perimeter of the selected AOI,
with a width of % the selected subset size, in which these fieldotchencomputed without
expanding the AOI to include a region slightly beyond the edge of the specimen. The large
strains observed near the hole edge necessitated the use of incremental correlation, an analysis
option in Vic3D, in which displacement andrain fields are computed by comparing each
successive image with the previous image, rather than with the reference image of the
undeformed specimen.

Nominal stress is plotted against displacement for this experiment, shdwguia 59. The
specimens were machined fairly consistently, as the hole size and ligament width were very

consistent for all the specimens test&dble 17 notes the measured dimensions of all of the
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specimens that were tested. Ebe local AOIs, strain paths for the hole edge are plotted in
Figure 60, while local strains at failure are compiled Table 17. Evidently there is some
variation in the strain paths for the specimdret tvere tested, with some specimens producing
largely proportional strain paths that stayed close to uniaxial tension up until fracture, while the
strain paths in other specimens evolved over the course of the test irpeoportional manner,

going towads plane strain.
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Figure 60: Major true surface strain vs. minor true surface strain for Gleeble intermediatequench
hole tensile specimens

Table 17: Properties of Gleeble intermediatequenchhole tensilespecimens

Sample 1 2 3 4 5 Average | Standard
Deviation
UTS (MPa) 996 1017 1005 1009 995 1004 9.35
Elongation 1.02 0.98 0.95 0.94 0.90 0.96 0.04
0.35 0.51 0.51 0.62 0.52 0.50 0.10
-0.14 -0.19 -0.18 -0.05 -0.17 -0.15 0.06
“Hi 0.36 0.51 0.52 0.70 0.53 0.52 0.12

Another challenge posed by the hole tensile geometry is the fact that two ligaments undergo

similar straining. In mst cases, fracture appeared to initiate simultaneously, but in some cases,
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fracture was observed to occur in one ligament first. Slight variations in material thickness and
ligament width, as well as the existence of defects or slight misalignment inipiseofj the
tensile frame are the most likely reasons for this discrepancy in response.
For the material quench conditions includedppendix L
1 The 400 and 700C die quench tailored hot stamped hole tensile tests were ggddu
from material with a nominal thiciess of 1.8 mmUnfortunately, due to the limited
availability of material with this quench condition, it was not possible to optimize the
geometry for this material. In each of the tests, fracture was observedydtighthd the
hole edge, where the strain path tends towards plane strain tension, rather than uniaxial

tension.The tpical fracture location igdicatedin Figure61.

Figure 61: Contour plot showing fracture initiation behind specimen edge

4.8 90° Butterfly i 700 °C Tailored Hot Stamped
The butterfly apparatus was configured to test specimens in theri@dtation only for

specimens machined from the parts produced using hot stamping aith ieating Due to the
limited size of the top hat sections, this particular test was used to generate a plane strain stress

state, as there was insufficient material to produce dome test specimens. Previous work by
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Anderson[68] indicaied that the 90orientation is suitable for generating a plane strain stress
state. The same camera configuration and stereoscopic DIC techniques utilized for the previously
described butterfly tests were used for these tests.

Five butterfly specimens pduced from the 700C hotstamped rails were tested in the’ 90
orientation. The 700C hot stamped butterflies were tested after the 4D0Ohot stamped
butterflies, as this material condition was expected to be the most ductile of all of the material
condtions investigated.Figure 62 shows the loadlisplacement response for each of the
specimens.The butterfly specimens produced from 70C€ hot stamped parts exhibited
extremely repeatable loatisplacement behaviour, as well anigar displacement to failure.

The local strain measurements for each specimen, including major and minor strains, as well
as equivalent strain at fracture are listedTable 18. For this test, fracture was observed to
initiate in the centre of the specimen for each of the specimens tested. The strain paths are shown
in Figure63, indicating that this test does induce a plane steaisionloading condition up until
fracture, as the minor strains ardrerely close to zero. Of all the plane strain tests conducted
in this work, the 90 butterfly test of specimens created from axial crush rails exhibited the

largest measured strains at failure.
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Figure 62: Load-displacement respase for 700 °C quenct®0® butterfly test
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Figure 63: Major true surface strain vs. minor true surface strain for 700 °C quench 90butterfly
test
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Table 18 Failure strains for the 700°C quench 90 butterfly test

Sample 1 2 3 4 5 Average | Standard
Deviation

0.35 0.39 0.38 0.39 0.40 0.38 0.02

0.00 0.00 0.00 0.01 0.00 0.00 0.00

“Hi 0.41 0.45 0.44 0.45 0.46 0.44 0.02

For the material quench condition includeddopendix M

1 The five repeats tested producedremely repeatable results, with an average equivalent

strain of 0.38 measured at fracture.

4.9 Plane Strain Dome i Fully Bainitic Material Quench Condition

For the planestrain dome tests on each of the different material conditions, force and
displacement dput was obtained from the dome tester and synchronized with the images
captured using ViSnap 8. Using VicdD stereoscopic DIC, dome height, major and minor
strains, and local true equivalent strain at failure was obtained. In order to obtain strains at
failure, for each of the tests, a circle with a diameter of 1.2 mm was centred at the location where
the crack was initially observed. Since the initiation of a crack at the surface has the tendency to
compromise the correlation, the measured failure r&travere measured in the image
corresponding to one frame before the image in which fracture was visible.

In order to minimize quenching induced warping of the blanks from which these specimens
were machined, 80 ®%250BA8 inlislasradkes statef werd Samped iR the
tooling of the MTS dome tester. Clamping in the tooling formed the impression of thiedadk
in the 80 x 80 bl ank, enhancing the stiffness
of warping induced by the qudmag process. The specimen geometmlinedin Section2.2.3

was then machined from the quenched blanks.
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For the fully bainitic material condition, 8 repeats of the plstnain dome test were
conducted. The punch load is peat against dome height for this test kiigure 64. In
comparison with the eqiniaxial test of this material conditiq®ection4.10), punch loads in the
plane strain dome test are substantially loeued appear to show somewhat greater variability

between repeats. The measured dome heights at failure are also markedly lower than in the equi

biaxial case.

Punch Load (kN)

20

Dome Height (mm)

Figure 64: Punch load vs. dome height for fullybainitic plane strain dome test

Analyzing the strain state of the material in the area where fracture is initially observed,
Figure65 plots major strain against minor strain, wHigure66 is a plot of minor strain/major
strain ratio against dome height. Some variability between the test specimens is evident in both
these figures, but it is also evident that the strain state evolves over the course of the test.
Although the minor strain initially increasdayrgely due to beding and the dome curvature is

formed, the minor strairbegins to decrease at approximately 5% major strain, decreasing
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sufficiently such that a strain state that is effectively plane strain is induced in the material. The
plot of minor strain/major strairatio provides an alternate means of demonstrating the how the
strain state goes to that of plane strain over the course of the test. A perfectly plane strain test
would have a strain ratio of zero for its entirety. The initial increase of the minan stra
approximately equally to the major strain can likely be attributed to the use of a hemispherical
punch for this test, which initially induces a strain path that is approximatehbexual. To use

a dome test apparatus to induce a strain path withauinitial equibiaxial portion, a flat punch

is sometimes used, as in a Marciniak {68{.
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Figure 65: Major true surface strain vs. minor true surface strain for fully bainitic plane strain
dometest
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Figure 66. Minor true surface strain/major true surface strain vs. dome height for fully bainitic
plane strain dome test

Figure 67 shows a typical contour plot of equivalent true strain for the fodlinitic plane
strain dome test. The failure strain measurements are tabulalebl®19. Most of the tests
produced similar contour plots. Observable in this contour plot is a single necking region,
indicated by the high lel® of equivalent strain in a single band across the width of the
specimen. Some tests unfortunately exhibited twin necking locations. The lubrication condition
was observed to have a direct effect on both the fracture location and the precipitation of
multiple necking regions, with insufficient lubrication resulting in multiple necking regions and a
fracture location somewhat further away from the centre of the specimen. With additional
lubrication, only one neck is observed and it is located somewhat ¢toskee centre of the

specimen.
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Figure 67: Typical equivalent strain contour plot for fully bainitic plane strain dome test

Table 19: Failure strains for fully bainitic plane straindome test

Sample 1 2 3 4 5 6 7 Average | Standard
Deviation
E 0.20 | 0.17 | 0.19 | 0.19 | 0.20 | 0.24 | 0.19 0.18 0.04
E 001 | 001 | 001 | 001 | 0.01 | 0.00 | 0.01 0.01 0.00
EjtE 0.05 | 0.07 | 0.06 | 0.04 | 0.04 | 0.01 | 0.06 0.06 0.05
s 039 | 034 | 035 | 036 | 0.35 | 0.38 | 0.34 0.36 0.02

For the material quench catidns included iPAppendix N
1 Due to the comparatively lower ductility of the fully martensitic and intermediate forced
air quench material quench conditions, the initial biaxial strain path that resulted from
conducting thigest with a hemispherical punch appears more significant than in the fully
bainitic case.
4.10 Equi-biaxial Dome i Fully Bainitic Material Quench Condition
For the fully bainitic equbiaxial dome testghe testing methodology used was the same as
that of theplane strain dome tests, discussed in SectiOnPots of punch load versus dome
height, major true surface strain versus minor true surface strain, and minor true surface
strain/major true surface straiatio versus dome dight are shown ifrigure 68, Figure69, and
Figure 70, respectively.Figure 68 shows extremely good repeatability for all of the repeats of

this testas the forcalome height response is nearly identical for all of the specimens.tested
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Figure 68: Punch load vs. dome heightor fully bainitic equi -biaxial dome test

Using Figure 69 and Figure 70 to make inferences about the strain state of the specimen at
the location where fracture was first observed, it is evident that the strain state for this test is
effectively equibiaxial; major and minor strains are almost identicaltifie@ entire test, yielding
an FLD ratio very close tanity. Necking appears to occur in a few of the repeats just prior to
failure, evidenced by the major strain increasing disproportionately to the minor strain near the
end of the test. For each repdhg strains plotted are those at the location of fracture, which was
close to the centre of the specimen in all caB&gire 70 presents this in an alternative form,

showing the variation of minor to major strain prior to fraetu
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Figure 69: Major true surface strain vs. minor true surface strain for fully bainitic equi-biaxial
dome test
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Figure 70: Minor true surface strain/major true surface strain vs. dome height for fully bainitic
equi-biaxial dome test

Figure 71 shows a characteristic contour plot of equivalent strain, as well as the typical

location of fracture for this testhe true surface strains at failure for this test are tabulated in
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Table20. The ratio of minor to major strain includedTiable 20 deviate somewhat from unity,
as they are the ratio of the strains one frame prior to the appearance of a creaura30

shows, the ratio for the majority of the test was closer to unity.

Equivalent
True Strain
0.78

0.585

0.39

0.195

0.00

Figure 71: Equivalent strain contour showing typical fracture location for fully bainitic equi-biaxial
dome test The contour plot on the left correspond to the imageoneframe beforefracture is
observed

Table 20: Failure strains for fully bainitic equi -biaxial dome test

Sample 1 2 3 4 5 6 Average | Standard
Deviation

0.38 0.44 0.40 0.39 0.42 0.43 0.41 0.02

0.36 037 0.32 0.32 0.39 0.33 0.35 0.03

j 0.93 0.85 0.79 0.80 0.91 0.78 0.85 0.06

i 0.74 0.83 0.72 0.71 0.81 0.76 0.76 0.05

Table 20 indicates that for the 6 repeats, this test was extremely consistent. tihié.D
strain ratioat failure of specimens #3, 4, andsGmarkedly lower than that of the othepeats,
the test parameters such as lubrication, frame rate, and punch speed were kept consistent for all
six repeats. The average measured equivalenh stdrilure is considerable. Compared to the
performance of the fully bainitic microstructure in the other experiments, the equibiaxial dome
test was bested only by the 0° & butterflies, as well as the hole expansion test.
For the material quenatonditions included ii\ppendix Q
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1 For the fully martensitic material quench condition, no necking prior to fracture was
observed.

1 Considerable time was expendadtempting to produce blanks with homogenous
microhardness usintpe FAQZ2. This secondrate material quench condition consistently
exhibited fracture away from the centre of the specimen, with the measured strain paths

indicating astrainstate between plane strain and elgjaixial tension.
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5 FRACTURE CHARACTERIZATION

In this section, the appaches used to develop fracture loci for the various material quench
conditions investigated inthis work are outlined.Fracture characterization using the
experimental results presented in Chagteis performed usinghe experimentally determined
strain paths and fracture straifid/ assuming a von Mises yield criterion for this materiaé
experimentally derived strain ratiasin beused to obtain an estimate of the stress state in the

form of stress triaxiality.Following [70], the ratio of minor strain to major strain is denotedtas

1=
from which b is calcul ated:
( ¢l P
¢ 1
Adopting assumptions of von Mises yielding and plane stress loddagire s s t r i axi al it
can be defined in terms of ©b:
B I P
or r e

5.1 Butterfly Fracture Strains
In the case of the butterfly tests that were conducted, the DIC was able to maintain

correlation up until the specimens fracturedabling direct measuremt of the limit strains at
onset of failure

For theall of the butterfly teststhe average stress state and fracture strain for the butterfly
tests conducted on the fully bainitic, fully martensitic, and intermediate forced air quench

material conditios are listed ifable21.
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Table 21: Comparison of strains at fracture and stress states for butterfly tests

Equivalent strain Stress triaxiality

0° Fully bainitic 0.90 0.005
10° Fully bainitic 0.77 0.064
30° Fully bainitic 0.74 0.187
0° Fully martensitic 0.54 0.028
10° Fully martensitic 0.52 0.040
30° Fully martensitic 0.46 0.120
0° Intermediate forced air quench 0.68 0.013
10° Intermediate forced air quench 0.64 0.059
30° Intermediate forced air quench 0.46 0.176
15° 400°C tailored hot stamped 0.94 0.09

90° 400°C tailored hot stamped 0.38 0.59

15° 700°C tailored hot stamped 1.02 0.09

90° 700°C tailored hot stamped 0.44 0.58

Slight variation in the stress states obtained from théengbaths is observed, with the less
brittle material quench conditions generating stress states closer to the thetratiedity for
simple shear, zero.

For the 10° butterfly tests, the failure strain and stress triaxiality for these three material
guench conditions are listed ihable 21. As discussed earlier, iBection 4.4, an analytical
relation between loading angle and stress triaxiality had been used initiaigtimate the
resulting stress statbat corresponded to various mixed mode loading conditi@Qunsidering
this relationthere had been expected to be a greater variation in stress state induced by rotating
the grips of the butterfly apparatus fromt® 10°. However, after analyzing the strain paths, it is
evident that the resulting stress state induced by the 10° butterfly test is very similar to that of the
0° butterfly test, particularly for the fully martensitic material conditiéor the fullymartensitic
and intermediate forced air quench material conditions, the measured fracture strains in the 0°

and 10° butterfly specimen orientations are similar in magnitude, while there is a decrease of
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approximately 15% for the fully bainitic specimensenhcomparing the results from the 0° and
10° orientations.

The final orientation in which the butterfly specimens of these three material conditions were
tested is the 30° orientation. The average equivalent strains at failure and stress triaxialities
obtained from these tests are listedlable21. Again, for this orientation, the stress triaxialities
obtained from the fully bainitic and intermediate forced air quench material conditions are very
similar, while that of the mamssitic material condition is significantly lower. Considering
measured equivalent strains at fracture, the fully bainitic specimens tested in the 30° orientation
were very similar to those measured in the 10° orientation. In contrast, the equivalest strain
measured at fracture for the fully martensitic and intermediate forced air quench material
conditions tested in the 30° orientation are the lowest of the thugerfly orientations
investigated.

For the butterfly specimens that were machined from dpesections of the tailored hot
stamped axial crush rails, the specimens were tested with the grips oriented in the 15 and 90°
orientations as discussed in sectiods4 and 4.8 The 15° orientatiomesulted in a combined
sheartension loading condition, while the 90° orientation generated a stress state of plane strain
tension.Thetwo die quenchednaterial conditions exhibited similar levels of ductility to fracture
and following analysis of thersiin histories, also yielded similar stress triaxialities in this test.

5.2 Mini Shear Fracture Strains

As with the butterfly tests, the mini shear tests enabled strains at fracture to be obtained
through the use of DIC. For the two die quenching conditibas were used to produdke
tailored hot stamped axial crush rails, the stress triaxiality and equivalent strain at fracture are

listed in Table 22. Additionally, aspart of non-proportional loading tests that are discussed in
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Chapter6, mini shear specimens were also produced from material that had been quenched to the
fully bainitic material quench condition to use as a baseline. The result of these experiments is
also listed inTable22.

Table 22 Comparison of strains at fracture and stress states for mini shear tests

Equivalent strain Stress triaxiality
400°C tailored hot stamped 1.01 0.00
700°C tailored hot stamped 1.05 0.00
Fully bainitic 0.89 0.00

5.3 Hole Expansion Fracture Strains
For the hole expansion simulatiommodel was set up to represent the experimental setup

used in this experiment. However, rather thar
purpose of creating a axisymmetmodel, a circular blank of equivalent area was modeled,
resulting ina blank with a diameter of 5.64. For the model with an el
the blank consists of 1380 constant stresssolid hexahedral element&olid element
formulation 1lin LS-DYNA). Puso enhanced assumed strain stiffness hourglass visgogity
was used in this model, to minimize hourglassing around the outer edge of the hole. The tooling
in this model has all been modelasl meshedigid badies. While no mass scaling was used in
this simulation, time scaling was used in order to reduce computation time.

For contact between the different components, surface to surface soweretdefined
between the blankunch, blanidie, and blantbinderinterfaces, with the blank defined as the
slave surface in each case. Between the blank and punch, a coefficient of friction of 0.05 was
applied. Quarter symmetry boundary conditions were applied to reduce the size of the model.
Velocity control was usedtcontrol punch movement, while a 50 [kN] load was applied to the
binder to clamp the blank. The model is showrkigure 72, with the blank shown in red, the

conical punch in blue, the die in yellow, and the binder in green.
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Figure 72: Hole expansion model

Since the only metric obtained from the hole expansion test is the initial hole diameter and
the hole diameter at fracture, the model is used to confirm the assumption of a uniaxial tensile
stress stat being induced at the upper edge of the specimen. The test apparatus was not fitted
with a load cell, so correlating punch loads and displacements from model with experimental
results isof no value For each of the fully bainitic, fully martensitic, amdermediate forced air
guench material conditions, the measured diameters at fracture from the experiments were used
to determine termination times for the models. Forftikly bainitic materialquench condition
Figure 73 plots stress triaxiality and Lode angle parameter against the equivalent strain at the

edge of the hole.
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Figure 73: Evolution of stress triaxiality and Lode angle parameter at outer edge for fully bainitic
hole expansion model

Evidently, for each of the material conditions tested, at the outer edge of thénmidé is
never in contact with the punchhe material is under a stress state of uniaxial ter(stoess
triaxiality of 1/3 and Lode angle parameter near ufotyjhe duratio of the test. This is the
location where fracture was observed to initiate in the experiments. Also obtained from the
models of the hole expansion test aguivalentstrainsof individual elements at the hole
diameters corresponding to fracture. The istrafrom the model are comparable to those
measured directly from the experimentsTable23 indicates.

Table 23: Comparison of equivalent strains at fracture for hole expansion experiment and model

Fully bainitic Fully martensitic Intermediate forced
air quench
Experiment 0.82 0.74 0.70
Model 0.80 0.74 0.68

5.4 Plane Strain Dome Fracture Strains
For the plane strain dome test, the strain paths are again used from the tests for the three

different mateml conditions in order to approximate stress triaxiality. The fact that this test
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generated a plane strain stress state for the three different conditions is highlighabte 24,
which shows the equivalent strains and streasidlity at fracture.

Table 24: Comparison of strains at fracture and stress states for plane strain dome tests

Equivalent strain Stress triaxiality
Fully bainitic 0.36 0.59
Fully martensitic 0.15 0.60
Intermediate forced air quench | 0.22 0.62

5.5 Equi-biaxial Dome Fracture Strains
For the equbiaxial dome test, in each of the experiments conducted, fracture was observed

to initiate near the centre of the blank. In order to determine the stress state that corresponded to
the fradure strains measured in these tests, the ratios of the major and minor strain are
consideredand areused to obtain an estimate of stress triaxiality. Considering the three material
conditions for which egdbiaxial dome tests were conducted, the eqemastrains at failure and

stress triaxiality are noted ifiable 25. The fully martensitic and fully bainitic material quench
conditions indicate a near biaxial triaxiality of 2/3.

Table 25. Comparison of drains at fracture and stress states for equbiaxial dome tests

Equivalent strain

Stress triaxiality

Fully bainitic 0.76 0.67
Fully martensitic 0.35 0.67
Intermediate forced air quench | 0.30 0.65

As discussed isection4.10, the strain ratio for the intermediate forced air quench stress state is
significantly less thamnity (a strain ratio of unity indicates perfectly biaxial tension).
5.6 Fracture Loci

While the experiments conducted successfully induce a range of sttessasta also allow
for failure strains to be obtained for each, the use of sheet material limits the range of stress
states achievable. In order to accurately predict fracture for a broad range of stress states, a
fracture locus can be calibrateding theexperimental pointsyielding a surface of equivalent

strain as a function of stress triaxiality and Lode angle paramiétercurrent work considers
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sheet material with an inherent pdastress assumption for which tineaximum triaxiality is
limited to 2/3. While a multitude of fracture loci have been postulated in literature, in this work,
the fracture locus proposed by Bad] (introduced in Sectiot.3.2) is used

Another poplar fracture locus in the literature is the modified M@auomb fracture locus,
often seen in the works of Wierzbic|81] [32] and Mohr[52], which is also introduak in
Section 1.3.2 While the MMC criterion considersome physical influence of the stress
triaxiality and Lode angle parameter on fracture strain, the locus developed by Bai is more
flexible, considering these two parametas independent variables. However, for the case of
plane stress, where there are only two-mero principal stresses, since the stress triaxiality can
uniquely define the stress state, as discuss&ddtion1.3.3

G X P
o

Since the final application of this fracture characterization work will be in simulations, which use
shell elements and thus assume plane stress for this work, only plane stress fracture is
considered, thus rather than using daste of fracture strain as a function of stress triaxiality and
Lode angle parameter, a curve of fracture strain as a function of stress triaxiality will suffice. For
this case, théai locus often provides better agreement with the experimental poartsthb

MMC criterion.

Due to the fact that the notched tensile specimens demonstrated considerable variation in
stress state from the beginning of the test to theaaeddracture initiation location could not be
definitively determinedthese tests wemot considered when calibrating fracture Idgince the
test programme of the intermediate Glegieduced material consisted almost entirely of
notchedtensilespecimens, no fracture loci were fit for this sr&l condition. This particular

microstru¢ure was not found in any appreciable quantity in the tailored hot stamped parts of
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Omer[37] or Prajogd71] but was rather a laboratory nove]@]; thus,it is of limited usefulness

in this work. The fitfor the fully bainitic material quench condition is showrFigure74, while

the other material quench conditions are includedppendix Q The symbols plottedhdicate

the individual measured strains at failure and are plotted to indicate the degree of Roatter
each material quench condition, the fracture loci presented here consist of a hybrid of the Bai and
MMC fits. The physicallyinfluenced MMC criterionis used for extrapolating the fracture locus

in the triaxiality domain corresponding to compression, while the Bai criterion is used to fit the
region of the fracture locus between triaxiality of zero and Pd3contrast the fracture loci for

the different material conditions investigated in this thesis, all of the fracture loci are overlaid in
Figure 75 (curves are plotted without scatter bands for clari@yerall, the fracture loci
produced for the material quench conditiongestigated in this thesis indicated a correlation
between material hardness and fracture strain, with the fully martensitic material (485HV)
possessing the lowest ductility, while the material produced througfudiechingat 700°C
(185HV) was the mostuctile. Although the fully martensitic material quench condition fracture
strains in uniaxial tension are comparable to some of the other material quench conditions, under
most stress states, it is the least ductile material by a considerable mbaggneatest variation

in fracture strain is around the simple shear stress state (triaxiality of zero)
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Figure 75: Fracture loci for five material quench conditions
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6 FAILURE PREDICTIONS UNDER NON-PROPORTIONAL
LOADING PATHS

In order to investigate the suitability thfe phenomenological approach to damage modeling
that is considered in this theses series of experimenigas conceived, in order to induce large
changes of strain path. The approach used was as follows: initi&§3.2 mmx 203.2 mm
blank is austenized and quenched, using the same thermal prggesse that was used for the
fully bainitic material condition in this work. This blank was subsequently biaxially stretched in
the centre of the specimen, t0-22% equivalent strain (measured usstgreoscopidIC),
using a flat punch, in a Marcinidkst. The Marciniak test employs a carrier blanth a central
holein order to eliminate friction between the punch and the centre of the blank, a schematic of
which is provided irFigure 76 [69]. It should be noted, while the tooling depicted in this figure
indicatesa lock beadywhereas the actual tooling adoptedtfue biaxial stretchingomprisediat

dieswithout a lock bead

Carrier

Figure 76. Schematic ofa Marciniak test

Since no knurled die set was available, rings of sandpaper were mounted between the blank
and the die to increase friction. An example of the relatively uniform strain distribution in the

centre section of the blank is showrFigure77.
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Figure 77: Contour plot showing distribution of equivalent strain in biaxially stretched Marciniak
specimen[72]

Following this biaxial stretching operation, the stretched portions of tharsges were then
machined toextract prestrainedmini shear and mini dog bone uniaxial tensile specimens, as
shown inFigure 78. These specimens were then tested in the hydraulic Instron mechanical test
apparatus shown iRigure 18, under quasstatic (0.003 9 loading conditions, while applying

stereoscopic DIC.

Figure 78: Specimens machined from centre section of biaxially pretrained blank

The strain paths for the mini sireand mini dog bone uniaxial tensile specimens were then
converted to stress triaxigliversusequivalent strain historiesising the methodology outlined

in Chapter5. Plotting equivalent strain as a function of stress ialdy, the evolution of the
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stress state for these two sets of strain histarées be observed, ahown inFigure 79. In
addition, mini shear and mini dog bone uniaxial tensile specimens that were produced at this

time from magrial that had not been pstrained were also tested as a baseline. Stress state

evolution for these additional tests are also includdegare79.

1.40
= Tensile

\ s Shear

= Tensile: Biaxial Pre-strain
=== Shear:Biaxial Pre-stram
=== Fracture Locus

-
.....

Equivalent Strain

0.40 A

-0.10 0.00 0.10 0.20 0.30
Stress Triaxiality

Figure 79: Stress state evolution of tests with andithout biaxial prestraining overlaid on fracture
locus for fully bainitic material condition [72].

Using the approach to damage that is utilized in the GISSMO ni68kglthe damage was
integrated ér each of the different loading histories, using a value of 2 for the damage exponent.
Computing damage accumulatiomcrementally it was possible to determine tlumset of
fracture for each of the different loading paths investigatéde GISSMO damage model
considers fracture to occur when the damage parameter has a valagyofThe resulting
fracture strains predicted by the damage model are compardtiose measured in the
experiment, presented ifable 26. For the experiments that included 4{steaining, the
equivalent strain induced during the biaxial stretching operation was simply added to the

equivalent strain measuretfeacture in each of the subsequent tests. Due to slight variation in
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the biaxial prestrains induced from blank to blank, the mini shear and mini dog bone uniaxial
tensile specimens were tracked to their respective blanks, in order to account faidticnva

Table 26: Experimental and predicted fracture strains for non-proportional loading [72]

£ : Experimentally measured Predicted fracture strain
Xperiment . :
fracture strain using damage model
Mini shear 0.89+0.08 0.92
Mini dog bone uniaxial tensils 0.86+0.04 0.66
Prestrained mini shear 1.06+0.03 1.08
Prestrameq mini o!og bone 0.83+0.03 0.85
uniaxial tensile

Evidently, the damage model proved adequate for prediction of strains at fractuesgoe th
strained loading cases. It should be noted, however, that for the mini dog bone uniaxial tensile
specimen, the predicted fracture strain was considerably less than what was measured. The most
likely reason for this is due to the way in which damagyadcrued using this approach. Since
this strain path is highly nelnear, the stress triaxiality begins to evolve from uniaxial tension
towards plane strain very early on. Since the fracture strain for plane strain is the minimum of all
of the stress stas investigated, damage is accumulated fastadrplane straindeformation
While the prestrained mini dog bone uniaxial tensile specimens also exhibited a highly non
linear loading history following the biaxial stretching operation, the influentleeobiaxial pre
straining is nearly negligible, as a result of the -inear damage accumulation in the damage
model, since the fracture strain in edpéxial tension is quite highFigure 80 provides an
illustration in the diference in damage accumulation for the mini dog bone tensile specimens,

with and without biaxial prstraining with linear and notinear damage accumulation

107



1.20

Biaxial Pre-strain:
n=2

1.00 - ,
5 |
g 0.80 + ,
g /
% 0,60
% ) Biaxial Pre-strain: Y 4 /

n=1 y Al
% . V4 2 /
0 040 p) /
I 4
0.20 | S, - Tensile
) e=me Tensile: Biaxial Pre-strain
0.00 T T T T T T
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90

Equivalent Strain

1.00

Figure 80: Comparison of damage accumulation for mini dog bone tensileading caseg72]

108



7 APPLICATION TO SIMULATION OF HOT STAMPED
COMPONENTS

In order to apply the experimentally derived fracture loci to impact simulations of hot
stamped components, an inverse approach is umsdle interest ofpragmatism Due to
limitations and simplifications inherent in the modeling strategy, nanasgption of
comparatively large shell elements and the use of the GISSMO damage model as strictly a
damage counteto initiate element deletioriscrepancies nyaarise between experiments and
numerical simulationsk-or instance, while certain experiments indicated considerable necking
before failure themodeling approach does not account for localization prior to element deletion.
Thus, fimodel dependent fractutecio were constructed,singii c r i t i c al el ement o
simulations FE modelsof fracture experiments are developed angl used to derive stress state
and equivalent strain at fractureonveniently provioshg a closedoop approach to fracture
chaacterization. With this approach, the experimentally measured elongation or dome height at
fracture is used in the models to determine the strain and stress state of a particulaf&ment
A drawback of this approach isahdecisions of modeling taste, be it element type, element size,
friction coefficients, etc., are inherent in the final fracture Id&13; hence, the use of the term
Amodel dependent fract ur eentdllyoderived loti in Chaptebt r a s t
Mindful of the fact that the tailored hot stamped axial crush and side impacstialied by
Omer [37] and Prajogo[71], respectively, were modeled in {LBYNA using type 16 shell
elements (fully integrated), with seven through thickness integration points, simulasiogs
this element typevere developedor seleted experimentand used in the model dependent
fracture loci calibrationDescriptions of these mel$ and the development of moaEpendent
fracture lo¢ are the focus othis chapterFor consistency, each simulation described in this

section features elements with a length of 0.6 mm in the gage section or at the centre of the
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blank. Thisrather smdlsize was adoptedue to the limited size of the gage section in the mini
shear specimen geometry. Since the impact simulatiottseedfot stamped componenits [37]
[71] had element sizes of 2550 mm, element size influence and regularizatimere also
examined asliscussed irsection7.2
7.1 Numerical Fracture Locus Calibration

For the development of a model dependent fracture locus, mod#is experiments that
were anenable to shell modeling were developed in order to investigate the existence of
discrepancies between the experimentally measured fracture strains and the strains at fracture
predicted by these models. The experimentssideredncludedthe mini shearplanestrain dog
bone, and eqgthiaxial dome. Experiments such as hole expansion and tensile specimens were
also simulated using shell elements, however, these experiments veeiited to this approach,
due to significant stress gradients through théens thickness. These models are not included
in the development of the modeépendent facture lacThe methodology used for adjusting the
fracture locus was as follows: first, the simulation of the gaxial dome is run using the
experimentally deved fracture locus. Since the strain path in the modelesponds tmearly
perfect equbiaxial tension up until fracture, simply scaling the input fracture strain
corresponding to a stress triaxiality of 0.667 directly affects the resulting dome duefigttture.
Once the simulation of the egbiaxial dome test predicts fracture initiation at a dome height
consistent with the experiment, simulations of the pltr&n dog bone are run. Since the initial
strain path of this test using a hemispheripahch is initially equbiaxial tension before
transitioning to planatrain tension, the fracture strain corresponding to a triaxiality of 0.667
influences the rate of damage accumulation for this portion of the strain path. Once the fracture

locus in the region between egbiaxial tension and plane strain tension has luadibratedto
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yield consistent fracture initiation dome heights between model and experimargitreof the
fracture locusaround stress triaxiality of zeiis tuned based on theesults of the mini shear
simulation.Between stress states of simple shear and plane strain tension, it was intended to use
a hole expansion model with shell elements in order to calibrate the model dependent fracture
locus. However planar shell elementsvere found to be less than ideagiven the through
thickness stress gradient at the hole e@genparing experimental and numerical fracture strains
for the stress states of simple shear, plane strain tension, amdbiaqgal tension, the
experimental facture locus is then fit to the numerical resulise results of theequibiaxial
dome, plane strain dome, and mini sh&arulations are shown iBections7.1.1-7.1.3 It should
be noted, for thenaterial produced through die quenching at 700 °C, the only experiment that
could be modeled using shell elements was the mini shear. For development of the model
dependent fracture locus under efiaxial and planestrain loading, the differences betwethe
experimental and modelependent fracture loci for the fully bainitic material condition were
considered and applied to the experimental fracture locus of the 700 °C die quench material.
7.1.1 Equi-biaxial Dome Predictions

The mesh used to model the ebiaxial dome test is shown Figure81. This mesh features
a 0.6 mm element size in the refined region over the punch; the element size adopted for
calibration of model dependent fracture loci for each material conditiQoartersymmetry
boundary conditions have been applied and each component has been modeled using shell
elements. In LDYNA, contact between the blank and the various tooling components has been
defined using the *CONTACT_FORMING_SURFACE_TO_SURFACE tach defintion,
which is apenalty functiorbasedcontact typegenerally used imetal formingsimulations[57].

The coefficient of friction between the blank and thench has been defined as 0.04,
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corresponding to Teflon lubricatiomhile 0.4 was used as a coefficient of friction between the
blank and the other tooling componenits/estigations into modeling the binder and die with the
lockbead incorporated were conducted, with no appreciable variation inimdraw load
displacementesponse. However, due to the tight radius of the lock bead, special attention was
required in this region when meshing the blank. As a result, considerably greater simulation
times were encountered when running the model that incorporated a lock beadesAst, the

lock bead was neglected in the final simulations. For completeness, meshes that incorporate the
lock bead for both the egbiaxial and plane strain dog bone models are includetppendix

R. This simulation didnot incorporate any mass scalinglthough strain rate sensitive
constitutive models are not used, the time scaling applied to these models is very conservative, as
initial simulations with more aggressive time scaling induced stress waves, and as @ result

some cases, plastic strain, in the blank upon initial contact with tooling

Figure 81 Quarter-symmetry mesh of equibiaxial dome test. Blank is shown in red, while die,
binder, and punch are shown in yellow, green, and blue

Punch force is plotted against dome heighFigure 82 for the bainitic material condition.
The corresponding experimental results are included for refer&umd agreement between

experiment and simulation is observed.
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Figure 82 Punch force plotted against dome height for equbiaxial model and experiment for fully
bainitic material quench condition. The grey and blue lines correspond to experimat and
simulation, respectively

7.1.2 Plane Strain Dog Bone
For themodel of theplanestrain dog bongeometry, the same tooling from the egiaxial

dome model is used. The mesh used for this model is showigumne 83. In terms of model
setup (contacts, coefficients of friction, tireealing), these parameters are identical to the- equi

biaxial dome model described 8ection7.1.1

113



Figure 83 Quarter-symmetry mesh of planestrain dog bone dome test. Blank is shown in red,
while die, binder, and punch are shown in yellow, green, and blue

For the plane strain dome model, punch force is plotted against dome hefgiti@84. The
experimental results are also plotted on this figureréference Good agrement between

simulation and experiment is observed, with dome height at fracture consistent with the

experimentamedian
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Figure 84: Punch force plotted against dome height fomplane-strain dog bone domemodel and
experiment for fully bainitic material quench condition. The grey and blue lines correspond to
experiment and simulation, respectively
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7.1.3 Mini Shear
For the mini shear test, the specimen was modeled with 0.6 mm elements through the gauge

section in order to maintain congncy with the other shell simulations used for adjustment of
the experimental fracture locus. The mesh for this simulation is shoigure85. As with the
modeled dome tests, fully integrated shell elements with seven thtioeghess integration
points were used (shell element type 16 irn@¥NA). The resulting forcalisplacementrom

this simulation is plotted with the experiment repeatSigure86. The white circle in this figure
identifies the facture initiation point for two of the threepeatsOverall, the loaddisplacement
response of the mini shear simulations is consistent with the experimbatfracture initiation

of the simulation also indicates good agreement with the experinmesizs.

Figure 85: Mini shear mesh with 0.6 mm elements in gauge section
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Figure 86: Force plotted against displacement for mini shear experiment and simulation for fully
bainitic material quench condition. The grey and blue lines correspond to experiment and
simulation, respectively

7.1.4 Model-dependent Fracture Loci
The local strains at failure in the finite element models corresponding to the measured

displacement at failure in the experiments were usedadjost the experimental fracture loci
presented in Chaptes, foll owing the procedure descri be
dependent forthedutlybaindic, fully marténsitic, and 700 tailored hot stamped

material quench conditions ashown inFigure 87. The fully martensitic and 700C material

guench conditions represent the extremes of those for which fracture was characterized
experimentally. The fully bainitic material quenabndition was also included in this exercise,

as it was the material quench condition investigated most extensively in this thesis.
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Figure 87: Fracture loci for fully martensitic, fully bainitic, and 700 °C tailored hot stamped
material quench conditions. Solid lines denote experimentally derived fracture loci, while dashed
lines correspond to those adjusted based on FE simulations

By comparing the experimental and model dependent failure loci, it is apparent that the
agreement beteen the two loci is closest under biaxial and plane strain conditions, at least for
the harder, lower ductility conditions. Thadjustmentunder shear loading conditions (zero
triaxiality) is larger, with the calibrated loci lying below theasurd failure strains.

Of note, although consistent DIC analysis parameters and FE mesinesimed for eackthe
discrepancy between model and experiment for the fully martensitic and fully bainitic quench
conditions is inconsistent. As shown fingure 32 and Figure 93, the hardening behaviour for
these two quench conditions is rather different, with the fully bainitic material quench condition
exhibiting considerably greater work hardening than filley martensitic material quench
condition.

7.2 Mesh Regularization
Sincea key consideration in the development of BI8SMO damage model in EBYNA is

the ability to track damage multi-stage processes, frosmmulations ofmetal formingthrough

117



to crash(which can featuralifferent mesh densitigsprovisionsexist to eliminate mesh size
dependencgr/3]. Namely, GISSMO offers two approaches for mesh size regularizatienfirst
approach consi der s L e ma i[#]defined inh@eguatop helovnf e f f e
which damage becomes coupled with the material flow stress curve in order for softening to
occur following the onset dbcalized deformatiofi73]. In this equation, is effective stress,

is the nominal stres&ndO is the damage parameter.

" o ©

In order to yield consistent macroscopic response for various element @itading
exponent can be defined for element sizes of interest, controlliragrtbent of energy dissipated
during element fadeout for elements of different sizesthis case, above a critical damage
threshold, defined @ , which can be defined to correspond to the valu® af the point of

instability, Q , the fading exponené in the equation belowyill control how quickly energy

is dissipated.
, O O
” n p p ’O
I n the uncoupled approach, the focus of the

initiating dement deletion when the damage parameter reaches Anibjternative approach to
compensate for mestize dependence in failure modelisgused, in whichihe eivalent strain
at fractureis simply scaledas a function of element size. Thégaling, ors o cal | ed A me
r e g ul a rfunatiantisitumed @n ,order to yield a consistent macroscopic material response for
different element sizes of interest.

In literature which focuses on tiplhenomenological fracture characterizaticegularization

is oftena topic which is neglectear left forii f ut u r Some ceseléirch.hasipported the use
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of a stress state dependent regularizaapproach75], however, since regularization is not a
focal point of this thesidess involvel methods are considered sufficigdther papers attempt to
show the effect of regularization in the GISSMO model using-thsplacement or engineering
stressstrain curves for uniaxial tensile specimens which converge and match experimental
results fora range of element siz€a3]. This approach was initially considered, however, since
there is motivation to apply the fracture model developed in this thesis to crash simulations, the
required element sizes exceed those whimhld beused to meskhe uniaxial tensile specimen
geometry used in this work. Rather, the plane strain dome test was chosen as a more appropriate
test to use for regularization, since the stress state of the critical element faithpttonstant
for the duration of the test as well as quite consistent for a the required range of element sizes.
The other motivation for using this approach relates to ductility under-pteaia loading. For
many metals, the plarstrain stress state corresponds to aimmum in ductility, consiéring
formability and fracturg¢69] andit was considered most important to ensure that fracture models
exhibit consistency in fracturaitiation prediction for the stress state corresponding to the
lowest ductility.

Using themodeldependent fracture locus that was developed using models with a consistent
0.6 mm element size, fracture prediction residtsmodels with element sizes of 1.25, 2.5, and
5.0 mm are shown in the form of punch load versusalbeight plots, ifFigure88. Evidently,
greater dome heights are reached before fracture is predicted, increasing with element size. As a
result, a scaling curve for fracture strain as a function of element length was devahaped
incorporated into the model$his curve is shown ifrigure 90. With this regularization curve

applied to the plane strain dome simulations with various element sizes, consistent dome heights
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at fracture are recorded, as shiomFigure88. The corresponding plots for the fully martensitic

material quench condition ghown inFigure89.
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Figure 88 Punch force plotted against dome height for planestrain dog bone dome modelvithout

(left) and with (right) regularization and experiment for fully bainitic material quench condition.
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8 DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS

This final chapter provides discussion of tverk presented in this thesis. In addition,
conclusions drawn from this work and recommendations to consider in subsequent work of this
nature are alsprovided
8.1 Discussion

Considering the range of stress states probed for development of fracture loci, the improved
fracture performance of the softer material girerconditions, relative to the fully hardened
material, is notableln almost all of the experimentonductedto characterize fracture, the
lowest measured strains corresponded to the fully martensitic phase, highlighting the potential
for improved energyabsorption performancéirough the use of tailored hot stamping to
introduce softer, more ductile phasasinvestigatedoy Omer[37] and Prajogd72]. Of note
however the performance of the fylmartensitic hole expansion tests was somewhat surprising,
asthe measured strain exceededttbf the intermediate forced air material quench condition and
was nearly comparable to that of the fully bainmaterial Although not investigated, it was
speculatedhatthis was due téhe presence of the single martensitic phase, réthera mixed
microstructureof martensite and bainitéor which a considerable strength differential would
exist atinterfacesbetweerthe twophasesFor the softer matel quench conditions, the strength
differential between the different phasesgent would not be as dramatic

Given the extensive use of DIC analysis in the development of fracture loci, whilBIZ
was used for some tests andDJor others, a moreaherent experimental strategy would have
utilized a consistent DIC approach for all tests.mentionedn Section2.2.3 the influence of
step, strain filter, and inspection circle size on the measured strains at the dresstucé was
investigated outside of this thesis, however, the influence of image magnification was not. Given
the various specimen geometries utilized in this fracture characterization approach, a variety of
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lens and camera configurations were used, tieguln various degrees of magnification for
different tests. Also, in making extensive use of DIC, certain specimen geometries proved to be
less accommodating than others. The use of the mini dog bone tensile geometry, as well as the
notched tensile speuens, proved troublesome because of their small size. Due to the large size
of the necking region relative to the specimen size, as localization occurred in these experiments,
the applied speckle pattern had a tendency to flake off, compromising théy fafethe DIC
analysis. Subsequent experiences with the standard size ASTM E8 tensile geometry proved
much more robust in this regard, as local strains could be obtained up to failure. Furthermore,
use of a standard, full size tensile specimen could haabled a more typical mesh
regularization approach to be used, rather thanguthe planestrain dome testAlthough
experiments using notched tensile specimens were conducted, the results from these experiments
were not used in the final development r@icture loci, due to the fact that the location of failure
initiation could not be definitively identified.

For characterization of fracture under uniaxial tensile loading, although numerous tests were
utilized in this work, the hole expansion test prot@tbe the most consistent and also most user
friendly. Although commonly used for evaluation of the influence of sheared edges on fracture
performance[44], it is also an excellent experiment for fracture characterization taldlee
extremely proportional loading patsince necking is suppressed

Althoughit was soughto conduct experiments that produced proportional strain paths up to
fracture, in the case of the plasiain dome dst, this proved challenging, due to the initial
biaxial prestrain induced due to the use of a hemispherical puniérnative tests may have

enabled plane strain fracture characterization under a more proportional loa@mEtuch test
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is atight radus bend tesi50]. Alternatively, testing the plane strain specimen using a flat punch
and carrier blankas in a Marciniak test may also soé[69].

For the norproportional loading paths considered in Chaptehe predictive ability of the
damage accumulation functioof GISSMO was pobed. It was apparentthat a nonlinear
damage accumulation approa@noduced better agreement with the experimental results.
However, even the nonlinear damageaccumulation approach was overly conservative in
prediction of fracture in theniaxialmini dog bone tensile test.

While an inverse approach, in which finite element simulations of various experiments are
developed and from which parameters of stress state and fracture strain are typically obtained,
was used for developing moed¢pendent fractureci, the crux othe research presented in this
thesisfocused on experimental fracture characterization. Through selection of experiments in
which the location of fracture initiation could be identified, it was possible to measure fracture
strains andtsain paths directly from an experimefVith an assumption afon Mises yielding
the stress triaiality could be inferred from the measured major and minor .st@amse work
conducted outside of this thesis analyzed the strain paths ofthedo! etdi ¢éialr el e men
simulations of mini shear, hole expansion, uniaxial and notched tensile;gplamedome, and
equibiaxial dome tests, comparing the performance of solid and shell elements. For the mini
shear, planstrain dome, and egbiaxial dometests, solid and shell elements both gave
resonableagreement with the experiments, while for the other experiments mentioned, only the
models with solid elements proved consistent, serving to further highlight the influence of
modeling choices on fractufeb e h a y7v¥]jJour 0

Finally, in terms of application afimulations of hot stamped components, it may have been

worthwhile to consider alternative damage models to GISS8I0Oh as a stress based failure
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criterion [82]. Comparison between strain and stress based failureaaterid prove useful in
future fracture characterization work, in orderassess the performance bfferent damage
models, both in terms of accuracy and ease of calibratio

8.2 Conclusions

The following conclusions stem from this research:

1 The range of specimen geometries tested indicated that the measured strain at the
onset of fracture istronglyinfluenced by the stress state under which the material is
loaded. For eacbf the material conditions investigated, the lowest fracture strains
were measured in the plane strain tension loading condition. The greatest fracture
strains were measured in either the simple shear or uniaxial tensile stress states,
depending on the matial condition. For the fully bainitic material quench condition,
fracture strains of 36% and 90% corresponded to the minimum and maximum
measured, respectivelgorresponding tplane strain tensioandsimple shear

1 The fracture loci of the vasus material conditions correlated reasonably well with
the measured microhardnesses of the different material conditions. The greatest
ductility was observed in specimens produced from axial crush rails that were
produced using a tailored hot stamping rapgh with die temperatures of 70Q,
which had a measured microhardness of approxima88iA\ [37]. In contrast, the
fully martensitic material condition, with a measured microhardness of 485HV
exhibited the lowest strain fiacture(as shown irFigure75).

1 The hardening behaviour of the different material quench conditions varied

considerably, with the fully bainitic material quench condition exhibiting
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considerable strain hardening, Vehthe hardening responses of the fully martensitic
and intermediate forced air quench material conditions were much flatter.

1 To apply the results of this work to simulations of hot stamped components, it was
first required to develop model dependent fuaetloci, correlating the macroscopic
response of selected experiments with finite element simulations. In most cases, the
experimental fracture loci had higher fracture strains than their numerically derived
counterpartshowever, differences between ttveo loci will depend strongly upon
the adopted numerical approximations (element size, type, formulation) and to some
extent on the material characteristics (harderatg.

8.3 Recommendations
From the work carried out in this thesis, the following aremaunendations to consider in future
fracture characterization wod€ hot stamped materials

1 Ensure that a consistent number of repeats of each test are performed. In order to
assess the statisticaincertainty associated withmeasured fracture strains, tber
should be 51O repeats of each experiment.

1 Utilize a coherent fracture characterization methodology. In orderertsure
consistency across various experiments in which fracture strains are measured, care
should be taken to maintain DIC analysis settergdimagemagnification.

1 Consider alternative means of microstructural characterizatiioccrohardness was
used as the defining metric for characterization of material conditions, requiring the
inherent assumption that a microstructure can be completihededy its hardness.
Askeland and Phalindicate that hardness should be u$sq@r i mar i |l 'y as a

basi s f or [8t].ovaone thoroughcanafysis of the microstructures produced
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in this work, by identifying phaseomposition should be considered in future
experiments and analysis.

For devel opmeepemdenimofdredct ure Iscalei 06 to
simulations of vehicle crash events, it is important to utilize experiments that are
compatible with the modelg strategy mandated by these simulations. Although a
multitude of fracture experiments are presented in literature, only some are amenable
to modeling using large, shell elements.

As DIC was used extensively in this work, some recommendations can be drawn
from experience applying DIC to a wide range of specimens. For tensile specimens,
the mini dogbone geometry should be avoided. This-standard geometry imposes
unnecessary limitations on the usefulness of the DIC. Due to the small size of these
specimens, the size of the speckle pattern relative to the specimen requires very large
subset sizes besed in analysis. More significantly, since the necking region is larger
with respect to the gauge length of this specimen in comparistbn avstandard
tensile geometry[7], even the slightest painnfidelity in this area results in
catastrophic loss of correlation. Later testimgrformedusing ASTM ES8 full size
tensile specimendid not suffer from this limitation, and DIC strains in the neck
could be obtained all the way to fracture.

Process material for test spaens in a manner that is consistent with the production
techniques used to manufacture components to which the fracture characterization
work will be applied.The hardness within specimens produced usindgdioed air
guench apparatysoved inconsistentuture work should utilize heatéat dies with

cartridge heaters to produce hot stamped material with tailored properties
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1 The hole tensile geometries used in this work may have produced better results had an
optimized specimen geometry been develop@hile results for hole tensile
specimens with varying aspect ratios have been presented in litdd2lirsuch a
process was not undertaken for this thesis.

1 For characterizing failure under plane strain loading, consisieg a Marciniak test

[69] or tight radius bend ted60] in order to ensure proportional loading up to

fracture.
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Appendix A Extended Depth of Field Images

The EDOF images of each of the various unilaai@d notched tensile specimens used for
measuring area strains for the material conditions considered are listed in the same order that
they were presented in the body of this wdtkch image was 2560 x 1920 pixels but they have

been scaled for brevity.

Uniaxiali fully bainitic
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Uniaxial - fully martensitic
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Uniaxial - Intermediate forced air
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Uniaxial - Intermediate Gleeble
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Uniaxiali 400°C tailored hot stamped
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Uniaxiali 700°C tailored hot stamped
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4a notch fully bainitic
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4a notch fully martensitic

146



4a notcH intermediate forced air
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4a notch intermediate Gleeble
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la notch fully martensitic
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1la notch intermediate Gleebl

150



Appendix B Results for Miniature Uniaxial tensile
Fully martensitic material guench condition
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Figure 90: Engineering stressstrain curve for fully martensitic uniaxial tensile tests and ypical
contour plot of equivalent strain one frame before fracture.

Table 27: Properties of fully martensitic uniaxial tensile specimens

Sample M1 M2 M3 Average
UTS (MPa) 1571 1559 1583 1571
Elongation 0.11 0.11 0.11 0.11
Initial Area (m m?) 3.72 3.71 3.69 3.70
Final Area (mm°) 2.63 2.45 2.54
Area strain 0.35 0.41 0.38
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Figure 91: Uniaxial tensile model results for fully martensitic material condition
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Figure 93: Flow stress curvefor fully martensitic material condition
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Figure 93: Stress state evolution for fully martensitic uniaxial tensile specimen

Intermediate forced-air material guench condition
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Figure 94: Engineering stressstrain curve for intermediate forced-air quench uniaxial tensile tests

Table 28 Properties of intermediate forced air quench uniaxial tensile specimens

Sample 11 12 13 14 15 Average | Standard
Deviation
UTS (MPa) 1206 | 119 | 1215 | 1227 | 1248 | 1219 17.3
Elongation 0.10 0.10 0.11 0.10 0.09 0.10 0.01
Initial Area (mm?) | 3.67 3.68 3.56 3.49 3.43 3.56 0.10
Final Area (mm®) 2.29 2.28 0.00 2.10 2.18 1.77 0.89
Area strain 0.47 0.48 0.00 0.50 0.45 0.38 0.19
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Figure 95: Uniaxial tensile model results for intermediate forced air quench material condition
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Figure 96: Flow stress curve for intermediate forced air quench material condition
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Figure 97: Stress state evolution for intermediate forced air quench uniaxial tensile specimen

Intermediate Gleeble material guench condition
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Figure 98: Engineering stressstrain curve for intermediate Gleeble uniaxial tensile tests antlypical
contour plot of equivalent strain one frame before fracture

Table 29: Properties of intermediate Gleeble uniaxial tensile specimens

Sample IG1 IG2 IG3 IG4 IG5 | Average | Standard
Deviation
UTS (MPa) 1019 1010 999 1026 1012 1013 10.1
Elongation 0.14 0.15 0.16 0.15 0.14 0.15 0.01
Initial Area (mm?) | 3.18 3.18 3.17 3.18 3.17 3.18 0.00
Final Area (mm°) 2.26 2.19 2.03 2.34 2.37 2.24 0.14
Area strain 0.34 0.37 0.45 0.31 0.29 0.35 0.06
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Figure 100 Flow stress curve for intermediate quench with deformation material condition
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Figure 101 Stress state ewlution for intermediate Gleeble quench uniaxial tensile specimen

400°C Tailored Hot Stamped material quench condition
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Figure 102 Engineering stressstrain curve for 400°C quench uniaxial tensile tests andypical
contour plot of equivalent strain one frame before fracture

Table 30: Properties of 400°C Tailored Hot Stampeduniaxial tensile specimens

Sample 4-1 4-2 4-3 4-4 4-5 Average | Standard
Deviation
UTS (MPa) 721 752 756 771 769 754 20.3
Elongation 0.18 0.18 0.19 0.17 0.19 0.18 0.01
Initial Area (mm ?) 5.71 5.38 5.41 5.31 5.30 5.42 0.17
Final Area (mm°) 2.11 2.10 2.26 2.17 2.30 2.18 0.09
Area strain 1.00 0.94 0.87 0.90 0.84 0.91 0.06
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Figure 103 Flow stress airve for 400 °C tailored hot stamped material condition
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Figure 104 Engineering stressstrain curve for 700°C quench uniaxial tensile tests andypical
contour plot of equivalent strain one frame before fracture
Table 31: Properties of 700 ° C Tailored Hot Stampeduniaxial tensile specimens
s 7001 7002 7003 7004 7005 | Average| Standard
e Deviation
UTS (MPa) 614 612 613 632 620 618 8.27
Elongation 0.28 0.28 0.28 0.27 0.27 0.28 0.01
Initial Area (mm ?) 5.49 5.41 5.50 5.48 5.52 5.48 0.04
Final Area (mm°) 2.02 1.56 1.53 1.56 1.82 1.70 0.22
Area strain 1.00 1.24 1.29 1.26 1.11 1.18 0.12
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Figure 105 Flow stresscurve for 700°C tailored hot stamped material condition
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Appendix C Results For 4a Notched Tensile
Fully martensitic material quench condition
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Figure 106 Nominal stressstrain curve for fully martensitic 4a notch tensile tests

Table 32 Properties of fully martensitic 4a notch tensile specimens

Sample M1 M2 M3 Average
UTS (MPa) 1539 1552 1560 1550
Elongation 0.05 0.05 0.05 0.05
Initial Area (mm ?) 3.99 3.97 3.99 3.99
Final Area (mm®) 2.81 2.83 2.87 2.84
Area strain 0.35 0.34 0.33 0.34
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Figure 107: 4a notched tensile model results for fully martensitic material condition
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Figure 108 Stress state evolution for fully martensitic 4a notched tensile specimen

| ntermediate forced-air material guench condition
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Figure 109 Nominal stressstrain curve for intermediate forced-air quench 4a notch tensile tests

Table 33 Properties of intermediateforced-air quench 4a notch tensile tests

Sample 11 12 I3 14 Average | Standard Deviation
UTS (MPa) 1306 | 1286 | 1284 | 1294 1293 9.90
Elongation 0.05 0.06 0.06 0.06 0.71 0.02
Initial Area (mm?) | 3.49 3.46 3.57 3.57 3.52 0.06
Final Area (mm°) 262 | 234 | 238 | 253 2.47 0.13
Area strain 0.29 0.39 0.40 0.34 0.36 0.05
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Figure 110 4a notched tensile model results for intermediate forced air quench material condition
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Figure 111 Stress state evolution for intermediate forced air gench 4a notched tensile specimen
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Intermediate Gleeble material guench condition

1200 0.30
o’ 1000 - !
2, |
o 800 -
U') 4
o
& 600 - H
g 400 1 — |G 1 I
g 1G2
200 -
= —IG3
O T T
0 0.02 0.04 0.06 0.00
Engineering Strain
Figure 112 Nominal stressstrain curve for intermediate Gleeble 4a notch tensile tests
Table 34: Properties of intermedate Gleeble 4a notch tensile tests
Sample IG1 1G2 IG3 Average
UTS (MPa) 1049 1073 1053 1058
Elongation 0.06 0.05 0.05 0.05
Initial Area (mm ?) 3.22 3.23 3.19 3.22
Final Area (mm?) 2.37 2.15 2.51 2.34
Area strain 0.31 0.41 0.24 0.32
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Figure 113 4a notched tensile model results for intermediate Gleeble quench material condition
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Appendix D

Results For 1a Notched Tensile

Fully martensitic material guench condition
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Figure 115 Nominal stressstrain curve for fully martensitic 1a notch tensile tests

Table 35: Properties of fully martensitic 1a notch tensile specimens

Sample 1 2 3 Average
UTS (MPa) 1699 1656 1665 1673
Elongation 0.13 0.12 0.13 0.13
Initial Area (mm ?) 3.98 3.97 3.99 3.98
Final Area (mm?) 3.31 3.60 291 3.28
Area strain 0.19 0.10 0.31 0.20
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Figure 116 la notched tensilemodel results for fully martensitic material condition
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Figure 117. Stress state evolution for fully martensitic 1a notched tensile specimen

Intermediate forced-air material guench condition
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Figure 118 Nominal stressstrain curve for intermediate forced-air quench 1a notch tensile tests

Table 36: Properties of intermediate forcedair quench l1a notch tensile specimens

Sample 1 2 3 Average
UTS (MPa) 1327 1306 1307 1313
Elongation 0.15 0.14 0.13 0.14
Initial Area (mm ?) 3.39 3.71 3.67 3.59
Final Area (mm°) 2.54 2.79 2.81 2.71
Area strain 0.29 0.29 0.27 0.28
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