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ABSTRACT

The effect of constituent hardness on formability performance for higher-strength dual phase
(DP) steels was evaluated. A commercially-produced DP steel with 1080 MPa ultimate tensile strengt
(UTS) was processed to create eight additional constituent hardness conditions by tesmpecoig-
rolling, processes that primarily affected constituent hardness properties. Using nanaamjéetete
and martensite hardness values for the nine conditions of the DP steel (as-received, four as-tempered, fo
temper cold-rolled) provided a range of hardness values to evaluate formability performance.
Formability performance for the nine steel conditions was evaluated using tensile and hole
expansion testing. A decrease in martensite/ferrite hardness ratio corresponded to annriuoease
expansion ratio (HER), and an increase in yield strength (YS). A lower hardness ragiasg@acr
similarity of ferrite and martensite hardness) was interpreted to increaseskidimg between ferrite and
martensite, which suppressed plastic strain localization to higher stresses for tifeY&sand to higher
formability limits for the case of HER. A lower hardness ratio corresponded to a decreaslke-in w
hardening, and was interpreted to be caused by the suppression of strain localization in ferrjgée  Multi
studies from literature correlated HE®Rtensile properties, and the nine steel conditions produced
consistent trends with the data reported in each study, confirming the experimental HER and tensile
properties obtained in the current study are consistent with literature.
The microstructural response to plastic deformation was evaluated using two DP steetgiiwvilent
UTS and different hardness ratios. Nanoindentation analyses on tensile specimens deformenio the U
revealed a greater increase in ferrite hardness for the higher hardness ratio steeteihterpe caused
by the greater amount of work hardening. EBSD crystallographic orientation maps for the two DP steels
showed that, whether by cold-rolling or tensile deformation, a DP microstructure heterogeneously
accommaodates strains imparted by plastic deformation. Strain maps generated using digital image
correlation on deformed tensile specimens for both DP steels showed that strains heterogeneously develop
in the microstructure at locations consistent with preferential fracture sites in DR stebl as
ferrite/martensite interfaces. The hardness ratio primarily affected the magnithdesthin gradients,
with a larger hardness ratio yielding a greater strain gradient. With furthemadifan, isolated regions
of high strain linked to form bands of strain localization throughout the microstructur@andé girain
tensile analysis showed the DP steel with lower hardness ratio to have a lower void population, a finding
consistent with results established in the M.Sc. thesis of M. D. Taylor. Using fractured tengifesgec
a lower void area pct at equivalent stress and strain was observed for the DP steelevitiatdness

ratio, confirming a lower hardness ratio suppresses microstructural damage.
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Figure 4.15 SEM micrograph showing the longitudinal orientation of the fractured end of an
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steel Cin (b). With increasing tempering temperature at a constant time of 120 hrs,
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CHAPTER 1
INTRODUCTION

Increased fuel efficiency regulations have encouraged the incorporation of advanced high
strength steels (AHSS) by the automotive industry. Compared to traditional low-carbon st&3s, AH
grades have superior strength, providing an avenue for automotive manufacturers to reduce vehicle mass
by down-gauging sheet thickness and still satisfy design criteria. However, higher-strengtigrabi&sSs
(780 MPa ultimate tensile strength (UTS) or greater) have exhibited fractures dunmggf operations
at limits below values expected using traditional prediction methods, such as formingdgratnais.

Dual phase (DP) steels are a class of AHSS that are comprised primarily of ferrite temditear
and are a common choice for automotive manufacturers. Relative to other AHSS, DP steels have a low
alloying requirement, a wide range of producible strength levels, and multiple production strathgies. T
strength of ferrite and martensite are different, and the micro-scale interactiwasibé&trrite and
martensite in the presence of complex stress states are believed to be one of the causes for unpredictable
behavior (excessive thinning and/or localized shear fracture), producing formatnilisydelow what is
required for successful incorporation into the automotive industry. Figure 1.1 shows two different
commercially-produced DP steels with equivalent strength (980 MPa UTS) that have been formed into an
automotive component, with one exhibiting fracture (right), and the other successfully foeftjed (|
Though both steels in Figure 1.1 are comprised of a combination of microstructural proipatties

achieve a 980 MPa UTS, one set of microstructural properties is more favorable for formability.

Figure 1.1 Photograph of two commercially-produced DP980 steels that have been formed ir
automotive component. The steel on the left was successfully formed, while the st
the right exhibited fracture (indicated by arrows) [1].



Laboratory tests such as stretch bending and hole expansion have been used to characterize
different formability aspects of higher-strength DP steels. For example, stretch bend test$emtsDP s
have established critical bending radiddTS correlations for sheet formability [2], and hole expansion
tests on DP steels have characterized morphological effects on stretching of sheared.e8geh [3
experiments provide valuable knowledge to the steel community, but often omit a quantitative aalysis o
the microstructure. Microstructural properties including grain size, martensite vatactiert,
morphology, and constituent hardness all contribute to the resulting formability of DP &teels.
determining the effects of the aforementioned microstructural properties on formability, chamging
property usually results in others being changed as well, making a conclusive statement aboutsthe effect
of any one property difficult. A study focused solely on the effect of constituent hardness on subsequent
formability performance of DP steels has yet to be performed.

The current project focuses on the effects of constituent hardness on subsequent foahabilit
DP steels. Multiple constituent hardness conditions using a single DP steel chemistry wedebgreat
tempering/cold-rolling, and quantified using nanoindentation. Tempering and cold-rolling are two
processing treatments interpreted to primarily affect constituent hardness. Formalfiktyiffierent
hardness conditions was evaluated using tensile and hole expansion testing. The microstruchgal respo
to plastic deformation was also explored to observe the effects of different constituentsheotdifons
on work hardening, grain-level strain partitioning, and microstructural damage.

Previous studies and evaluation techniques essential to the current project are discussed in
CHAPTER 2. An outline of the project is discussed in CHAPTER 3, and CHAPTER 4 describes the
experimental techniques used to modify, evaluate, and test the DP steels. CHAPTER 5 presents the
results and discussion of the experimental data. A summary of the major conclusions isl fimovide
CHAPTER 6, and suggestions to further the current study are presented in CHAPTER 7.



CHAPTER 2
BACKGROUND

Addressing the issue of shear fracture in higher-strength AHSS grades requires a fundamental
understanding of a few key processing, measuring and testing techniques. First, the concept of DP steels,
along with an overview of the fracture mechanisms associated with DP steels is presented. Next, the
processing technique of tempering is presented, followed by a discussion on the fundamentals related t
the processing technique of temper rolling. Nanoindentation, a measurement technique capable of
quantifying the hardness of individual grains, is then discussed. Next, digital image cor(BlEZipra
computational strain measurement technique, is discussed. The stretch bend test, a formability tes
accepted to represent industrial stamping operations, is then discussed. Next, a hole expansibn test use
to evaluate sheared edge stretchability is presented, citing specific work focusing on AHSS grades.

2.1 Introduction to DP Steels

Dual phase (DP) steels are generally composed of a soft, ferrite matrix with either harditeart
or bainite islands, depending on the cooling rate and alloying content. Figure 2.1 shows a scanning
electron microscope (SEM) micrograph of a laboratory-produced, intercritically-annealed DRisigel
a0.15ZwW SFW FDUERQ VWHHO 7KH ODUJHU GDUNHUUUBURRYVWODUH
P D UW H Q V LGurmmeédiElly-available DP steels have ultimate tensile strength (UTS) values ranging
from 600 £1200 MPa, and multiple DP strengths can be produced by controlling the alloy content,

martensite volume fraction (MVF), and processing histories [4].

Wi o, o O £

Figure 2.1 SEM micrograph of a laboratory-produced, intercritically-annealed DP steel using
0.15ZW SFW FDUERQ VWHHO 7KH ODUJHU GDUNHU
VPDOOHU OLJKWHU UHJLRQV DUH PDUW H®Q ¥ pcvital
for approximately 1@ [5].



Dual phase steels are popular due to the relatively low alloying requirements compared to other
AHSS grades, good combinations of strength and ductility, low yield ratio, and the capability of being
produced by multiple processing strategies’]6,Figure 2.2 shows temperature-time plots for two
potential processing routes for DP steels [7]. Figure 2.2a represents a DP steel prsidgcau u
intercritical anneal, where a cold-rolled steel is initially heated to a temperature wheaediettite and
IHUULWH H[LVW ODEH O EbGled dt a spédffid rateoHrenSfotnvthe/gfddept austenite into
PDUWHQVLWH ODEHOHG 3 ° ,] WKH FRROLQJ UDWH LV WRR VORZ
region (Ferrite, Pearlite, or Bainite), and transform partially or completely to one oh#re ot
microstructural constituents. The DP steel in Figuievas produced using an intercritical anneal.
Figure 2.2b represents a DP steel produced from the hot-rolled (fully austenitic) conditiconti®yling
the cooling profile and alloy content, a specific fraction of the austenite can be transformateto ferr

ODEHOHG 3~ Zbhyalstemite trahstdmbd tQmartensite.

.. - Hot rolling — o = Controlled transformation ——=
° ’:% Ferrite
g e
2 3
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Figure 2.2 Temperature-time plots for two different processing strategies to producelBPEhe

plot in (a) utilizes an intercritical anneal used to process cold-rolled sheeastkplot
(b) utilizes controlled-cooling from the hot-rolled condition [7].

In practice, low amounts (< 5 % volume fraction) of austenite have been observed in select DA.steels [
Increased performance demands from industry have led to the development and production of DP steels
with specific mechanical performance targets, such as increased yield ratio, improvediberedalps].

The realization of DP steels with specific mechanical performance targets is due ipdergp an

increased fundamental understanding of how microstructural properties affect deformation in AHSS.

2.2 Microstructural Damage in DP Steels

Improving the formability of higher-strength DP steels (UTS above 780 MPa) requires a

fundamental understanding of the microstructural properties and mechanisms that promote ddwmage at
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micro-scale. Damage nucleation behavior of DP steels is first introduced, followed byetizatoh of

damage evolution as a function of deformation.

2.2.1 Fracture of DP Steels

During plastic deformation of DP steels, ferrite primarily accommodates strain, and niartensi

primarily accommodates stress [9, 10], resulting in strain localization in the, $eftée phase. Because
ferrite and martensite deform differently, strain partitioning between ferrite and mirleasis to a

region of strain heterogeneity at the interface, causing the most commonly observed damagéé&vent i
steels, decohesion (void nucleation) at the ferrite/martensite interfag1[1Figure 2.3a shows an

SEM micrograph of a commercially-produced 0.15 wt pct carbon DP800 steel (DP steel with 800 MPa
UTS) exhibiting ferrite/martensite decohesion (indicated with arrows) in response ke defisimation.

As the hardness difference between ferrite and martensite increases, strain partititrerfgrrite

increases, resulting in greater strain localization and increased void nucleationedirfertensite

interfaces [17, 18, 225]. Another commonly observed damage event in DP steels is martensite fracture
[26], and is illustrated in Figure 2.3b with an SEM micrograph of the same DP steel in Figure 2.3ain

response to a triaxial stress state that developed in the localized neck of a tensile specimen.

Figure 2.3 SEM micrograph of a 0.15 wt pct carbon commercially-produced DP800 steel
exhibiting ferrite/martensite decohesion in (a), and martensite fracture in (b) in
response to tensile deformation. For both micrographs, steels were etched with
for approximately 10 s, and tensile axis is horizontal [17].

Martensite fracture occurs more frequently with a less equiaxed microstructure, asibesdequ
HORQJDWHG PDUWHQVLWH JUDLQV WHQG WR GHYHORS 3ZHDN SRL
concentrate [27]. Two other observed damage events in DP steels are ferrite/ferrite inteclaesiale
and ferrite/inclusion decohesion. Ferrite/ferrite and ferrite/inclusion decohesion ereeohigss
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frequently than ferrite/martensite decohesion and martensite fracture, and are believgdificamsiy
contribute to fracture [17]. Cleaner steel production processes have decreased toa ipojugations
present in AHSS grades, making ferrite/inclusion decohesion occurrences less frequent [28kit&éarten
fracture occurs due to limited ductility, while the other three mentioned fracture nsobaricur from
strain incompatibility at the interface between constituents of different streijth [

During industrial forming andh-serviceconditions, DP steels can experience multiple unique
strain paths which can potentially induce different macroscopic modes of fracture. Studies have observed
fracture modes of multi-phase steels in the presence of both uniaxial and triaxial see44@tan, 1
19, 24, 27, 2981], and have concluded that DP steels typically fail in a ductile manner by nucleation,
growth, and coalescence of voids, independent of stress state and macroscopic fracture mode. To
understand void nucleation, micro-scale strain partitioning between martensite and ferriiftereat
stress states has been evaluated using advanced techniques, such as small-angle X-ray scattering [32], in-
situ neutron diffraction [33], finite element (FE) modeling [12], and electron backscattactilifi
(EBSD). Results have shown that, even during the linear-elastic portion of a stress-steaimizuio-
scale yielding at grain boundaries can occur, and that a high degree of strain partitioning canifdsb m
within individual grains [33]. Because a stress-strain curve represents the bulk re$momestive
specimen, micro-scale yielding events are masked [12, 33]. Strain partitioning in DP steels pirsist un
void nucleation occurs, and the critical interfacial strength between ferrite/marterisiieved to be a
material constant equal to approximately 15000 MPa [32], though some report the interfacial
strength as high as 4000 MPa [34]. Neutron diffraction studies on DP steels have shown that each
interfacial region in a microstructure is unique due to the particular combination ofigegin s
morphology, interface orientation with respect to the imposed stress state, and strengtienf adja
constituents, and that the condition for void nucleation (critical interfacial streng#gdb interface
region will most likely be reached at different values of global strain [32]. Further, Gd@ston DP
steels have shown greater strain heterogeneity to occur in larger ferrite grainsy harstieaan develop
unrestricted over larger distances, and a higher density of dislocation pile-ups can occur at
ferrite/martensite interfaces [12, 13]. Heterogeneous strain distributions thighmicrostructure
facilitate void nucleation at earlier strains than would be expected if strains wiemeniydistributed

throughout the microstructure [33].

2.2.2 Damage Accumulation in DP Steels

The population, distribution, and growth of voids formed under uniaxial and triaxial stress stat
in DP steels have been characterized using X-ray tomography (XRT), a non-destructive technique

designed to quantify voida-situ [16, 31, 3588]. Voids typically nucleate in DP steels by one of the



four damage events discussed in Sec. 2.2.1, and subsequent growth of the voids is dependent on multiple
factors, including proximity to other voids, the mechanical properties of surrounding grainsg and t

imposed local stress state. Greater nucleation rates have been observed for non-equiaxed DP
microstructures [13]. Figure 2.4 shows a 3-dimensional volumetric representation of a GcO8axtbgn
laboratory-produced DP600 tensile specimen prior to necking (Figure 2.4a) and after neck formation

(Figure 2.4b). The 3-dimensional volumetric representations in Figure 2.4 were created by relcgnstruct
multiple 2-GLPHQVLRQDO LPDJH 3VOLFHV® DFTXLUHG XVLQJ ;57 7KH JU
and the black speckles represent voids. From the 3-D XRT scan in Figure 2.4b, the void size, distribution,
morphology, and fraction as a function of strain can be determined. Figure 2.5 shows the average void
diameter as a function of strain for the tensile specimen shown in Figure 2.4. The observediincrease

void diameter with strain confirms void growth occurs.

a
(a) (b)
Figure 2.4 Images acquired using 3-D XRT of a DP600 steel tensile specimen before neck

and after necking (b). The gray color represents the steel, and the black spots
the voids that have formed within the microstructure [16]. Tensile axis is vertical.

Some studies postulate that the loss of load-carrying capacity caused by an initial setrgf growi
voids shed stress to the adjacent material, initiating a second population of smaller voids, and these
smaller voids are what facilitate linking of the larger voids, leading to fractur@$32 However, other
studies show void nucleation to be a continuous event with increasing strain [16]. Figure 2.6 shows a plot
of void fraction as a function of distance from the center of the specimen in Figure 2.4b attdifferen
deformation steps, where an increase in step number correlates with an increase in globahstraiid

fraction varies with position across the specimen width for steps 5 and 6, with a higher void finaittgon i
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central region where the degree of stress triaxiality is the highest [17]. Altstress state develops
upon necking in a tensile test, and contributes to the heterogeneous distribution of void fcaatiothe

specimen width in Figure 2.6 [32].
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Figure 2.5 Plot of void diameter as a function of strain for the twenty largest voids pnetbent i

XRT analysis of the DP600 tensile specimen presented in Figure 2.4. The average
diameter appears to be increasing at an exponential rate with strain [16].
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Figure 2.6 Plot of void fraction as a function of distance from the center of the laboratory-proc

0.08 wt pct carbon DP600 tensile specimen in Figure 2.4b. At later stages of defor
(i.e. step 6), the triaxial stress state that develops in the specimen center fagilitates
greater density of voids [16].

The increase in void fraction with strain (Figure 2.6) reflects both the growthstihgxvoids
(Figure 2.5), and the nucleation of new voids. Figure 2.7 shows a plot of void density as a function of

local strain in a laboratory-produced 0.08 wt pct carbon DP600 steel for a round (smooth) tensile
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specimen, and for a notched (R = 1 mm) round tensile specimen. The notch induces a triaxial stress stat
within the sample during loading, and the plot reveals that voids initiate at lower tagad sind at a

greater rate when compared to the smooth tensile sample. Figure 2.7 suggests that, in the presence of a
triaxial stress state, the critical condition for void nucleation in DP steels is achidwedalocal strains
compared to uniaxial tension [10, 31, 35, 36, 39]. Since formability tests, such as hole expansion and
stretch bending generate triaxial stress states during testing, the acceleratedmacidagrowth of

voids may be a reason why the formability of DP steels is different depending on the particular test.

150000 T r T ;
0 smooth -
= R=Imm
— modeling smooth
100000 - — modeling R=1
<
Z
50000
0 1 1 1
0 0.2 04 0.6 0.8 1
local strain
Figure 2.7 Evolution of void density in a smooth, round tensile specimen (smooth), and a not

tensile specimen (R=1mm) as a function of local strain for a laboratory-produced D
steel. The notched specimen appears to nucleate voids at lower local strains, and
fraction increases at a faster rate compared to the smooth tensile specimen [36].

Figures 2.5+2.7 show the void growth, void area fraction, and void population as a function of
both uniaxial and triaxial stress states, but evidence of void coalescence at the headmtifet specimen
has been difficult to observe. Void coalescence at the scale of the entire specimen in DP steels was
determined to be an abrupt event occurring within a minimal increment of strain before fracthre, wi
some studies reporting void coalescence to be absent in DP steel specimens strained to oveh@5 pct of t

failure limit under a triaxial stress state [40].

2.3 Tempering

To modify the mechanical properties of a martensitic or a martensite/ferrite DR s&epering
process can be used. The technique of tempering will be introduced, including its primary purpose,
microstructural mechanisms that occur, an equation used for characterization, and embrittlement

phenomena. Next, temperatures commonly associated with tempering, along with microstructural
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changes that occur at different temperature ranges are presented. Tempering phenomena observed in DP

steels will then be discussed, including strain-aging, yield point elongation (YPE), andedtvestion.

2.3.1 _Introduction to Tempering

Fast cooling rates (quenching) employed by steel production facilities can leave certain AHSS
grades, such as martensitic and martensite/ferrite DP steels in a brittle conditiond#hprdve
ductility and impact energy absorption, a post-processing treatment known as tempering can be used [42].
Tempering is a heat treatment that softens the microstructure by relieving some porticradidghe
super-saturated martensitic phase [34]. Upon cooling, austenite undergoes a shear transfoforation to
martensite, and the martensite inherits the chemical identity of the parent austenitia|lgdezming to
a super-saturated carbon content. The solubility of carbon is higher in austenite than intmartensi
Figure 2.8 shows an iron-carbon equilibrium phase diagram, and a maximum carbon solubility of
2.1wt pct is observed for austenite (indicated by an arrow), while the maximum carbon solobility f
PDUWHQVLWH . wittUCameh inleXcess of the solubility limit produces high-energy
distortions in the lattice, increasing the tetragonality of the martensite ctystalise, making
dislocation movement difficult, and is partly responsible for the brittle nature of méatptsi44].
Lattice distortion in martensite increases with increasing carbon content, and is one fagieeshat
higher-carbon martensite greater strength.

Tempering is a diffusion-controlled process that involves the re-arrangement of carbon atoms
present in martensite [45]. During tempering, the carbon present in martensite will ifflislecation
cores or coalesce to form carbides, reducing the amount of carbon in solution, decreasing the
tetragonality, and softening the martensite [46]. Softening through tempering is prinsadipn
martensitic and martensite/ferrite DP steels, as a crystal lattice super-saturatadhaithmust be
present. When tempering a DP steel, martensite primarily accounts for the softening of the
microstructure, with ferrite only exhibiting a marginal reduction in hardness [47, 48]. iBetland
temperature have an effect on the diffusion kinetics, and an equation combining the two varibles wa
developed by Hollomon and Jaffe [49]. The parameter, known as the Hollomon-Jaffe Parameter (HIJP) is
presented as Equation (2.1, where T is temperature (Kelvin), tis time (hr), and C isaatcohstigher
tempering temperature and/or a longer tempering time will result in a larger HIP. Timeaderizad
by a logarithmic function in Equation (2.1, so increasing the HJP is more effectively achieved by
increasing temperature. Material hardness is usually plotted as a function of HIP [49] |lastiation
for a 0.31wt pct carbon martensitic steel is shown in Figure 2.9. Initially, a slight increase in hardness is
observed around 8,000 HJP due to carbon atoms pinning mobile dislocations, but with increasing HIP,

the hardness continually decreases. Higher-carbon martensite will have a higher initiashdmansill
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also soften at a faster rate compared to lower-carbon martensite since the high-ermrgiidttttions
provide greater driving force for carbon diffusion. It is important to remember that therésdhted in
Equation (2.1 only provides a functional relationship for the tempering parameters for wiichslsazan
be plotted to. The hardness can differ for two different steels with the same HJP tidah&sh

guenched) hardness is different, and if the carbon-content in martensite is different.
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Figure 2.8 Iron-carbon equilibrium phase diagram showing the maximum solubility of carbon
austenitetobe 2t SFW DQG WKH PD[LPXP VROXELOLW\ |
to be 0.022wvt pct [50].

* 2L6Z'RE %; (2.1)

Tempering treatments are usually performed at temperatures below 500 °C because of
embrittlement phenomena that can occur at higher temperatures [42, 46, 48, 51, 52]. An embrittlement
phenomena, referred to as temper embrittlement, is associated with the mobility of sulzdtétdios
that occurs at temperatures above 500 °C [53]. Some studies use temperatures above 500 °C, but the

tempering times are usually short, giving insufficient time for temper embrittlement to[48¢c61 52,

11



54]. Another embrittlement phenomena that has been observed at temperatures as low as 250 °C is
referred to as tempered martensite embrittlement (TME) [55]. The condition promotingsTidiaily
associated with phosphorous and precipitation of cementite at prior austenite grain beuridaichart
shown in Figure 2.10 details the different embrittlement phenomena as a function of temperature and
carbon content. Most DP grades for automotive applications have carbon contents balbpc.But

the martensite phase can locally exhibit carbon contents greater than 0.3 wt pct, depending on the MVF.
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Figure 2.9 Plot of hardness (Rockwell C) as a function of HIP for aM@.3dt martensitic steel

[49].
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Figure 2.10 Schematic showing the different embrittlement phenomena as a function of tempe
temperature and carbon content [53].
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2.3.2 Tempering Stages

The tempering response of martensitic and martensite/ferrite DP steels are dependerplen multi
factors, including carbon content of the martensite, pre-strain, and alloying additions. Forghe sam
tempering treatment, a greater reduction in hardness has been observed in steels of higher-carbon
martensite than for steels of lower-carbon martensite [56]. Pre-strain creates nocedidisd within the
structure, accelerating the diffusional process. Certain alloying additions are efégcgtarding the
softening response, and in some cases, have been purposely added to make certain steel grades resistant to
softening [41, 45, 54, 56]. Alloying additions such as vanadium precipitate to form carbonitrides, and
have been reported to increase both the YS and UTS during tempering [52, 55]. Though many factors
affect the tempering response of martensitic and martensite/ferrite DP steels, thralestryes of
tempering are well-documented for the majority of tempering studies reported and perforteedturdi
[46, 52, 57]:

Stage I 100+£250 °C, epsilon transition carbide and Cottrell atmosphere formation
Stage Il 200£300 °C, austenite decomposition, decreased tetragonality of martensite
Stage Il 2504350 °C, transition carbides transform to cementite

Above 400 °C, precipitates coarsen, and the onset of spheroidization of the microstructure begins [48, 52,
5860]. Figures 2.14 +2.11d show SEM micrographs of a laboratory-produced 0.21 wt pct carbon DP
steel tempered for 1 hr at 200 °C, 400 °C, 500 °C, and 600 °C, respectively, and differentuniarast
characteristics can be observed. At 200 °C (Figure 2.11a), the microstructure appear®shmilar t
untempered condition, an observation consistent with other studies performed on martensitic and
martensite/ferrite DP steels at tempering temperatures below 200 °C [46, 48, 51, 52, 59]. At 400 °
(Figure 2.11b), cementite appears to have formed, which decreases the tetragonality of the martensite
structure. At 500 °C (Figure 2.11c), the martensite structure appears to be replacetelanidrri
cementite, and at 600 °C (Figure 2.11d), spheroidization of the cementite occurred. Spheroidization is
usually associated with tempering temperatures above 600 °C [61].

With an increase in tempering temperature, the microstructure becomes softer, leading to higher
ductility and lower strength. The tensile properties as a function of tempering temperatu4846r
martensitic steel are shown in Figure 2.12. For Figure 2.12, the tempering time was not reported, and is

assumed to be 1 hr.
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Figure 2.11 SEM micrographs of a laboratory-produced 0.21 wt pct carbon DP steel tempered
1 hr at 200 °C in (a), 400 °C in (b), 500 °C in (c), and 600 °C in (d). At 200 °C temp
the microstructure appears similar to the untempered condition. At 400 °C temper,
carbides have formed, and the martensite structure loses tetragonality. At 500 °C-
martensite appears to have transformed into ferrite and carbides. At 600 °C tempe
spheroidization appears to have occurred [48]. SEM micrographs a-d were acquire
DP steel etched with nital.
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Figure 2.12 Tensile properties of tensile strength (UTS), yield point (YS), elongation (TE) and
reduction of area for a 4340 martensitic steel as a function of tempering temperature [55].
Tempering times were not reported, and are assumed to be 1 hr.
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2.3.3 Tempering-Induced Behaviors Observed in DP Steels

The presence of ferrite in DP steels can produce unique mechanical behaviors after tempering.
During the production of a DP steel, ferrite and austenite co-exist (Figure 2.2). A rapid dugnch t
transforms the austenite to martensite (Sec. 2.1), and with an associated volume expansion. To
accommaodate the volume expansion associated with the austemisgtensite transformation, residual
stresses and mobile dislocations are produced in the ferrite regions adjacent to théenafteas
density of the mobile dislocations and residual stresses increase with increasing MVF [58]. dlia¢ resi
stresses and mobile dislocations residing in ferrite adjacent to martensite areditelieontribute to the
appearance of low YS and continuous yielding behavior in DP steels [54]. Upon tempering, the residual
stresses relax, and carbon diffuses to dislocation cores (Cottrell atmospheres) and pins ttresatedly
mobile dislocations, causing a phenomenon known as strain aging to occur [48, 54, 62]. During tensile
loading, new mobile dislocations must be created to produce macroscopic yielding, so a higher stress is
required to activate dislocation sources (upper yield point in Figurg[23]3 As shown in Figure 2.13,
the activation of dislocation sources causes a rapid decrease in the applied load to a kektoefsithe
lower yield point, a value which remains essentially constant in a region of discontinudirsyalown
as YPE (yield elongation in Figure 2.13). During YPE, the gauge section yields discontinuously, as
illustrated by the three bars inset in Figure 2.13. Discontinuous yielding persists untilrthgarge
section has yielded and a sufficient population of mobile dislocations has been created. A higher YS and
YPE caused by strain aging have been reported for tempering temperatures as high as 400 °C [34, 52, 54,
59].
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Figure 2.13 lllustration of YPE (yield elongation) during a uniaxial tensile test [63¢r e upper
yield point is achieved, mobile dislocations are heterogeneously created in the gau
section, leading to discontinuous yielding. Liders bands continue to propagate o
entire gauge section, and are illustrated by the three bars inset on the graph [64].
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Though minimal microstructural changes are observed in SEM micrographs at temperatures
below 200°C (Figure 2.11), mechanisms at the nano-scale activate at temperatures as low as 150 °C [46,
65]. Bake hardening, a common heat treatment used in the automotive industry, heats a steel to
temperatures in the 126190 °C range for less than an hour, and YPE has been observed, suggesting that

carbon diffuses to mobile dislocations before carbide precipitation [41, 57].

2.4 Temper-Rolling

Temper-rolling, also known as skin passing, is a metalworking treatment performed at
temperatures in the cold-working regime, where recovery and recrystallization are suppressed [63].
Temper-rolling treatments are normally small (< 1 pct) reductions in thickness [66h witmary
IXQFWLRQ RI UHPRYLQJ /*GHUYV EDQ@gjed thrdgghltepnpering-oriliaké WKDW KD
hardening. The plastic deformation associated with the reduction in thickness increasesléhe mobi
dislocation density, eliminating YPE and promoting continuous yielding. Luders bands are regarded as
aesthetically unpleasing in industrial forming applications.

During temper-rolling, certain parameters need to be considered to ensure uniform through-
thickness deformation is achieved. Figure 2.14a shows a schematic of a cold-rolling process illustrating
different dimensional attributes, where the rolls have a radius (R), and the initiahstiestss (k) is
reduced to h To achieve uniform througf KLFNQHVY GHIRUPDWLRQ D GHOWD 0 SI
developed for different metalworking processes. For the cold-rolling setup shown in Figute 2WAK H (%
equation is shown as Equation2.2, W LV JHQHUDOO\ DFFHSWHG WKDW NHHSLQJ @
through-thickness deformation. Under certain conditions, non-uniform strain distributions can develop
(i.e. regions adjacent to the rolls can plastically deform while the center of thestEsteemains
undeformed), leading to residual stresses in the sheet [63]. An example of non-uniform thickurgiss
deformation during rolling is illustrated in Figure 2.14b, where only the shaded regions acaljlast

deformed.

AL 22
A V4N>c|:|\1> (2.2)

Temper-rolling has also been used as a strengthening treatment, where experiments utilize
thickness reductions exceeding 8 pct [67]. Boeteld. temper-rolled a 0.005 wt pct carbon batch
annealed steel up to 10 pct, and observed an increase in YS and UTS and a decrease in TE with increasing
temper elongation, and the data for the longitudinal (L), diagonal (D), and transverse (T)ionie are

shown in Figure 2.1&5[67]. Another temper-rolling experiment performed on a DP600 steel showed a
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similar behavior, with increasing YS (Rp 0,2) and UTS (TS), and decreasing elongation with increasing

percent of temper rolling (up to 3 pct), and the data are shown in Figure 2.15b [68].

(b)

Figure 2.14 Schematic of cold-rolling in (a) with different dimensional parameters illdstrate
Example of non-uniform plastic deformation during cold-rolling in (b), where only
shaded regions adjacent to the rolls plastically deform [63].
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Figure 2.15 Plot of tensile properties as a function of percent temper elongation for a 0.005
steel in (a) [67], and plot of tensile properties as a function of pct temper rolliag fi
DP600 steel in (b) [68]. In both plots, an increase in YS and UTS, and decrease
is observed.

25 Nanoindentation

The technique of nanoindentation can be used to quantify the hardness of individual constituents
in DP steels. First, an introduction to nanoindentation and to other hardness measurement techniques is
presented. Next, essential components of nanoindenters, indenter tip geometries, data produced by the
nanoindenter, hardness calculations, tip area function calculations, and a few experimental stusties on st

using nanoindentation are discussed. The discussion focuses on the functions/equipment necessary to
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obtain hardness measurements from metals. A more detailed discussion on the technique of
nanoindentation, associated phenomena, advanced capabilities, and test parameters has been previously

presented [40].

2.5.1 Introduction to Nanoindentation

Applications using nanoindentation have grown substantially in recent years as materialrbehavi

at the sub-micron scale is increasingly being studied. Specific to metals, nanoindentation has become a
popular technique for quantifying the hardness of individual constituents within a micnasfé&5].
Data from nanoindentation has extended beyond obtaining traditional hardness (H) and reduced modulus

( YDOXHV WR PHDVXULQJ LQWHUQDO IULFWLRQ SRLVVRQYV UDWL
to shallow indentation depths (H¥0 nm), multiple indents can be performed within individual grains or
microstructural units of AHSS grades to quantitatively determine average phase hardnesg@arigs [
When considering the sub-micron grain size present in many AHSS grades, conventional hardness
PHDVXUHPHQW WHFKQLTXHY VXFK DV 9LFNHUYVY HYHQ ZKHQ SHUIR
accurately measure an individual grain [78, 79]. Constituent hardness values based on empirical
calculations involving chemical content have been used [11, 26], but inherently contain assumptions
based on cooling rate, chemical distribution, and post-processing (tempering, temper-rolling, case
hardening, galvanizing etc.) that could lead to potential error, especially when cogsidenmultitude
of processing paths used to produce DP steels. Micropillar compression is a relatively new technique,
where a pillar of material created using a focused ion beam is subsequently deformed in uniaxial
compression, generating a stress-strain curve of an individual grain. Micropillar compressiane dat
valuable inputs for FE modelling of microstructures [80, 81]. However, specimen preparatiomsine, ¢
and precision of the micropillar dimensions can potentially make the technigue prohibitive f82h O
few grains can be tested within a reasonable amount of time, leading to more uncertainty whengattributi

the properties of only a few grains to an entire microstructure.

2.5.2 Nanoindenter Components

Each nanoindenter manufacturer has a unique configuration, but all contain similar essential
components. Figure 2.16 shows the most basic components on a nanoindenter. A load is applied onto a
sample surface through an indenter tip using high-precision transducers capable of applying tbads up t
2 mN, with a 10 nN resolution. The two most common methods of load application are electromagnetic
and electrostatic actuation [83, 84]. Indenter displacement into the surface is measured using capacitors
with a resolution around 10 pm (1 X ¥am). In some nanoindentation configurations, the load-applying

and depth-sensing components are integrated into the same transducer [83, 85]. Because load and depth
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are simultaneously recorded, most nanoindenters can operate in either load- or displacement-control.
Specimens are placed on a motorized stage, where electric motors are used for coarse stage positioning
(usually ~1 P DFF X UD F\-midd@ @ositidghihg is achieved using piezoelectric devices [84].

Load Application
Device
« Springs
m==7 Displacement
— | S€NSOT

Springs

«——Probe Tip
Sample
Load Frame

Figure 2.16 Schematic of the basic components in a nanoindentation system [83].

2.5.3 _Nanoindenter Tip Geometry

Different commercially-available nanoindenter tip geometries have been used ins#aech. A
few considerations are required to select an optimal tip geometry for a particular appli€sch tip
geometry generates a unique stress-state in the material [86]. For accurate hardnessenégsairem
sufficient plastic zone must be generated. At sub-micron length scales, certain indenteiggometr
exhibit a phenomenon known as indentation size effect (ISE), a depth-dependence of material properties
[75, 8789]. Shown in Figure 2.17 are hardness values as a function of indentation depth for aluminum,
copper, and different steels. The increase in hardness with decreasing indentation depthveaisibge
by different researchers [75, 77, 88].
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oM3 aP1
eF3 mF2
xF1 0B2
+B1 A1

Martensitic steels

H(GPa)
NN
O =2~ N W hHh O ON OO O =

Ferritic steels
} Brass
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Figure 2.17 Plot of hardness (H) vs. indentation depth (h) for brass, aluminum, and different st
characteristic decrease in hardness with increasing contact depth is observed. Da
generated using a 3-sided Berkovich indenter tip [75].
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Another consideration when selecting an indenter geometry is the potential for mdeetgl pi
during indenting. Depending on the material properties and indenter geometry, materiatdiisplte
indenter can be ejected above the surface plane (pile-up), effectively increasingdbeareat, and
leading to an overestimation of hardness [92].

One common indenter geometry for metals research is the spherical tip, which yields accurate
material properties independent of indentation depth (i.e. no ISE) [93], a desirable chacastezis
varying indentation depth. However, spherical indenters require relatively large trated&pths in
order to generate a sufficient plastic zone, meaning relatively large indents must be creasrdan ord
extract accurate hardness properties.

The cube-corner indenter is another common geometry, and is particularly useful when the

indentation depth is limited, as the sharpness of the tip almost instantly generateseatspléistic zone

upon contact. Data from cube-corner indenters can potentially exhibit ISE and material pile-up, both of
which lead to an overestimation of hardness [94].

The most common indenter geometry in metals research is the Berkovich tip, a 3-sided geometry
with the same contactareteeGHSWK UDWLR DV D WitdeD)hdatiter82,34. ALSENH U TV

image of a Berkovich indenter is shown in Figure 2.18. The Berkovich indenter can also exhibit ISE, but

is more resistant to material pile-up. The hardness data in Figure 2.17 were generated using a Berkovich

tip. Depending on the sharpness of the apex, Berkovich tips can also generate a sufficient plastic zone at

shallow depths (15-40 nm). Berkovich, cube-corner, and Vickers indenters are all considered aelf-simil
geometries; regardless of indentation depth, the stress/strain gradients around ther@rdainehe

same [95].

comm

Figure 2.18 SEM image of a Berkovich indenter tip used for nanoindentation [94].
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2.5.4 Nanoindentation Data Analysis

When an indent is created in a metal, both load and displacement are monitored, resulting in a
plot similar to the schematic shown in Figure 2.19. While the maximum force can easily be obtained
from the graph (R.y, the actual contact depth requires an analytical approach because intimate contact
differs from the depth below the surface plang,h From Figure 2.19, the indentation depth can be
interpreted as the maximum depth coinciding with maximum logg)(lthe residual depth after the
indenter is removed from the surface,(br the depth obtained when the material stiffness, S, is
extrapolated to zero load. The most widely accepted method to determine H and E from load-
displacement curves is the Oliver-Pharr (OP) method [70, 75, A8P6The OP method uses a portion
of the slope of the unloading curve to determine S, because it is believed that the material bpbavior
initial unloading is characterized by elastic recovery only [83].

LOADING I

UNLOADING

LOAD, P

Y

by —]
max

DISPLACEMENT, h

Figure 2.19 Representative load-displacement curve produced by nanoindentation. The final
displacements can be interpreted as, I, or S [96].

The hardness calculated for nanoindentation data is shown in Equation (2.3, where P is the lpad (in N)
and A is the projected contact area (in Jnm

(2.3)

#l N

To obtain an accurate projected contact area, tips such as the Berkovich indenter require artianea func
to be experimentally determined. Area functions are created by performing indents in a migterial w
relatively homogeneous material properties over a range of ambient testing temperatures, suth as fuse
silica. Indents on fused silica are performed at different loads, yielding different inole liggbths.

Because hardness and elastic modulus are intrinsic material properties, and because fused silica is
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relatively free of ISE, an inverse regression can be performed to determine the contactlagea for
different indentation depths on fused silica. Assessing indenter area functions becomes increasingly
important at shallower indentation depths. All tips are finitely sharp, and at some scale, afdegree
curvature exists at the apex. In order to correct the deviation from an infinitely sharpi@erkov
geometry, fitting coefficients are used. The Berkovich area function equation is given asr(udt

where Ry is the indentation contact depth, angd £Cs are fitting coefficients [85].

# L YBE YOHE % °E % °E %) “E %R ° (2.4)

For an ideal Berkovich tip,d& 24.5 and € £C; = 0. At large indentation depths, thgt€rm dominates

and the tip converges to the ideal condition. Coefficienta@G are particularly useful in characterizing

the tip dimensions at shallower contact depths (< 60 nm) [85]. The valyésafdtermined using

Equation (25 ZKHUH 0 LV D JHRPHWULFDO FRHIILFLHQW IRU D %HUN
obtained in Figure 2.19.

>

DL DoeF Dol DooF VA28 5

The right-most quantity in Eq. (2.5 characterizes the surface deflection at the pevincetgiact. The
surface deflection at the contact perimeter depends on indenter geometry [99]. A schematic showing
different indentation depth readings (h,H, and k) for a conical indenter is shown in Figure 2.20. At
PD[LPXP LQGHQWDW LR Q2.20} Sh#\aktuat BontacQdepthligtibiisithe surface deflection

below the initial surface.
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Figure 2.20 Schematic of the different contact depths during nanoindentation. The contact de
used for calculating hardness using the O-P methd€@6s h
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Once the material stiffness is determined, the reduced mody)usm(Ebe calculated using Equation (2.6,
where A is the contact area.
(2.6)

ﬁ,l|”

2
5%

@I@

All indenters are finitely rigid, and compliance (deflection) of the indenter dtgstong occurs.

Equation (2.7 shows the reduced modulus being composed of the material properties of the substrate, as
ZHOO DV WKH LQGHQWHU ZKHUH DQG ( DUH WKH SRLVVRQTV UDW
UHVSHFWLWYWhIG\D D) @ KH SRLVVRQTY UDWLR DQG HODVWLF PRGXO X\

properties of the indenter are provided by the tip manufacturer.

:SFR;E:SF& (2.7)

NV

2.5.5 Current Studies in Nanoindentation

A recent summary of current applications using nanoindentation spanning multiple material
systems was written by Pala@bal, where most studies involved an integration of nanoindentation with
another advanced technique such as SEM, transmission electron microscopy (TEM), or EBSD [100]. In
one studyjn-situ observation of nanoindentation using TEM allowed pop-ins from load-displacement
curves to be uniquely attributed to either phase transformation or dislocation emission inttt gdgcs
[101]. Pop-ins refer to an increase in indentation depth at a constant load during the loading pertion of
nanoindentation load-displacement curve (Figure 2.19), and a more detailed analysis of pop-ins is
discussed elsewhere [40]. Another study used an SEM to monitor the deflection of a steel micro-bea
being loaded by a nanoindenter [102].

Other nanoindentation experiments on steel have been performed to provide input for
microstructure-based FE models. Attempts at replicating stress-strain curves from nanoindetation
been conducted using 3-D FE models [103, 104]. The material properties in the FE model were modified
in an iterative process until the FE-simulated load-displacement curve matched that observed in
nanoindentation experiments. The resulting stress-strain curve produced by the FE model was simila
that obtained experimentally. Some researchers believe spherical indenters are better-suitedifgr obt
stress-strain curves since they produce a relatively larger elastic segment [82, 93].

Recently, focus has been shifting from obtaining individual grain properties to chanagteriz
hardness distributions within individual grains. Nanoindentation performed on individual feaiite i

DP steels has revealed that hardness gradients exist, and that ferrite should be considered a heterogeneous
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matrix [82, 105]. FE model improvements were achieved when hardness gradients within ferrite grains
were used, and the models indicated that initial strain hardening occurs in the ferrite regiceTs &alj
martensite grains [106].

In transformation-induced plasticity (TRIP) steels, austenite transforms to martgusit plastic
deformation, and studies focused on the phase stability as a function of austenite grain sizenhave be
performed. By characteristics in the load-displacement curve, it was determined that saialldegr
and higher alloying content yielded a higher resistance to transformation [101]. Additional current
studies in nanoindentation are reported elsewhere [40].

2.6 Digital Image Correlation

Digital image correlation (DIC) is a computer-aided strain-mapping technique capable
resolving heterogeneous strain gradients within a region of interest. For a particular régfierest,
DIC uses images to correlate an initial pattern to a final pattern, and an illustratioriexfthigue is
shown in Figure 2.21. Strains are measured based on correlating the spatial location of a flature in t
final image (x y;) with its location from the initial image, (x, y). The pixels comprising the image in
Figure 2.21 are used to reference patterns between the conditions. A group of pixels, called adacet, are

unique fingerprint of the image, and each facet is analyzed to determine a local strain [107].

x X;

Figure 2.21 lllustration of a facet showing a pattern before (a) and after (b) deformdten. T
movement of the point (x, y) to,(¥,) is used to calculate local strain [108].

The facet size and facet spacing set the resolution of the technique. Patterns at the nano- andemicro-scal
can be generated by depositing ink or silver nanodots#f1i@), applying a digital grid [113, 114], or
even using the contrast produced from a chemical etch [10, 27]. A more comprehensive explanation of
the DIC technique is outlined elsewhere [115].

Since DIC calculations are based solely on images, the technique can be applied to any length

scale as long as a discernable surface pattern is visible, and sufficient image resactieeved [107].

24



The DIC technique can generate a strain map for an entire tensile specimen using optisaldnfaga

single martensite/ferrite interface at 80,000X magnification using an SEM. When using anrSEM fo
acquiring images, the potential for image drift must be considered. Drift can cause a shift in ¢he imag
during acquisition, which can result in artificial strains when analyzed using DIC. However, DIC
analyses using SEM images have been successfully performed [10, 107, 116]. Figure 2.22 shows a DIC
analysis on a 0.14 wt pct carbon martensitic steel tensile specimen using a digital grid. The colors
represent different strain levels and show the formation of a shear band.

®= 0.300
' 0.250
0.200

- 0.150
' 0.100
0.050
0.000

Figure 2.22 lllustration of DIC results obtained from a martensitic steel tensile spedihen.
color gradient, representing different levels of strain (color scale), show a shéar ba
forming in the sample, leading to tensile failure. Tensile axis is horizontal, ecichep
width (vertical direction) is Bnm (Color image +see PDF)]113].

Unexpected shear fractures observed in industrial forming operations have motivated the
evaluation of micro-scale deformation responses in AHSS grades, and DIC has been extensively applied
to metals research [10, 109, 116]. For DP steels, strain partitioning has been observed at
ferrite/martensite interfaces, with the severity of partitioning increasitggsitater hardness difference
between ferrite and martensite [116, 117]. Figure 2.23 shows a DIC analysis performed on a laboratory-
produced 0.06 wt pct carbon DP600 steel in the as-received condition (a), and in the tempered condition
(b). For a similar macroscopic tensile strain, the DP steel in the as-received conditiitee Xigher
localized strain values (0.7 pct vs 0.37 pct) at the martensite/ferrite interface. IBatihdlyses in
Figure 2.23 were performed using the etched microstructure as the pattern grid. Differentecnstit
hardness values for the different phases present in multi-phase AHSS grades causes theatstramgpart
during plastic deformation (Figure 2.23), and suppression of these localized strain accusnaitation
believed to extend formability limits [17, 18, 117].

A DIC analysis performed on a nickel alloy has shown certain grain boundaries to contribute
more to strain hardening than others, the contribution amount dependent on the crystallographic
relationship of the two adjacent grains [118]. Sometimes, significant strain accomwas observed on
only one side of a grain boundary, indicating that slip transfer across the grain boundary was guppresse
DIC has also been used to observe twinning in shape-memory alloys, characterizing how sttageipr

by twinning can affect the crystallographic orientations of subsequent twinning [119].
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(b)

Figure 2.23 DIC analysis on a laboratory-produced, 0.06 wt pct carbon DP600 steel in the a
received condition in (a), and in the tempered condition in (b). For a similar glob
strain during uniaxial tension, the tempered condition shows fewer regions of hig
localized strain [116]. Strain values correspond to the color scale in eachd@iglme.
image +see PDF.

2.7 Stretch Bend Test
Material properties obtained from a uniaxial tensile test, such as yield strength (YS), UTS,

uniform elongation (UE), TE, and r-value, have traditionally been used for selecting stedefentif
applications. However, some applications and forming operations experience a stress state more complex
than uniaxial tension [3, 30], and properties such as TE are inaccurate indicators of peef¢tman29,
120]. Tensile elongation involves global fracture, where mechanisms at the scale of the emntienspec
are active [31], while complex forming operations can promote localized fracture, where mestmamism
the order of several grains dictate performance. In particular, DP steels are known to bibleuscept
localized fracture [30], and the unpredictable formability performance is one challéageglextensive
incorporation of new higher strength AHSS grades by the automotive industry. One reason wiedlocaliz
shear fractures are difficult to predict is because limited necking is observed bedtreefr
Specialized laboratory sheet metal forming tests have been developed to address localized

fracture of higher-strength AHSS grades during industrial stamping operations [121]. @tessigthe
stretch bend test, and an illustration of the test setup is shown in Figure 2.24. Two hydraulic actuators
situated 90° relative to each other subject a sheet steel specimen in tension over a diecafesliesifi

S5ROO0OHU $VVHPED) until@adturdXtttts, simulating material flow during formiAg.
triaxial stress state is achieved at the die/sheet interface, and is believed to represeradistates
experienced for some industrial stamping operations [30].
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Figure 2.24 Schematic of the stretch bend test. The two hydraulic actuators subject the sheet
specimen to tension over the die (Roller Assembly), causing fracture [2].

The parameter used to quantify formability for stretch bend tests is the die tatiaet thickness (R/t)

ratio. Figure 2.25a shows five commercially-produced DP780 stretch bend specimens that have fractured
after being tested with different die radii. The stretch bend test is capable of producingghsiial,

fracture away from the die at large R/t ratios (R = 12.7 mm in Figure 2.25a), and transitions (Rw 6.4

in Figure 2.25a) to a localized, shear type fracture at the die/sheet interface at smadteysRR =

3.1 mm in Figure 2.25a) [12224].
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Figure 2.25 Image of five specimens tested to failure using the stretch bend test in (a) [125]
specimens show a transition from a tensile failure (R = 12.7) to shear fracture (R

3.1). Plot of failure stress as a function of R/t ratio in (b) [122]. The dashed verti
line represents R/t*, the industrial formability limit.
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thickness on a shear plane oriented 45° with respect to the sheet surface and tensile ax@.2%¥igure
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shows failure stress vs. R/t for a DP600 steel. Failure stresses at lower R/t values atedssticlzoth
transition fractures and shear fractures (R = 6.4 mm and 3.1 mm, respectivelyr@2Rga). The R/t at
which the failure stress achieves the UTS is known as the critical R/t, or R/tafedlicy a vertical
dashed line in Figure 2.25b), and can be used as an industrial design limit. For R/t values greater than
R/t*, the UTS is achieved, and only tensile failures away from the die occur. A low R/t* is tesisai
increases design capability of auto-body components [122].

When testing three different steels of similar strength, \Wadd. [122] observed different R/t*
for each steel, and proposed a strain-based rather than stress-based analysis to understand the role of
microstructural properties in shear fracture susceptibility. Further advances in undegsbhdHSS
shear fractures using stretch bending were obtained byeKah[124], showing that when deformation-
induced heating was considered, fracture was accurately predicted in most cases. However, iseselect ca
primarily involving the higher-strength AHSS grades, Katal concluded that microstructure-based
fracture mechanisms dominated formability limits, and alluded to the incorporation of damagaiceec
into prediction models [124]. Microstructure-level damage mechanisms have traditidagéd a
secondary role in formability of steels, which is why conventional prediction methods, suchiag form
limit diagrams have been successfully used in the past. Stretch bend tests are valuable in determining
industrial design limits, but the mechanisms that promote shear fracture over tensile fractfr
interest, especially as AHSS microstructures become more complex.

Conclusions based on stretch bend results produced by Hudgins [2] motivated the M.Sc. thesis of
M. D. Taylor, where a plane strain tensile specimen was developed to replicate the shear fractures
observed at low R/t ratios (small radii) [40]. The plane strain tensile geometry andtpantensile test
are presented in Chapter 4. Taylor concluded that a higher martensite/ferrite hardnessreatbonded
to a higher void density at an equivalent deformation stage, and hypothesized that a decrease in hardness
ratio for DP steels will suppress damage, thereby extending formability limits of highegtat AHSS
grades.

2.8 Hole Expansion Testing

In addition to the stretch bend test discussed in Sec. 2.7, the hole expansion test is another
laboratory technique developed to evaluate the complex response during industrial forming operations of
higher-strength AHSS grades [121]. An introduction to hole expansion testing, includinguest set
testing hardware, specimen preparation effects, and potential stress states experigmctzbtiog is
presented. For AHSS grades, microstructural properties reported to have an effect on HER are discussed,

followed by a discussion of previous experiments relating HER to tensile properties.
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2.8.1 _Hole Expansion Experimental Setup

Edge stretchability is the ability of a sheet steel to be stamped into a final part iathoatby
fracture or excessive thinning at a sheared edge or hole, and is an area of interest as the beometrica
complexity of automobile components increases [78]. Formability of AHSS in complex forming
operations departs from traditional measures of ductility, such as TE obtained from a unidleaietsns
[22, 29, 30, 120]. Tensile tests produce global fracture, where fracture mechanisms presectédt tf
the entire sample are considered [30], and hole expansion tests produce local fracture [36], whaere only
few grains in the vicinity of the crack can dictate performance. The hole expansion test ellieliev
correspond to in-die performance of certain forming applications, and a schematic of the test using
conical punch is shown in Figure 2.26 [121]. A 10 mm diameter hole is created in the center of a sheet
steel specimen (usually 100 x 100 mm), and a concentric punch is pressed uni-axially upwards through
the hole (red dotted line in Figure 2.26). The steel specimen is clamped to prevent the specimen from
drawing upwards during testing. At the first observation of a 0.1 mm through-thickness craes, ihe t
stopped. The hole expansion ratio (HER) is defined in Equation (2.8, wtemd d are the initial and
final hole diameters, respectively.

Clamping Clamping
Force Force

I
p i —_
{ ]
Steel Sheet —> ™ : : &]

L ]

Conical
Punch

Figure 2.26 Schematic of the hole expansion test using a conical punch on a sheared hole. T
upward flow of material around the hole edge represents the burr created during th
shearing process. In the figure, the steel sheet is being tested in the burr-up orient
[121](color image- see PDF)

k@F @o .

*'4 L Usrr (2.8)

The d value in Equation (2.8 is measured after the hole expansion test is complete (i.e. a crack

has formed). The method of crack detection can vary depending on test setup, from visual inspection [21
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76, 126] to a computer-aided image inspection using cameras. A standardized test methodology for hole
expansion testing, ISO 16630, was developed in an effort to increase the reproducibility of HER results
between different laboratories. The current version of ISO 16630, however, affords many libedaies a

how the test can be conducted.

The method used to create the hole in the specimen for hole expansion testing has been performed
multiple ways, the most common being shearing, drilling, and electric discharge machining (EDM), each
of which affect the resulting HER [78]. Sheared holes are most commonly encountered in industry, the
most common condition considered in published studies, and are also the method outlined in ISO 16630.
Shearing creates a region of heavily deformed grains adjacent to the hole edge, and is termed a shea
affected zone (SAZ). The SAZ created by shearing has been observed to decrease the HER compared to
other hole preparation techniques, such as EDM [11, 76]. Figure 2.27 shows the microstructure for a
laboratory-produced 0.07 wt pct carbon DP600 steel in the initial, undeformed condition (Figure 2.27a)
and in the SAZ after shearing (Figure 2.27b) [26]. The SAZ contains heavily deformed grains adjacent to
the hole edge, and the plastic deformation has strain-hardened the grains to hardness valubamgreater t
the bulk microstructure. Micro-voids have also been reported to form in the SAZ and are indicated in
Figure 2.27b with arrows. The amount of plastic deformation in the SAZ is dependent on multiple
factors, and researchers have estimated the equivalent strain to be on the ordet5d pét [11, 127].

Multiple studies have concluded that removal of the SAZ increased the HER [78, 126, 128], and methods
to mitigate the SAZ after shearing include polishing, sanding and reaming [129, 130]. Holeslgreated
drilling and EDM do not create a SAZ, and have exhibited superior HER values compared to sheared
holes of the same material [26, 30, 79, 131, 132].

(b)

Figure 2.27 SEM Micrograph of a laboratory-produced 0.07 wt pct carbon DP600 steel
microstructure in the initial condition in (a), and after having a hole sheared for h
expansion testing in (b). The microstructure in (b) is adjacent to the hole edge, ¢
representative of the majority of the SAZ [26]. Steel was etched with 2 pct nital.
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The die/punch clearance used to produce sheared holes is another variable that needs to be
considered [130], and an illustration of the parameter is shown in Figure 2.28. The die/punch clearance is
known to affect subsequent HER because it affects the characteristics of the SAZ. For instance, a larger
die/punch clearance will result in a larger burr after shearing [130]. The burr is creatatelglrfiow
during the hole shearing process, and has been shown to affect HER values. Additionally, the material
flow also affects the edge unevenness (roughness), which has been shown to negatively affect HER [131].

Most hole expansion experiments test the steel coupon with the burr facing upwards, and is
represented in Figure 2.26 with the slightly inclined material adjacent tolthedge. The ISO 16630
standard specifies the die/punch clearance as 12 +/- 2 pct of sheet thickness, and to test with the burr
facing upwards. Keeping within tolerance for the die/punch clearance is importantréatu@pility, and

for comparison of multiple AHSS grades.

10 mm
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punch

Sheet Steel
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Figure 2.28 Schematic showing the die/punch clearance. A larger clearance can produce a la
after shearing, and affects the characteristics of the SAZ.

Figure 2.29 shows three common punch geometries used for hole expansion testing; conical,
spherical, and flat-bottom [131]. Each punch geometry creates a unique strain-state withirt gteedhee
and can cause failure at different HER values in the same steel specimen. Hole expansioningséing us
flat-bottom punch was observed to produce the most material thinning before fracture, and the conical
punch was observed to produce the least [131]. Of the three punch geometries, the conical punch (also
shown in Figure 2.26) is most commonly used to evaluate formability [11, 129], and is the specified
punch geometry for ISO 16630. The conical punch generates a stress state consisting of bending, tension,
and frictional forces in the steel, and some researchers have shown the stress state ofdHsofhear
surface to be pure uniaxial tension [130, 132, 133]. A strain gradient exists in the steehdlaring

expansion testing, with material sufficiently far away from the sheared hole experiencing stateess

31



different than material in proximity to the sheared hole [133]. During hole expansion testing ofd shear
hole using a conical punch, a SAZ containing a heavily deformed microstructure is subjected to a bending

ttensile stress gradient until plastic deformation initiates a through-thicknek4128, 134].

Figure 2.29 Photograph of three commonly-used punch geometries for hole expansion testing
including the spherical (left), conical (middle), and flat-bottom (right) punchd$.[13

Because of the freedom in choosing test parameters, care must be exercised when HER data from
different studies are compared, as the setup, punch geometry, hole preparation method, and crack
detection method will affect the resulting HER. When performing hole expansion tests, keepstg all te
parameters constant is essential for accurate data analysis [132].

2.8.2 Microstructural Factors Influencing HER

Due to the limitations of traditional FLDs to predict formability of higher-stiedgiSS, many
studies have been performed to investigate the effects of microstructural propertieegpoooling
HER. In uniaxial tensile tests, DP steels can achieve good combinations of high strength and elongation
from soft ferrite accommodating the majority of strain, and martensite accommodatingahig/rogj
stress [39, 126, 135]. However, hole expansion tests produce a complex, triaxial stress stabeewithin t
material, and different phases are reported to exhibit different ductility limits dependimg siness state
[128]. A limited dome height test performed on a martensitic steel produced an equivalent sinarial
of 150 pct, and supports the claim that stress state affects the ductility of a phase [22, 12&R.80ogur
shows an FE model simulation of the triaxial stress contours in a hole expansion specimen tested with a
conical die. A triaxial stress state has been observed to accelerate strain looafimafierrite, making
IHUULWH WKH 3ZHDNHVW OLQN" LQ \WikdatRarkeUsRayas/ of deforvhstiord E\ IRUP

[22, 39]. The rapid strain localization in ferrite may be one reason why performance in HER appears
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independent of TE obtained from uniaxial tensile tests. For AHSS, equivalent uniaxial strains

experienced in hole expansion testing are usually higher than the TE [126].

Triaxiality
(Avg: 75%)
7.254e-01
+6.800e-01
+5.667e-01
+4.533e-01
+3.400e-01
+2.267e-01
+1.133e-01
+4.470e-08
-1.133e-01
-2.267e-01
-3.400e-01
-4.533e-01
-5.667e-01
-6.800e-01
-9.53%e-01

Figure 2.30 Stress triaxiality contours for a FE model simulation of a hole expansion test using
conical die [128]. Units for the color scale is the ratio of mean stress to equivalest ¢
(Color image- see PDF).

To minimize strain localization in ferrite in the presence of a triaxial sttass, a morphology
FRQVLVWLQJ RI D PDUWHQVLWH 3QHFNODFH™ QHWZRITNZ/20UURXQGL
39], though this view is challenged by some [132]. A martensite necklace would inhibit shear bands from
propagating over long distances [21], as the shear bands would likely arrest at martensite islands [27].
Equiaxed and/or banded morphologies are less ideal since shear bands can potentially propagate over long
distances before being arrested [78]. Another possible reason for the difficulty in tayidEER to
tensile properties is because the optimal microstructure morphology for HER is an interconnected
martensite network, while the optimum for uniaxial tension is fine-grained and eq{2&%ed

A smaller grain size has been reported to improve HER, as shear bands in ferrite would travel

shorter distances before being arrested by martensite islands [127, 132]. Correlations HER/ead
MVF have also been established for DP steels, concluding that HER increases as a microstructure tends
towards a single-phase composition [22, 26, 127, 132, 133, 136], even for a fully martensitic or bainitic
microstructure [11, 25, 137]. Figure 2.31 shows an increase in HER and corresponding decrease in UE
with increasing MVF for 0.15 wt pct carbon laboratory-produced DP steels. Figure 2.31 compares DP
steels to a fully martensitic steel (0 pct ferrite), and suggests that for locadizadd, the absence of
3ZHDN OLQNV" GHPDQGV D KLJKHU GHJUHH tRd nicvédirOctuez [DIFFRPPRGD)\
Some studies report a decreasing HER with increasing MVF [132], but in these select ca®¢B, the

was increasing towards 50 pct, which tends further away from a single-phase composition.

33



4 HE ratio
840 °C = UE T7

0.40
0.30 P

0.20 { [ {

i 785 °C

! ‘\I\v‘wc 2
0.10 , —s] .
755°C

HE ratio

T
Z
o
(=]
|, 8
w
UE, %

0 10 20 30 40

Ferrite, %

Figure 2.31 Plot of HER and UE as a function of pct ferrite, showing an increase in HER and
decrease in UE with increasing MVF (moving towards the left) [25].

All microstructural properties (MVF, grain size, dislocation density, chemical compusiti
morphology) contribute synergistically to the formability performance, and attempting to change on
property usually has an interdependent effect on others [22]. A challenge associated with most studies
cited herein is that, when changing a microstructural property, such as MVF (Figure 2.31), other
microstructural properties simultaneously change. Hence, it is difficult to conclusivelyrstatffect of
any single microstructural property on HER because of the inherent change of other micrastructura
properties.

One conclusion that has been relatively widespread among different studies pertairiifyab H
DP steels is that a decrease in the relative hardness difference between ferritaearsitenaill increase
HER [3, 6, 11, 17, 22, 29, 30, 39, 46, 78, 130, 132, 138, 139]. A larger martensite/ferrite hardness ratio
denotes greater strain partitioning in regions near the ferrite/martensite intkydabeg to a higher
degree of strain heterogeneity [22, 27, 29, 135], and ultimately interface incompatibility (decpaesio
lower global strain values [127, 138] (Figure 2.23). Figure 2.32 shows the HER increasing as a function
of tempering temperature for a 0.13 wt pct carbon laboratory-produced DP steel. For DP steels,
tempering primarily softens martensite (Sec. 2.3.1), thereby decreasing the martensitedfdrégss
ratio.

A larger hardness ratio localizes strain in the softer ferrite phase at gagies ef deformation,
causing void nucleation [21, 140]. A lower hardness ratio denotes increased similitude between
martensite and ferrite, and supports the previous claim that HER increases as a microstructure tends
towards asingegSKDVH FRPSRVLWLRQ :LWK D GHFUHDVLQJ KDUGQHVYV UD
and/or the martensite becomes softer, enabling the microstructure to accommodate more homogeneous

plastic deformation and delay strain localization [29].
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Figure 2.32 Plot of HER increasing with increasing tempering temperature for a 0.13 wt pct ca

laboratory-produced DP steel, indicating a decreased martensite/ferrite hardness r.
corresponds to improved edge stretchability [46].

2.8.3 HER and Tensile Correlations

Even with differing stress states, failure criteria, and initial condition of the stigobure, much
interest has been directed to correlating HER values with tensile properties. Tensddagdess time-
intensive to perform, the necessary equipment is more readily-available, and the data analysis is m
objective. Accurate predictions of HER based on tensile properties would be beneficial forahdust
applications.

Advances have been made in correlating HER to tensile properties by considering material
properties such as material thickness [126], r-value, TE of the transverse orientation, dleaimar
exponent [140], post-uniform elongation [132], and true fracture strain [120, 133]. Most studies
developed an empirical equation that predicted HER based on different tensile properties, and the
empirical equations are usually designed to be applicable for a wide range of steels. Cenadtock
developed two empirical equations, one using tensile properties of TE, r-value, and thickness, presented
as Equation (2.9, and one using tensile properties of r-value and strain-hardening exponent, presented as
Equation (2.10 [126]. For Equations (2.9 and (2.1 LV W KL R i@ tH&/NE inLtlie tradsverse
orientation, j, is the average anisotropy, andsthe strain-hardening exponent in the transverse
orientation. Figures 2.33a and 2.33b show the experimentally-determined HER plotted against the
calculated HER using Equation (2.9 and Equation (2.10, respectively. Tensile and hole expansion data
were gathered from ferritic, ferritic stainless, and austenitic stainless steels orabbthed holes
(Figure 2.33a) and sheared holes (Figure 2.33b). For the data in Figure 2.33, hole expansion tests were
performed with a lubricated 102 mm diameter spherical punch, and the solid lines represent a 1:1
correlation. The accuracy of Equations (2.9 and (2.10 in predicting HER values based on tensile
properties is promising, but further improvements are needed before the equations can be am#led to st
grades outside of those represented in Figure 2.33.
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*'4 L?PLVYP E WX 0 EUVAYNF wat (2.9)

*'4 1L?PL zv@a N usavJF tuax (2.10)

Kumaret al.also performed a regression analysis for a large group of HER and tensile properties
produced by different researchers, and the resulting equation is presented as Equatio? @ Hkhs 1
the UTS, LV WKH DYHUDJH, B Qe MERA28l Ariglre R.81Ghdws the experimentally-
determined HER values plotted against the HER values calculated using Equation (2.11, and a good
correlation (R > 0.9) was achieved. Hole preparation method and punch geometry were not specified for
the different steels. Some of the steel grades incorporated for the analysis byeKahane indicated in

the legend of Figure 2.34. In Figure 2.34, the solid line represents a 1:1 correlation.
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Figure 2.33 Experimentally determined HER values plotted against the calculated HER valu
using Equation (2.9 in (a), and using Equation (2.10 in (b) for ferritic, testdinless,
and austenitic stainless steels. Hole expansion data in (a) was obtained from me
holes, and hole expansion data in (b) was obtained on sheared holes. Both equ

predict the HER reasonably well, with Equation (2.10 exhibiting a slightly better f
[126].

*'4 L?PL FVZEUrtW4844T0AE suy F R48& EragyY (2.11)
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Figure 2.34 Experimentally-determined HER plotted against the HER calculated using
Equation (2.11 [128]. The line represents a 1:1 correlé&timor image tsee PDF)

Equation (2.11 developed by Kunetral.is also promising for correlations between tensile properties
and HER values. However, both the imposed stress state and the microstructural properties
synergistically interact to produce the resulting HER, tensile properties, R/t*, orrempobperty
derived from mechanical tests [22], and defining relationships between HER as a function of
microstructural properties is believed to provide additional insight.
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CHAPTER 3
EXPERIMENTAL DESIGN

The motivation for the current project is first introduced, citing specific conclagiom the
M. Sc. Thesis of M. D. Taylor. The project focus is then introduced, followed by the experimental

approach designed to address the research topic.

3.1 Purpose of Project

The M.Sc. Thesis of M. D. Taylor quantified the constituent hardness of commercially-produced

DP steels, and concluded that a lower martensite/ferrite hardness ratio decreased the ladicihpmou

an equivalent deformation using plane strain tensile specimens. Laboratory tests, such aestetcth

hole expansion testing used to evaluate industrial forming operations, also generate complex, triaxial
stress states upon deformation, and it is hypothesized that a lower martensite/ferrite hardmnéls rati
suppress microstructural damage, leading to higher forming limits. An increase in HER wathsaerr
martensite hardness was reported for eight commercially-produced DP980 steels [76], and it was
hypothesized that the correlation would improve if microstructural variables of grain sike,dd&mical
content, and morphology remained constant. The current project focused on evaluating the isolated

effects of constituent hardness on the subsequent formability performance of DP steels.

3.2 Design of Project

Four commercially-produced DP steels with UTS values above 980 MPa were provided for the
present study. An initial material characterization including constituent grain size, BtsiiRed
austenite content, constituent hardness, tensile properties, and tempering response was conducted to
determine a preferred DP steel for a subsequent, in-depth analysis relating constituerd btiednte$o
formability performance.

The primary focus of the current project was to evaluate the isolated effects dgtieanst
hardness on the subsequent formability performance of DP steels. Tempering and cold-rotilegtseat
were used to methodically create different constituent hardness conditions from one singlé DP stee
chemistry. Moderate tempering and cold-rolling treatments have minimal effect on the graingize, M
morphology, and chemical content, making constituent hardness the primary microstructural variable.
Tempering was used to create four unique hardness conditions, each with a UTS below the as-received
condition. To evaluate steel conditions of equivalent UTS, four additional hardness conditions were
generated by cold-rolling the four tempered conditions to re-attain the UTS of the asdewgidition,

totaling nine conditions altogether (as-received, four tempered, four temper-cold rolled). Nanbordenta
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was used to quantify the constituent hardness properties of the modified steel conditions. To evaluate
formability, the different steel conditions were tested in both uniaxial tension and hole expansion.
Correlations between constituent hardness properties and performance in uniaxialndrwsile a
expansion testing were then evaluated.

The microstructural response after plastic deformation was of interest, hnijtexs including
nanoindentation, EBSD, and DIC were used to evaluate select steel conditions. The plane strain tensile
test developed in the M.Sc. Thesis of M. D. Taylor was performed for select steel conditions to determine
whether consistent trends were observed, providing a link between the two studies.
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CHAPTER 4
EXPERIMENTAL METHODOLOGY

The chemical contents and thicknesses for the four commercially-produced DP steels used in the
current study are first introduced. Descriptions are provided for the experimental se¢uppfering,
along with the parameters used for a preliminary tempering study; the method used foriogldatohg
with a study focusing on the increase in UTS as a function of percent cold-rolling (%C&ij) a g
size/MVF measuring technigue designed for a two-phase microstructure; the experimental séay
diffraction (XRD) to assess retained austenite content; a nanoindentation method usedfjo quanti
individual constituent hardness values; the experimental setup used for the graiti@rierasurement
technique of EBSD; the method used for the computer-aided strain mapping technique of DIC; the
experimental setups for uniaxial tensile testing, hole expansion testing, and plane strain tengile tes
developed at the Colorado School of Mines; and a void analysis technique developed for fractured ASTM
E8 tensile specimens. Appendix A is also included to quantify uncertainties associated with reported

microstructural/mechanical properties in Chapter 5 calculated from multiple tests.

4.1 Materials

Four commercially-produced, un-coated DP steels with UTS greater than 980 MPa were provided
by Arcelor-Mittal for the current study. The four steels were arbitrarily labelBqj @ad their chemical
contents (in wt pct) along with their as-received thicknesses (in mm) are reportedkid TalSteels A
are considered low-carbon and have relatively low alloying additions, characteristic of BP stee
Characterization and testing techniques on Steels A-D were performed in the as-receivieoh candit

modified conditions. The steel condition in which each technique was performed is reported.

Table 4.1 Chemical Content (in wt pct) and Thickness (in mm) for SteBls A-
wt pet T*}'r‘m)ess C  Mn P S si Al Nb Ti N
A 1.2 0.14 1.81 0.017 0.002 N/R 0.04 N/R N/R  0.006
B 1.4 0.14 2.04 0.009 0.001 N/R N/R N/R N/R  0.005
C 1 0.15 146 0.010 0.007 0.30 0.04 <0.003 0.002 0.004
D 1.5 0.10 215 0.010 0.001 N/R 0.04 N/R N/R  0.004

4.2 Tempering Study

To characterize the softening kinetics of steels A-D, a tempering experiment waspdrfor

Tempering is a heat treatment that softens a steel microstructure, and is more extissiveded in
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Sec. 2.3. Coupons of each steel, approximately 13 X 13 mm, were polishe®@tcGLDPRQG XVLQJ
standard metallographic technigues, placed inside a stainless steel bag flooded with argon gas, and
creased closed. Argon gas provided an inert atmosphere to the steel coupons, reducing decarburization of
the steel surface during tempering. Once the open-atmosphere Carfoalisze reached the target
temperature, the stainless steel bags containing the specimens were placed inside the flihate, an
were added to each tempering time to allow the steel specimens to reach temperature. Sialindividu
tempering temperatures of 175, 200, 225, 250, 300, and 350 °C were used for the tempering experiment.
9LFNHUYVY KDUGQHVY PHDVXUHPHQWY ZHUH SHUIRUPHG RQ WKH WHFE
24,48, 72, and 120 hrs for each tempering temperature to quantify the change in hardness as a function of
both time and temperature. For each time step, the polished steel coupons were removed from the
furnace, and allowed to cool to room temperature inside the stainless steel bag before haidgess test
6L[ 9LFNHUYV LQGHQWYV ddhd ardla Bwed tide/df DI @ the in-plane orientation of
the polished steel coupons were averaged for every reported hardness value. Each Vickers indent was
spaced at least 3 indent diameters apart to avoid overlapping plastic zones [86]. For eachtatexl, a to
60 hardness values (6 temperatures, 10 times) were reported.

In addition to the steel coupons, one ASTM E8 standard size tensile specimen of each steel (A-D)
was placed inside the stainless steel bag for each of the six individual tempering tempérhtures.
ASTM EB8 standard size tensile specimens were tempered at each of the six temperatures for 120 hrs,
resulting in six tempered tensile specimens for each steel. The tempered tensile spesimntasted
according to Sec. 4.9 to evaluate the change in tensile properties as a function of tempering.idhn equat
developed by Holloman and Jaffe combined the effects of both tempering time and temperature into one
value, known as the Hollomon-Jaffe parameter (HJP), and the basis for this analysis was discussed in
Sec. 2.3.1 [49]. Tensile properties generated using the tempered tensile specimens were evaluated as a
function of HIP.

4.3 Cold-Rolling Experiment

The increase in UTS as a function of %CR was evaluated on tempered ASTM ES8 standard size
tensile specimens of steel C. Cold-rolling is a plastic deformation process capable ofgctisng
mechanical properties of steels, and is more extensively discussed in Sec. 2.4. Cold-rollingrsiteall t
specimens was performed along the original rolling direction. One group of six tensile speégithens
asreceived condition was tempered to 960 MPa UTS, and a second group of six tensile specimens in the
asreceived condition was tempered to 920 MPa UTS. For both groups, tensile specimens were placed
inside a stainless steel bag flooded with argon gas, and creased closed. Once the open-atmosphere

Carbolité’ furnace reached the target temperature, the stainless steel bags containing the specimens were
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placed inside the furnace, and 6 min. were added to each tempering time to allow the steel specimens to

reach temperature. After the tempering treatment, specimens were removed from the furnaceexhd allow

to cool to room temperature inside the stainless steel bag before analysis. The tempering time

temperature combinations used for the two groups were determined from the experimental results of

Sec. 4.2. Machined tensile specimens were cold-rolled using a 92 mm (3-5/8 inch) diameter two-high

Stanat cold rolling mill at CSM, and a picture of the rolling mill is shown in Figure 4.1. To reduce

friction, a heavy duty lubricant was generously applied to the tensile specimen and rolls during cold

rolling, and a guide fixture was used to help maintain straightness of the tensile speangémseeted

into the rolls. Multiple passes were usélR DFKLHYH HDFK &5 DQG DOO SDVVHV ZH!
threshold for non-uniform deformation based on Equation 2.2 [63]. After the target %CR vataes w

achieved, the tensile specimens were tested according to Sec. 4.9.

Figure 4.1 Photo of 82 mm diameter two-high rolling mill at CSM. A bottle of lubricant used fc
the cold-rolling treatments is also shown in the picture.

One specimen from each group was tensile tested in the as-tempered condition to establish a
reference UTS, and the other five tensile specimens from each group were cold-rolled to 5, 8, 10, 15, and
20 %CR to characterize the increase in UTS as a function of %CR. Equation 4.1 was used to calculate
%CR, where L and L are the initial and final length, respectively, of the tensile specimen gauge length.

In order to accurately measure the gauge length, a line perpendicular to the tensile axis was scribed across
the width on each end of the gauge length, and these two scribed lines were measured using a caliper with
0.013 mm (0.0005 inch) resolution.

kuF .30

T 4AL Usrr (4.2)
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4.4 Grain Size and Martensite Volume Fraction Analysis

A grain size/MVF measurement technique developed by Higginson & Sellars was adapted to
evaluate steel microstructures in the as-received and modified conditions [141]. For eatifesteel
plane, longitudinal, and transverse orientations were mounted, polishedoGLDPRQG XVLQJ VWDQ
metallographic techniques and etched with 2 pct nital for approximately 10 s to reveal tstrogture.
Figure 4.2 shows a schematic of the in-plane, longitudinal, and transverse orientations in refaion to
original rolling direction of a sheet steel.

..... Rolling Direction

Transverse

| Longitudinal |

Figure 4.2 Schematic illustrating the in-plane, longitudinal, and transverse orientatielasiam to
the original rolling direction.

Six SEM micrographs were acquired in random locations from both the in-plane orientation, and
the longitudinal orientation, totaling twelve micrographs for each steel. Both the in-plane and
longitudinal orientations were evaluated to account for potential deviations in grain sizetbéifferent
orientations. Micrographs were acquired using a JEOL 7000F FESEM at 5 kV accelerating voltage,
10 mm working distance, and a spot size of 3. For grain size/MVF analysis, an overlay consisting of
three concentric circles with 60 proportionally-spaced tick marks was applied twice to daetvedlve
micrographs, randomly locating the grid for each analysis. An illustration of the concentes oim an
SEM micrograph of tha-plane orientation of Steel B is shown in Figure 4.3.

For each measurement, the 60 tick marks were used to determine an average MVF using standard
point counting methods, and the circumference intercepts with ferrite/ferrite and meffemibé
boundaries were separately counted to determine the average grain size for both martensite and ferrite.
Equations 4.2 and 4.3 were used to determine average ferrite and martensite grain sizes, ygspectivel
where L is the average ferrite grain sizels the average martensite grain size, L is the circumferential
length of the three circlesVqis the MVF, n is the number of ferrite/ferrite boundary intercepts, ard n
is the number of ferrite/martensite boundary couhts.each steel, 24 separate measurements of MVF,
ferrite grain size, and martensite grain size were obtained, and then averaged. Standard deviations were
calculated for the 24 measurements of ferrite grain size, martensite grain size, and dfygfess the

uncertainty associated with the reported averages, and are presented in Appendix A.
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Figure 4.3 Concentric circle overlay with 60 proportionally-spaced tick marks used for the gre
size/MVF analysis. Micrograph of the in-plane orientation of Steel B is shown. Ste
was etched with 2 pct nital for approximatelyslO

s F 8,0, 0.
SF 8 4.2)
:J Eraws
tU 8,00 .
RS A (4.3)

45 X-Ray Diffraction

The in-plane orientation of each steel in the as-received condition was evaluated foreausteni

content using XRD. Specimens for XRD analysis, approximately 25 X 18 mm, were mechanically

polishedto6 P GLDPRQG XVLQJ VWDQGDUG HerHavBeguemly subnsekgedfoW HF KQL T
5 min in a solution of 1 part hydrofluoric acid, 10 parts hydrogen peroxide, and 10 parts de-ionized water.

The plastic beaker containing the acid solution was placed inside a larger, water-flledated °C for

temperature control. After 5 min in solution, specimens were rinsed with ethanol,-dnidair The acid

treatment removed the surface-hardened layers induced by thRe6 LDPRQG PHFKDQLFDO SROL!
Surface-hardened layers created by mechanical polishing can potentially transform austenite at¢he surf

to martensite, and give inaccurate measurements of the true amount of retained austenita firesent i
microstructure. The acid solution was prepared separately for each steel specimen.
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tube current, and a step size of 0.0167 was used over a 35° - 105° scan range to analyze steel specimens.
7KH UHVXOWLQJ LQWHQVLW\ YHU Vw¥forths présevice o BudtehitE XDOLWDWL Yt

4.6 Nanoindentation

Nanoindentation was used to quantify the bulk hardness, average ferrite hardness, and average
martensite hardness on the in-plane and longitudinal orientations of steel specimens iadbired-and
modified conditions. Specimens for nanoindentation analysis were mounted, polisheBt&GIL D PR Q G
using standard metallographic techniques, and then vibratory polished withP.05ROORLGDO VLOLFD
approximately 10 hrs. Vibratory polishing with colloidal silica is both a mechanical andcethem
material removal method, and is believed to remove much of the surface-hardened layer induced by the
1 P GLDPRQG SR[Od]. WexktQ/ickergimti&nts were placed on the specimen surface as fiducial
markers to aid in locating the nanoindentation grid. The nanoindentation specimens were then attached to
a metal plate using an adhesive (CrystalBond) to take advantage of the magnetic stage in the
nanoindenter. A Hysitr6hTI-950 Triboindenter equipped with a Berkovich indenter tip was used for all
nanoindentation tests. A 15 X 15 array (225 total) of indents spaced D SDUW ZDV SHUIRUPHG W
of 40 nm using a 2 s loati2 s hold 2 s unload function. To collect the most accurate data, @#p are
functions were analyzed periodically to account for the blunting of the tip over time. Athlesest
separate area functions were performed for the Berkovich tip over the course of the nanimindentat
experiments, and a detailed explanation on performing a tip area calibration can be found elsewhere [85].
A load-displacement curve was produced by each indent, and the unloading portion of the curve was used
to calculate a hardness value using the Oliver-Pharr method [96]. An example of a load-displacement

curve for an indent performed to a depth of 40 nm on steel C is shown in Figure 4.4.

350
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Figure 4.4 Load-displacement curve generated by an indent on steel C. Indent was performe

a depth of 40 nm, resulting in a required indentation force of 337
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Using the unloading portion of the curve (indicated by an arrow) and the tip area function, a
hardness value was calculated. A more detailed explanation on calculating hardness from load-
displacement curves is outlined in Sec. 2.5.4. The hardness values (225 total) generated for each steel
condition were averaged to obtain a bulk hardness. In addition, a method outlined in the M.Sc. Thesis of
M. D. Taylor [40] was applied to the 225 indents from each nanoindentation test to obtain constituent
hardness values for both ferrite and martensite. Indents located within 1.5 indent dianaeters of
interface were discarded due to potential strengthening effects from the adjacent phase/[®&indad/
all other indents located entirely within either ferrite or martensite ve=e to determine the average
ferrite and average martensite hardness, respectively.

To determine the location of each indent, an SEM micrograph of the 15 X 15 indent array was
acquired on the as-polished surface, and on the surface after being etched with 2 pct nital for
approximately 6 s. A JEOL 7000F FESEM with 5 kV accelerating voltage, 10 mm working distance, and
a spot size of 3 was used for image acquisition of the nanoindentation arrays. When imaging the
nanoindentation array in the etched condition, indents were difficult to resolve. A traggparen
containing the indent locations was created using the SEM micrograph of the as-polished surface, and the
transparency was overlaid onto the SEM micrograph of the etched surface to reveal the iatiens$ loc
within the microstructure. Figure 4.5 shows an SEM micrograph of steel C in the etched condition wit
the 15 X 15 indent array overlaid. A more detailed explanation of the nanoindentation technicue can b

found elsewhere [40].

s 5 pm

Figure 4.5 15 X 15 indent array overlaid on a micrograph of Steel C in the etched condition,
allowing the determination of each indent location with respect to the phases prese
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Histograms for the ferrite hardness data and martensite hardness data were created foDsteels A-
in the as-received condition to determine whether an average was an appropriate parametetetizeharac
the constituent hardness, and are presented in Appendix A. Additionally, standard deviations for the
average ferrite hardness and average martensite hardness were calculated for the modified cbnditions o

steel C to express the uncertainty associated with the reported averages, and are presentedXxmAppendi

4.7 Electron Backscatter Diffraction

Observations of crystallographic rotations within individual grains after pldstormation were
analyzed using EBSD on the in-plane orientation of the as-received condition of steel C, and one
modified condition of steel C. Specimens for EBSD were mounted, polishedRo G L D RuBing G
standard metallographic technigues, and then vibratory polished usingP.05ROORLGDRrsVLOLFD IR
The vibratory polish was used to remove surface-hardened layers caused byPth&E 1. DPRQG SROLVKLC
step, which can degrade the EBSD data. To avoid charging of the non-metallic mount inside the SEM
during EBSD analysis, the entire mount, except for the steel surface to be analyzed, was masked with a
conductive carbon agent. Charging of the surface can result in a drift of the electron bagm duri
acquisition, producing an inaccurate rendition of the microstructure. AS50 P50 HILRQ ZDV DQDO\]E
using a 20 kV accelerating voltage, 13 spot size, 15 mm working distance, 90 nm step size, and 4 X 4
binning on a JEOL 7000F field emission SEM equipped with TSL OIM Data Collection software. The

resulting inverse pole figure (IPF) and image quality (IQ) maps were qualitatively assessed.

4.8 Digital Image Correlation

To observe potential heterogeneous strain distributions at the microstructure-levélgause
plastic deformation, the DIC technique was applied to the as-received condition of steel C, and a modified
condition of steel C using ASTM ES8 sub-size tensile specimens. For both conditianspldree
orientation of the gauge section was polished td®1 G L D RiBirg &andard metallographic techniques,
and then etched with 2 pct nital for approximately 8 s. Three areas within the gauge seetion we
analyzed using DIC, and Vickers indents were used as fiducial markers to locate each area.6Figure 4.
shows an illustration of the Vickers indents and corresponding areas within the gauge length dlan AST
E8 sub-size tensile specimen.

Ten SEM images were acquired from each of the three areas in the initial (un-deformed) state.
All images for the DIC study were acquired at a resolution of 1024 X 884 using théiElds 600 field
emission SEM using an accelerating voltage of 5 kV, probe current of 0.17 nA, a working distance of
4.1 mm, and an image acquisition dwell time of 40  $IWHU LPDJLQJ MWacken$ie70 ( VXE

specimen was removed from the SEM chamber and strained a pre-determined amount orffthe MTS
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Alliance screw-driven tensile frame using a strain rate of 2:3&10 Strain was measured using a

25.4 mm (1 inch) extensometer. Once the desired deformation (strain) was achieved, the tensile specimen
was unloaded at a cross-head speed of 2 mm/min. The deformed tensile specimen was then removed
from the tensile frame, and placed back into the SEM chamber for imaging. Ten SEM images were
acquired for each of the three areas previously imaged using the same microscope settings. | Additiona

deformation steps followed the same tensile straining and image acquisition procedure outlieed abov

Area Area Area

N~— 2 3 " Tensile
4 be Ne he —
— —~ Axis
— 32 mm
Gauge Length
Figure 4.6 Schematic illustrating the three areas (Areéika 3) on the in-plane orientation of th

gauge section (dashed boxes) of an ASTM E8 sub-size tensile specimen. The Vic
indents, represented by the black diamonds, were used to aid in locating the three
Tensile axis is horizontal.

Images acquired for the three areas were evaluatedNEIBRF’, a 2-Dimensional DIC
analysis software. Using NCORRor DIC analysis of the microstructure, a specific region of the SEM
image was selected, and an example is illustrated in Figure 4.7 by the shaded box overlaid on an SEM
image of the in-plane orientation of steel C in the initial (un-deformed) state. Next, the mtbanats
subset spacing were chosen. Subset size determined the local precision of each strain measurement; a
larger subset size yields an average of a larger region, and a smaller subset size yields an average of
smaller region. To increase local precision, a 15 pixel radius subset size was chosen fornhstpdgse
Subset spacing determined the number of pixels between each strain measurement. Smaller subset
spacing yielded higher spatial resolution, but increased the processing time. A subset spadkaisof 2 p
was chosen for the present study.

The final input for DIC analysis was to establish a reference point between the SEM images being
analyzed. An illustration of a reference point is shown in Figure 4.7 with a black dot inside the selected
region of the SEM image. A reference point was chosen on the un-deformed SEM image, and the
software located the same point in the deformed SEM image. Figure 4.8a shows the 15 pixel radius
subset of the reference point (black circle in Figure 4.7) from the un-deformed SEM image, and
Figure 4.8b shows the 15 pixel radius subset for the reference point found in the deformed SEM image.
Once an equivalent feature was established between the two SEM images, the DIC softweade initia

strain calculations. The computer-aided DIC technique is more extensively discussed in Sec. 2.6.
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Selected Region =

~ ~ Reference

Figure 4.7 SEM image of the in-plane orientation of steel C. The selected region for Di€lsaise
represented by the shaded box, and the black circle represents the reference point
initiate strain correlations between the un-deformed and strained states. Steel Cv
etched with 2 pct nital for approximately 8 s to reveal the microstructure.

(b)

Figure 4.8 Subset of pixels (15 pixel radius) representing the reference point in the uredefc
SEM image (a), and in the deformed SEM image (b). The same feature was fou
both states, establishing a spatial relationship between the two images.

Data analysis for DIC required multiple sequential steps. First, images from the same state (un
deformed, or strained) were analyzed with DIC to determine the background noise associated with the
SEM image acquisition technique. Next, images from different states (un-deformed and defaraed) w

analyzed with DIC to characterize the distribution of strains within the microstructure.
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4.9 Tensile Testing

Uniaxial tensile testing was conducted using an fMA&Bance screw-driven tensile frame for

steels A-D in the as-received and modified conditions. For all conditions, tensile specimens were tested

with the tensile axis parallel to the rolling direction (RD), but for the asweteonditions, tensile

specimens with the tensile axis perpendicular to the RD were also tested. Unless othézaj #3Tdvi

E8 standard size tensile specimens with a gauge section of 57 mm x 12.7 mm x sheet thickness were used

for tensile testing [142]. A strain rate of 2.5 *1§" was used, along with a 51 mm extensometer to
measure strain in the gauge section. The data acquisition software, TesfMatsrtled the tensile test

parameters in pounds (Ibs), and inches. To obtain engineering stress (in MPa), and engineering strain,
Equations 4.4 and 4.5wedeVHG UHYV SH F \)jlis\ehigiheeriddsttess] Plis the force (in

newtons), A is the initial cross-sectional area (inzmng,g LV HQJLQHHULQJ VWUDLQ

length (inches), and Is the initial gauge length.
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For each tensile test, YS, UTS, UE, and TE were obtained, and a schematic showing the tensile

properties in relation to an engineering stress-engineering strain tensile curve isgriesEigure 4.9.

In the event of continuous yielding (shown in Figure 4.9), a 0.2 pct strain offset was used to §&ntify

and in the event of discontinuous yielding, the lower yield point (YPE region in Figure 2.12) was used.

Figure 4.9
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When more than one test was performed for the same steel condition, standard deviations were
calculated for the YS, UTS, UE and TE to express the uncertainty associated with the reported,averag

and are presented in Appendix A.

4,10 Hole Expansion Testing

Hole expansion coupons approximately 100 x 100 mm were used for testing the as-received and
modified conditions of steel C. A sheared, 10 mm diameter circular hole was created in the center of each
test coupon with a die/sheet clearance betweeflT5 pct, in accordance with the ISO 16630 standard.

For modified conditions of steel C, the modifying process (tempering and/or cold-rolling) Masneel

prior to hole shearing. Hole shearing and hole expansion testing were performed at Arceloridligthl G
R&D in E. Chicago, IN. A cross-sectional illustration of the hole expansion test is shown in FRfure 2
The shearing process used to create the 10 mm hole creates a burr around the hole edge, and the
microstructure adjacent to the hole is heavily deformed [127]. The heavily deformed regientadjac

the sheared hole, referred to as the shear affected zone (SAZ), is presented in more detail in Sec. 2.8.1.
All specimens were tested with the burr facing upwards, in accordance with ISO 16630.

An unlubricated, 60° conical punch traveling uniaxially at 20 mm/min was used for hole
expansion tests. The conical punch and the 10 mm sheared hole were concentric throughout the test. A
clamping force of 22 kN was used to prevent the specimens from drawing upwards during the test. A
high-speed camera positioned such that the 10 mm sheared hole was centered in the image frame was
used for image acquisition during testing, as well as for determining when to manuathestopical
punch travel. A through-thickness crack exceeding 0.1 mm in width was the criteria fongtiyepi
conical punch travel. The HER was determined using Equation 4.6, wleard dare the initial and
final hole diameters, respectively.

k@ F @o .

*'4 L Usrr (4.6)

The initial and final hole diameters were measured using three different methods. The first
method involved a unique software program developed by researchers at Arcelor-Mittal GlBbial R&
E. Chicago, IN. An initial image from the high-speed camera before punch travel initiated was used to
obtain the initial hole diameter f}d During testing, the software monitored images of the hole edge, and
recorded the diameterJdn the image that first detected a 0.1 mm through-thickness crack. The second
method employed was physical measurements of the hole diameter before and after testing. A caliper
with 0.013 mm (0.0005 inch) resolution was used to make four measurements spaced 45° apart on the

initial (d,), and final (¢) hole diameter. The third method used the same images as the first method, but

51



diameter measurements were made using Iflagedur measurements spaced 45° apart were made on

the initial (d), and final (¢) diameters of the hole. To illustrate the measurement locations for the second
and third methods, Figure 4.10 shows the four measurement&iM) made on a sheared hole after
expansion. Multiple hole expansion tests were performed for each condition of steel C and standard
deviations were calculated for the HER values obtained by the three different HER measurement methods

to express the uncertainty associated with the reported averages, and are presented in Appendix A.

Figure 4.10 Image of a hole expansion test specimen (after failure) of steel C illushatiogrt
measurement locations (MdM4) for the second and third methods. The bright
circle is the sheared hole surface, and a crack is located at the bottom of the shear
The bright region in the center is the top of the 60° conical punch. The bright dots
surrounding the sheared hole are from a LED light ring used for illumination during
image acquisition.

4.11 Plane Strain Tensile Testing

A specimen geometry designed to induce a shear failure when tested on a uniaxial tensile frame
was developed and presented in the M.Sc. Thesis of M. D. Taylor [40]. The specimen geometry, termed a
plane strain tensile specimen, is shown schematically in Figure 4.11a for a steel sheet of 1.02 mm
thickness. Two parallel semi-circular notches on opposite faces extend across the width (25.4hem)
specimen perpendicular to the tensile axis, generating a triaxial stress state in the regiemn thetw
notches. The semi-circular notches were created using electric discharge machining (EBKlixthEst
protrusions of each notch into the specimen are offset by 45° with respect to the tengleaisNg a
shear failure. A detailed view of the notched region (circled in Figur@Yisiéhown in Figure 4.11b.
The produced shear failure from the tensile testing of the plane strain tensile specinespretéct to be

similar to shear failures observed in stretch bend tests of higher-strength AHSS gradesh®©ne of t
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benefits of uniaxial tensile frames compared to the stretch bending frame is that a test can be stopped at
predefined displacement before failure occurs.

Plane strain tensile specimens were machined for the as-received condition of steel C, and a
modified condition of steel C. For each condition, the semi-circular notches were dimensioned such that
a 0.6 mm x 0.6 mm reduced section was created between the notches, and the furthest protrusion of each

notch into the material were 45° from each other relative to the tensile axis (Figure 4.11b).

1 \ 1.02 mm
45°
102 mm R=021mm / % — — — — | |
% 1 J 0.3 mm
% \6) Centerline — - —|—>\———)-— -
'c—g (51 mm from each end) IN__N
= R=0.21 mm
0.6 mm
\4
Q&-

() (b)

Figure 4.11 Isometric view of a 1.02 mm thick plane strain tensile specimen in (a), with a de
view of the notched region (red circle in (a)) shown in (b).

One plane strain tensile specimen of each condition was tested to fracture on fhalléfse
screw-driven tensile frame to establish a reference failure displacement. A cross-head spamadhahl
was used for all plane strain tensile tests. Load-displacement data for plane stiaitetgasivere kept
in units of kg-mm since defining stress and strain values for the complex, asymmetric sedhiiced
was interpreted to provide limited additional insight. Failure displacement wasi@éaising a
12.7 mm gauge length monitored with a 25.4 mm (1 inch) extensometer through use of a speaigl fixturi
unit available at CSM. Subsequent plane strain tensile specimens were tested to 90%wfethe fai
displacement previously established, and then unloaded. A failure displacement of 90% was chosen

because it was shown to result in significant localized void formation in plane stisile t
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specimens [40]. Load-displacement curves for a DP780 plane strain tensile specimen from a previous
study [40] loaded to failure (solid line), and to 90% failure displacement (dasheddirsiioavn in
Figure 4.12.

s000 —/—m@m™™—m—m————F—>——7—+—++ 7 +——+ 77T 77777
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Figure 4.12 Load-displacement curves for a DP780 plane strain tensile specimen tested to fail
(solid line), and to 90% of the failure displacement (dashed).

The specimens tested to 90% failure displacement were cross-sectioned at mid-width, and the
longitudinal orientation was mounted, polished toA G L D RiEirg &andard metallographic
techniques, and then etched using 2 pct nital for approximately 8 s. Figure 4.13 shows adajht opti
micrograph (LOM) of a DP780 steel from a previous study [40] to illustrate the cross-sectioned plane.
The etched cross-section was then placed in the JEOL 7000F FESEM, and voids were observed
using backscatter electron (BSE) imaging in composition mode with 20 kV accelerating voltage, 10 mm
working distance, and a 14 spot size. The BSE imaging mode was chosen because of the high contrast
produced between the steel surface and voids. Nine SEM micrographs were obtained from the region
between the two semi-circular notches, and the approximate location of the micrograph areas are
represented as black boxes in Figure 4.13. The nine SEM micrographs characterize the critical region
where failure is known to occur. The seven innermost images (the two micrographs immediatelytadi
to the semi-circular notches were omitted) were analyzed for their void content by usingcalgray
threshold function in Imag&J A micrograph from the critical region (represented by one of the nine
black boxes in Figure 4.13) of a DP780 steel [40] is shown in Figure 4.14a. The grayscale threshold
function converted the SEM image in Figure 4.14a into the binary white/black image observed in

Figure 4.14b. From Figure 4.14b, properties such as the void area percent, and number of voids at 90%
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failure displacement were obtained. A more detailed description of the analysis technique is provided

elsewhere [40].

Figure 4.13 lllustration of the image acquisition method used to quantify the void population in
critical area of interest for the plane strain tensile tests. The nine rectangles
represent the areas imaged, and are superimposed on a LOM micrograph of a DP’
steel from a previous study [40].

, G ks | :
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(@) (b)

Figure 4.14 SEM micrograph from the critical region (nine boxes in Figure 4.13) of the plane
strain tensile specimen shown in Figure 4.13 in (a), and the same micrograph af

processing with Imag&dn (b).

4.12 Void Analysis of Fractured Tensile Specimens
The void area percentages as a function of thickness strain for the as-received conditibn of stee

C, and for two modified conditions of steel C were characterized using fractured ASTM E8ds&irelar
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tensile specimens. ASTM E8 standard size tensile specimens were tested according to Sec. 4.9, and the
fractured end was cross-sectioned through-thickness at mid-width, and the longitudingiariamts

mounted, polished to Im diamond using standard metallographic techniques, then etched with 2 pct

nital for approximately 8 s. SEM micrographs were acquired on the JEOL 7000F FESEM using the same
microscope settings outlined in Sec. 4.11. Nine defined steps from the fracture end were established, and
five SEM micrographs proportionally spaced along the thickness direction were acquired atteach of

nine steps. Figure 4.15 shows an SEM micrograph of the longitudinal orientation for a modified

condition of steel C, and illustrates the location of the five SEM micrographs (black boxes) fasttBe fir
steps. In Figure 4.15, the fracture end is on the left-hand size, the thickness direction is vertical, and the
dashed white line indicates mid-thickness. The SEM micrographs acquired at each of the nineeteps we
analyzed for void area pct with Imaf§adsing the same technique outlined in Sec. 4.11. Thickness strain
for each step was calculated using Equation 4.7, whgréstthe local thickness (in mm), andstthe

initial thickness of the tensile specimen (in mm).

:F o e
K?=H 6DE?GJIADTRSPNS Bsrr 4.7)

Figure 4.15 SEM micrograph showing the longitudinal orientation of the fractured end of an AS
E8 tensile specimen of a modified condition of steel C. Black boxes represent
approximate locations where SEM micrographs were acquired for void analysis for
first 8 steps. Fracture surface is on the left-hand side of the image, and thickness
direction is vertical. The white dashed line represents the mid-thickness of the ten:
specimen.
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CHAPTER 5
RESULTS & DISCUSSION

Results obtained using the experimental methods outlined in CHAPTER 4 are organized into
three sections. First, results from the microstructural, tempering, and tensile clmatatsrdf steels
A-D are presented, and a preferred steel for subsequent analysis is identified. Using restiiesfireim
section, the second section presents nine different conditions of Steel C (i.e. the selectzdatby
tempering and cold-rolling. Hole expansion test data for the nine conditions are then presented, followed
by constituent hardness values obtained using nanoindentation. Correlations between constituent
hardness and both tensile and HER properties are presented, followed by a comparison of the generated
data to selected studies from literature that focus on characterization of HER basesileptoperties.
The third section presents the microstructural response to plastic deformation $pewific conditions
of steel C using techniques of EBSD, DIC, and plane strain tensile tests.

5.1 Characterization of Candidate Steels

Microstructural properties for steels A-D in the as-received condition str@fesented, followed
by a tempering analysis performed to evaluate the softening response of each steel. Evolutioa of tensil
properties as a function of tempering for steels A and C is then presented, followed by the results from a

cold-rolling experiment on steel C.

5.1.1 Microstructural Properties of Steels A-D

Figures 5.4 +5.1d show SEM micrographs of the in-plane orientation of steels A-D,
respectively. In Figure 5.1, all steels were polishedt?!]1GLDPRQG XVLQJ VWDQGDUG PHWI
techniques, then etched with 2 pct nital for approximately 8 s. The darker, featurelessasgion
interpreted to be ferrite, and the brighter raised regions, sometimes accompanied by a \igtesut
LQWHUSUHWHG WR EH PDUWHQVLWH JRU YLVXDO UHIHUHQFH DQ
on a martensite grain in Figure 5.1c for steel C. Steels B, C, and D qualitatively appear more equiaxed
than steel A, and steel D exhibits a bimodal distribution of martensite grain sizes. Sbheeroélier
martensite grains in steel D appear featureless and may potentially be austenite. The avesige gfai
steel C qualitatively appears to be larger than steels A, B, and D, and quantitative micrakttataus
presented below.
Figure 5.2 shows representative engineering stress-engineering strain tensile curvds for stee
D in the as-received condition generated using ASTM E8 standard size tensile specimens with the RD

parallel to the tensile axis. Tensile tests were conducted according to Sec. 4.9. Continuags yield
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behavior characteristic of DP steels is observed for all four steels. Steels A and B diredcéesssi
DP1180 (DP steel with minimum UTS greater than 1180 MPa), and steels C and D are classified as
DP980.

Figure 5.1 SEM micrographs of the in-plane orientation for steetDA All steels were etched
with 2 pct nital for approximately & Rolling direction is vertical for each micrograph.

Results from the tensile analysis, grain size/MVF analysis, and XRD analysis for si2aéfs A
the as-received condition are presented in Table 5.1. Each steel satisfied its respaictivm rsirength
requirement, with steels A and B both achieving a UTS greater than 1180 MPa, and steels C and D both
achieving a UTS greater than 980 MPa. Tensile properties of YS, UE, and TE also reported in Table 5.1
show steels C and D to exhibit larger UE and TE values compared to steels A and B. Tensile properties
reported in Table 5.1 for steels A-D are the average of three tensile tests. Table A.1 repddsrihe da
Table 5.1, along with a standard deviation for each reported tensile property. Steels AHgdkahi
DYHUDJH IHUULWH Jurgfr@n V.4 1d2.9*P6 D.Y WIDDRYIH PDUWHQVLWH JUDLQ V
ranging from 1.3t0 3.1 P D Q G r@®gjng from 44 to 61 pct. Steels A and B exhibited a larger MVF
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compared to steels C and D, and steel C exhibited the largest average ferrite and average mantensite grai
sizes. Grain sizes and MVF values reported in Table 5.1 were the average of 24 separate calculations, and

Table A.1 in the appendix reports standard deviations for each reported value.
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Figure 5.2 Engineering stress-engineering strain tensile curves for ste€lsmithe as-received
condition. All curves show strain hardening behavior characteristic of DP steels.

Table 5.1 +Microstructural and Tensile Properties for Steels A-D

YS UTS UE TE *6 . *6 . MVF
(MPa) (MPa) (pct)  (pct) P P (pct)
A 946 1225 5.9 108 1.42 1.86 60.9 No
B 923 1221 5.9 101 1.43 1.60 56.0 No
C 627 1081 7.8 11.7 294 3.14 54.5 No
D 727 1024 7.2 13.2 1.60 1.30 44.0 No

Steel Austenite

The results of the XRD analyses are also reported in Table 5.1, with all steels exhilstamnjte
contents below the detection limit of the technique (approximately 3 volume pct). Steelsicgntai
austenite content HORZ WKH GHWHFWLRQ OLPLW ZHUH UHSRUWHG DV KDY
Results for the nanoindentation analysis on steels A-D in the as-received condition rie€ iepo
Table 5.2, with average ferrite hardness ranging from 2.57 to 3.21 GPa, average martensite hardness
ranging from 6.67 to 7.29 GPa, average bulk hardness ranging from 4.50 to 5.72 GPa, and the average
hardness ratio ranging from 2.4 to 3.2. Steels A and B (DP1180) exhibited harder ferrite and harder

martensite values compared to steels C and D (DP980). Ferrite and martensite hardness values reported
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in Table 5.2 were the average of all indents classified as ferrite and martensiteivadgpactording to

Sec. 4.6. To determine whether an averageanappropriate value to characterize constituent hardness,
separate histograms for ferrite and martensite were created. Ferrite hardness and marteresite har
histograms for steel C are shown in Figures 5.3a and 5.3b, respectively, and both exhtbiely rela

normal distribution. Hardness histograms for steels A, B, and D are shown in Figures A.1, A.2, and A.3,
respectively. Based on the relatively normal distributions observed for ferrite and mattanditess

values, it was interpreted that the average constituent hardness values were apprapasseterize the
microstructure. In every case, martensite and ferrite hardness data were separated (i.estthe softe
martensite hardness value was harder than the hardest ferrite hardness value).

Table 5.2 +Nanoindentation Hardness Data for Steels A-D in the As-Received Condition

Steel +DUGQHVV +DUGQHVYV . . AvgNano (GPa)
A 2.97 7.04 2.37 5.61
B 3.21 7.29 2.27 5.51
C 2.15 6.84 3.18 5.02
D 2.57 6.67 2.60 4.50
10 30 r
9k !
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Figure 5.3 Hardness histograms for ferrite in (a), and martensite in (b) for steel C in the as

received condition, obtained using nanoindentation. Both plots exhibit a relativel
normal distribution.

During the project design phase, specific microstructural property ranges were aesideid t
achieving the project goals. An average grain size greater tharlPL.ZDV GHVLUHG VR WKH QDQFR
technique would be within its resolution limit. A MVF between 30 and 65 pct was desired so ¢lak proj

focus would be applicable to higher-strength DP steels. Table 5.1 reports that steelsve Hie
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grain size criteria and MVF criteria. Additionally, a high initial hardness ratio warede® that a
potentially larger range of hardness ratios could be generated upon tempering and cold-rolling. ,However
the degree of softening each steel exhibits upon tempering was required to be able to infer the range of

hardness ratios produced by each steel.

5.1.2 _Tempering Study of Steels A-D
Figure 54VKRZV WKH 9LFNHUYTYV KDUGQHVV 9+1 -DOMelbnihxr @ FWLRQ R
study outlined in Sec. 4.2). An increase in time and/or temperature of the tempering treaichergsp

an increase in HJP, resulting in a softer microstructure (Equation 2.1). Steels A-Dreequesigght

hardening upon tempering at HJP values between 9,000 and 10,000, then continuously decreased in
hardness with higher HIP values. The initial increase in constituent hardness valuestentoviti

previous studies involving tempering of martensite-containing steels [49]. Each data point shown in

Figure 5.4 represent&¢ KH DYHUDJH RI VL[ LQGLYLGXDO 9LFNHUfY LQGHQWYV
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Figure 5.4 Vickers hardness as a function of HIP for Steei® AA general decrease in VHN wit

an increase in HJP is observ&lor image tsee PDF.

The absolute change in hardness between the softest condition and the initial (as-received)
condition of steels AtD is of interest to determine the softening response of each. Table 5.3 reports the
9LFNHUYV KDUGQHMW FBDKHGI KB QWKMWDRQ DQG WKH PD[LPXP FKDQ
WR WHPSHULQJ 09B.1StedislA ahd/Gprioduded the two largest differences in hardness

upon tempering. Also reported in Table i &e change in hardness divided by the MVF to assess the
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change in hardness per percent of MVF. The change in hardness per percent of MVF assumes that all
softening occurred in martensite, and is interpreted to more accurately reflect the changeesslurd
martensite, and subsequent hardness ratio. Table 5.3 also reports the average carbon contenit®f martens
calculated using a basic rule of mixtures formula shown in Equation 5.1, whgris @e carbon

content (wt pct) of each steel (Table 4.1)4i€the carbon content (wt pct) of martensite, and a saturation

of 0.022 wt pct carbon is assumed for ferrite.

The martensite carbon contents for steels A-D calculated using Equation 5.1 are similar, and suggest that
other factors may be responsible for the observed change in hardness per percent of MVF foDsteels A-
Steels A and C have the two largest changes in hardness per percent of MVF, making both good
candidates for subsequent analysis. Evolution of tensile properties as a function of tempering was
evaluated for steels A and C to determine the preferred steel for subsequent analysis.

Table 5.3 ickers Hardness Data Including the Initial Hardness, Change in Hardness Upon Temj
and Average Martensite Carbon Content for Steels A-D

Steel VHN 09+1 09+1 09) Martensite C-Content

A 389 62 1.02 0.22
B 374 36 0.64 0.23
C 339 54 0.99 0.26
D 333 21 0.48 0.2

Tempering alters the constituent hardness of a microstructure, and the UTS obtained from
uniaxial tensile testing was the parameter chosen to mechanically characterize the ddfesttioient
hardness conditions. A steel exhibiting a strong correlation between HJP and UTS will be best-suited for

subsequent analysis.

5.1.3 Tensile Testing of Tempered Steels A and C

ASTM ES8 standard size tensile specimens of steels A and C were tempered (discussed in Sec.
4.2) and tested according to Sec. 4.9. For all tests, the RD was parallel to the tensile axis, and the
engineering stress-engineering strain tensile curves for the as-received condition, and synpéreads
of steels A and C are shown in Figures 5.5a and 5.5b, respectively. Other than the as-received condition,
each tensile curve in Figure 5.5 represents a different tempering temperature. lalctensis
representing tempered conditions in Figure 5.5 exhibit YPE. Steel C exhibits a continuadedactébS

with increasing tempering temperature. The UTS of steel A contains more variabilityjfieiténd
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tempering temperatures occasionally exhibiting equivalent UTS values. The HJP values, VHN values

and tensile properties for the tensile curves shown in Figure 5.5 are reported in Table B.1, and the UTS

and VHN values are plotted as a function of HIP for steels A and C in Figures 5.6a and 5.6b, rgspectivel

= 1400 —— < 1200
a i asreceived a
é 1200 é 1000 '
9 1000 | - N
0 - . 2 800 ]
+= 800 F - =
wn ‘ . .
> s00 | ] 9 600 Increasing
£ ] £ Tempering
© g 400 Temperature ]
8 400 " 8 p E
= ] = 200 :
o 200 - o
g L. . SteldA § L. . SteelC
0.02 0.04 0.06 0.08 0.1 0.1 0 0.02 0.04 0.06 0.08 0.1 0.12 0.1«
Strain Strain
(a) (b)

Figure 5.5 Engineering stress-engineering strain tensile curves for the as-receivedrcanditi
six tempered tensile specimens of steel A in (a). An equivalent UTS is observed
the 225 °C and 250 °C tempering temperatures. Engineering stress-engineering
curves for the as-received condition, and six tempered tensile specimens of stee
(b). With increasing tempering temperature at a constant time of 120 hrs, a cont
decrease in UTS is observed.

1200 390 1050 T T T 340
380 [
1000 | 330

E < [ 320

g 360z £ 0 €«——

< 1100 § = R2 =0.98 310 %

2 350 ® 900 H S
= 340 =) Steel C 300
1050
330 850 F ¢ UTS 290
® VHN
1000 e 320 800 bt ) 250
9 10 11 12 13 14 9 10 11 12 13 14
HJP (10%) HJIP (10%)
(a) (b)

Figure 5.6

Plot of UTS and VHN as a function of HJP for steel A in (a), and steel C inr(b).
both plots, the UTS-HJP data was fitted using a linear regression, and the VHN-|
data was fitted using &“@egree polynomial function. In all cases, the correlation
coefficient (R) is shown in the plot.
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Each UTS value in Figure 5.6 represents one tensile test. In both plots, the UTS-HJP correlation
was fit using a linear regression, and the VHN-HJP correlation was fit usifigm@lér polynomial
regression. For each regression analysis, the correlation coefficieig (Bported in the plots. Thé R
value for the UTS-HJP data are equivalent for steels A and C, and va&uB for the VHN-HJP relation
is higher for steel C than for steel A. Based on a grain size greaterthaR 1.® 09) EHWZHHQ DQG
65 pct, a comparatively large change in hardness per percent of MVF upon tempering, and the’highest R
values when correlating UTS and VHN data to HJP, steel C was chosen as the preferred steel for
subsequent analysigor all subsequent experiments and discussions, only siseldfsidered.

5.1.4 _Cold-Rolling Experiment: Steel C
After tempering, a DP steel typically experiences a decrease in UTS (Figure 5.5). amrihatt

asreceived UTS, the process of cold-rolling was applied to strengthen the tempered steels. A preliminary
study was performed to determine the amount of percent cold-roll (%CR) necessary to strerigéien a s
back to the as-received UTS. To achieve a specific UTS based on tempering parameters (HJP), the

equation for the linear fit to the UTS-HJP data in Figure 5.6b was used, and is presented asZguation
765 L Fraru{{2,Esvrw (5.2)

Two UTS values, 960 MPa and 920 MPa, were chosen to perform the cold-rolling experiment to examine
whether the starting UTS value has an effect on the amount of strengthening imparted byicgld-roll

Using Equation 5.2, HJP values were determined for the two UTS values. After the HIP values were
determined, a combination of time and temperature was chosen to satisfy Equation 2.1. Table 5.4 reports

the target UTS, HJP, tempering time, tempering temperature, and resulting UTS for the tworsonditi

Table 5.4Harget UTS, HJIP value, and Tempering Parameters for Two Conditions Used for i
Preliminary Tempering Analysis of Steel C

Target Temp Time  Resulting UTS
UTS (MPa) HJP (°C) (hr) (MPa)
960 11158 250 21.6 970
920 12160 300 16.7 920

Six tensile specimens were tempered for each of the two target UTS conditions in Table Serg&peci
were tempered according to Sec. 4.3. One tensile specimen from each heat treatment was tessed in the
tempered condition (Resulting UTS reported in Table 5.4) to provide a basis on which to evaluate the

increase in strength due to %CR. The five remaining tempered tensile specimens from each heat
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treatment were cold-rolled to 5, 8, 10, 15 and 20 pct using the procedural outline in Sec. 4.3, and then

tensile tested according to Sec. 4.9. FigurebRRZV WKH LQFUHDVH LQ 876 (0876 DV D
where the data generated using the 960 MPa target specimens are filled circles, and the data generated

using the 920 MPa target specimens are open squares. Each data point in Figure 5.7 represengs the result
from one tensile test. During the processing of the different %CR values, a +/- 2 pct rangecahs typi

and the actual %CR values are plotted (x-axis) in Figure 5.7. Table B.2 reportsitbalteas%CR
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Figure 5.7 3ORW RI WKH LQFUHDVH LQ 876 0876 DV D IXQFW
tempered to 960 MPa (filled circles), and 920 MPa (open squares) UTS oriér
polynomial regression was fitted to the data.

A 2" order polynomial function was fit to the data in Figure 5.7, and the equation is reported as
Equation 5.3.
A76592=;L Frayu %4 Esray:%4 (5.3)

The curve representing Equation 5.3 in Figure 5.7 has a correlation coefficient of 0.91, suggestieg th
experimental data are characterized reasonably well. Equation 5.3 serves as an initial approgimation f

the amount of %CR required to achieve a particular UTS for tempered conditions of steel C.

5.2 Processing and Testing of Modified Steel C

Steel C was processed to create eight additional conditions by tempering and cold-rolling. The
four conditions of steel C achieved by tempering are first presented, followed by the founosrafiti

steel C achieved by cold-rolling the previously tempered conditions. The eight modified conditions of
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steel C were characterized/validated using tensile tests. All tensile tests wemrageidarASTM E8
standard size tensile specimens according to Sec. 4.9.

For the nine conditions of steel C, hole expansion results are presented, followed by the
constituent hardness results obtained using nanoindentation. Correlations between consthes® har
and the tensile/hole expansion properties are then presented. Select studies from literataus thrat fo

characterizing HER based on tensile properties are then used to evaluate the nine conditions of steel C.

5.2.1 Four Tempered Conditions of Steel C

Steel C was tempered to produce four unigue constituent hardness conditieasreteived
UTS for steel C was approximately 1080 MPa (Table 5.1), and four strength targets of 1050 MPa,
1020 MPa, 990 MPa, and 960 MPa were chosen. Each strength target was separated by 30 MPa to reduce
the potential of overlapping UTS values when considering the inherent variability betweentsmsilar
tests. For example, the 1081 MPa UTS reported for steel C in Table 5.1 was the averagsepdhate
tensile tests whose individual UTS values were 1073 MPa, 1082 MPa, and 1089 MPa, resulting in a
16 MPa range. A UTS of 960 MPa was the lowest strength pursued so the project would remain relevant
to higher-strength DP steels. Achieving the four strength targets was an iterative procepsririgem
tensile testing, and potential modification of tempering parameters. For the firsbitekatP values for
the four strength targets were determined using Equation 5.2. Tempering time and tempering temperatur
combinations were chosen to satisfy the HIP, according to Equation 2.1. The target UTS, HJP, tempering

time, tempering temperature, and resulting UTS for the four strength targets aredr@pdible 5.5.

Table 5.54irst Iteration of Target UTS, HIP, Tempering Temperature and Tempering Time for |
Tempered Conditions of Steel C

Iteration 1 o . Resultin
Target UTS (Mpa) P Temp(°C) time () ;rg (MPg)
1050 8902 175 0.74 1067
1020 9654 200 2.57 n/a
990 10406 250 0.79 n/a
960 11158 275 2.3 n/a

The tempering parameters reported in Table 5.5 were used as first approximations to achieve the
different strength targets. When the heat treatment for the 1050 MPa strength specimens wadperfor
the resulting UTS was 1067 MPa, significantly higher than the 1050 MPa target. The VHN vsotHJP pl
in Figure 5.4 shows that an increase in hardness is initially observed, and it is believed that a specimen
heat treated with an HJP of 8,902 might experience some of the strengthening effects caused by the

increase in hardness, thereby complicating the results. To minimize the effects of hardersaegond
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iteration involved lowering the target UTS value for all four conditions. In doing so, it wagatsiti

that the original strength targets (Table)®&uld be achieved. For the second iteration, Table 5.6 reports
the target UTS, HJP, tempering temperature, tempering time, resulting UTS, and difference between the
target UTS and resulting UTS. Table 5.6 reports a decrease in the difference between the Saaget UT
resulting UTS with higher tempering temperatures. Each of the four resulting UTS valutsdrapo

Table 5.6 represents the average of three tensile tests. Table 5.7 reports thedesigmetion, and the
tensile properties of the four as-tempered (AT) steel conditions. The YS/UTS is a paraabeter th
characterizes the relative increase in strength from plastic deformation, and is atisul iepbable 5.7.

Table A.3 presents the data shown in Table 5.7 with standard deviations for the UTS, YS, TE and UE.

Table 5.6+Second lIteration of Target UTS, HIP, Tempering Parameters, Resulting UTS, and
Difference in UTS for Four Tempered Conditions of Steel C

Iteration 2 o . Resultin Difference
Target UTS (MPa) PP Temp (°C) time (hn) — ;rg (MPg) UTS (MPa)
1040 9150 175 2.7 1052 12
1020 9656 200 2.6 1029 9
981 10628 250 2.1 984 3
954 11313 275 4.4 954 0

Table 5.7 Material Designation, and Tensile Properties (UTS, YS, TE, UE and YS/UTS) for Fo
Tempered Conditions of Steel C

Condition YS UTS UE TE YS/UTS
1050AT 651 1052 7.7 11.7 0.62
1020AT 725 1029 6.9 11.0 0.70
990AT 780 984 6.4 111 0.79
960AT 809 954 5.6 10.1 0.85

The numerical portion of the material designation (Condition) in Table 5.7 diffghalglfrom
the UTS, but the original strength target values were preserved as identifers in orderaim maint
consistency and for simplicity. Figure 5.8a shows representative engineering stressiagghaar
tensile curves for the as-received condition and each of the four AT conditions repdiadteis.7.
Each tensile curve in Figure 5.8a achieved a different UTS, and all four tempered conditions exhibit YPE.
A decrease in TE is observed with increasing tempering temperature, and similar trends have been
observed by others when tempering DP steels below 400 °C [54, 59]. Figure 5.8b shows the UTS-HJP
data br the fourAT conditions reported in Table 5.6 (open circles) overlaid with the UTS-HJP data from

the preliminary tempering study from Figure 5.6b (filled squares), and an excellent agreement is

67



observed. When fitting the data with a linear regression, the correlation coeffigieavéa from 0.98

(Figure 5.6b) to 0.99, suggesting that the prediction of the UTS using HIP was achieved for steel C
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Figure 5.8 Representative engineering stress-engineering strain tensile curves @irsthelas-

received condition, and the four tempered conditions in (a). All four tempered
conditions exhibited some extent of YPE. Plot of UTS vs. HJP in (b) with the fou
tempered conditions of steel C reported in Table 5.7 (open circles) overlaid on th
from Figure 5.6b, improving the correlation coefficient from 0.98 to 0.99.

5.2.2 Cold-Rolling of Tempered Steel C

To evaluate different hardness conditions with equivalent UTS, four additional conditions of

steel C were generated by cold-rolling the four tempered conditions (Table 5.7) back toetheiveest
UTS value of 1080 MPa. Achieving different constituent hardness values by tempering isesfbettiv
parameters such as UTS also decrease upon tempering, and have been reported to correspond to an
increase in HER [46]. Incorporating a group of steels all with 1080 MPa UTS, but different constituent
hardness values can provide additional insight on the effect of constituent hardness onitjprmabil

The percent cold-roll (%CR) values required to strengthen each of the four tempeletbst
1080 MPa UTS were obtained by an iterative process of cold-rolling, tensile testing, and potential
changing of the %CR values. For the first iteration, %CR values were calculated usingrEgisatand
are reported in Table 5.8. The starting UTS (Tempered) and the UTS after cold-radiiudfi(ig) are
also reported in Table 5.8. The Tempered UTS values reported in Table 5.8 are those oteheptred
conditions (1050AT, 1020AT, 990AT, and 960AT). The resulting UTS values reported in Table 5.8 are

reasonably close to 1080 MPa, but improvements to the target %CR values were made, and Table 5.9
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presents the second iteration of %CR values used for the four tempered steels, along with the fina

resulting UTS values.

Table 5.8First Iteration of Percent Cold-Roll Values Used to Achieve the Resulting UTS from 1
Tempered UTS.

[teration 1 Iteration 1 .
Tempered UTS (MPa) %CR Resulting UTS (MPa)
1052 2.2 1098
1029 4.3 1085
984 11.8 1069
954 19 1080

The Tempered UTS values reported in Table 5.9 are those of the four tempered conditions

(Table 5.7). Also reported in Table 5.9 are the designations given to the four tempered, cold@@atled (
conditions. The 1050TCR condition refers to the 1050AT condition that had been cold-rolled to achieve

a 1080 MPa UTS, etc.

Table 5.9 +Material Designation, Second Iteration of %CR Values, and Final Resulting UTS Value
the Four Tempered, Cold-Rolled Conditions of Steel C

Condition Iteration 2 It_eration 2 Final Resulting UTS
Tempered UTS (MPa) Final %CR (MPa)
1050TCR 1052 1.2 1083
1020TCR 1029 5.5 1090
990TCR 984 12.6 1083
960TCR 954 20.4 1080

The final resulting UTS values reported in Table 5.9 represent the average of three tensile tests,

and all four conditions exhibit an average UTS around 1080 MPa. For the case of 1020TCR, the resulting

UTS deviated further away from 1080 MPa compared to the %CR value reported in Table 5.8. The

reason for an increased final %CR valliable 5.9) is due to the control of the roll gap during cold-

rolling. Table 5.10 reports the tensile properties for the four TCR conditiofide A.d shows the data
in Table 5.10 with standard deviations for the UTS, YS, TE and UE.

Table 5.10+Tensile Properties (UTS, YS, TE, UE, and YS/UTS) for Four TCR Conditions of Stet

Condition YS uTsS UE TE YS/UTS
1050TCR 884 1083 5.6 9.8 0.82
1020TCR 979 1090 2.3 6.1 0.90
990TCR 1003 1083 1.3 3.9 0.93
960TCR 1007 1080 1.2 3.6 0.93
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Figure 5.9a shows representative engineering stress-engineering strain tensile curves for the as-
received condition and each of the four TCR conditions reported in Table 5.10, and all exhititocent
yielding. An increase in %CR corresponded to a decrease in TE for the TCR conditions. Figure 5.9b
shows a photograph of four tempered, cold-rolled tensile specimens, each representing one of the TCR
conditions. Figure 5.9b shows that cold-rolling was performed on the as-machined tensile specimens, and

that the different tempered conditions (Table 5.7) required different %CR values torrd-@G8@&MPa
UTS.
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Figure 5.9 Engineering stress-engineering strain tensile curves for 1050TCR, 1020TCR, 9!
960TCR, and the as-received conditions. With increasing %CR, the TE decreas¢
Photograph of four tensile specimens in (b), each representing one of the TCR
conditions listed in Table 5.10.

Diffusion-controlled grain boundary mobility was inactive for the tempering tesgsn
performed on steel C. However, cold-rolling is a plastic deformation process that can pptatdiaihe
effective grain size. To account for the possibility of a change in grain size cangrittusubsequent
formability, a grain size/MVF analysis was performed on the 960TCR condition. The 960TCR condition
experienced the largest %CR (20.4 %), and if an appreciable change in effective graxmsse in any
of the TCR conditions, it was interpreted to be the condition that experienced thet §&€zfes
Table 5.11 reports the average ferrite grain size, average martensite grairdshd¥Faor the as-
received condition (from Table 5.1), and the 960TCR condition. Also reported in Table 514 are t

absolute changes in grain size and MVF values from the as-received to the 960TCR condition.
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Table 5.11+Grain Size and MVF values for As-Received and 960TCR Conditions of Steel C

Conditon G 6 . I * 6 . MVF (pct)

As-Received 2.94 3.14 54.5

960TCR 3.25 3.90 56.6
a +0.31 +0.76 +2.1

The average ferrite grain size, average martensite grain size, and MVF increased for the 960TC

condition. The apparent increase in MVF was unexpected since grain boundary mobility was slippresse

However, the apparent increase in MVF is marginal, and is believed to be within the uncertainty in MVF

measurements. The percent increase in martensite grain size is greater than the percenhincreas

average ferrite grain size, and can partially be explained by the degraded etching response of the

microstructure caused by tempering and cold-rolling. Figure 5.10 shows an SEM micrograph of the in-

plane orientation of the 960TCR condition. The micrograph in Figure 5.10 was polishe®toXlV L Q J
standard metallographic techniques, then etched with 2 pct nital for approximately 8 s.

Figure 5.10 SEM micrograph of the in-plane orientation of 960TCR condition. Steel was etche
2 pct nital for approximately 8 s. The distinction between ferrite and martensite is
decreased when compared to the as-received condition of steel C shown in Figure

Figure 5.10 shows less distinction between ferrite and martensite after tempering and ogldwibhi
ferrite grains containing precipitated carbides, and the internal structure of mabasiieed. During
the grain size analysis, martensite/martensite grain boundaries were counted (Equatiorn4r@);ewvit

boundary counts resulting in a smaller grain size. The obscured boundaries between adjacene martensit
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grains in Figure 5.10 caused potential boundary counts to be overlooked. When compared to a
representative micrograph on which the as-received grain size/MVF analysis was performed

(Figure 5.1c), Figure 5.10 exhibits less distinction between ferrite and martensite, andiced red
distinction could also have contributed to the slightly higher MVF value reported in Table 5.11. The
apparent increase in grain size for the 960TCR condition was interpreted to be within experimental
uncertainty reported in Table A.1 for steel C, and was assumed to be equivalent to the ed-receiv
condition. Apparent differences in grain size for the 990TCR, 1020TCR and 1050TCR conditions were
interpreted to be less than that observed for the 960TCR condition, and were also assumed to be
equivalent to the as-received condition in the present analysis.

5.2.3 _Hole Expansion Testing

The nine conditions of steel C (as-received, four AT, four TCR) were hole expansion tested to
evaluate local formability performance. Hole expansion coupons were tempered using the same
parameters for the four conditions (1050AT, 1020AT, 990AT, and 960AT) outlined in Table 5.6, and
cold-rolled using the same parameters for the four conditions (L050TCR, 1020TCR, 990TCR, and
960TCR) outlined in Table 5.9. The plastic deformation across the width of the hole erpEmgions
during cold-rolling was non-uniform, with the edges experiencing a larger amount of %CR than the
center. To account for the non-uniform deformation across the width, measurements of %CR were made
on the centerline of each coupon since the centerline is the location where the sheared holeedias crea
Sheared holes were created in the hole expansion coupons after tempering and cold-rolling treatments,
and Figure 5.11 shows a photograph of eight hole expansion coupons prior to hole expansion testing for
the eight modified conditions of steel C. The four AT conditions are shown on the bottom row, and all
four have approximate dimensions of 100 x 100 mm. The four TCR conditions are shown on the top row,
and the coupon dimensions in the rolling direction (vertical in Figure 5.11) were greater tham Ho@ m
to the cold-rolling process. The centerline is indicated by a vertical dashed line on thestotgoes in
Figure 5.11, and the width direction is harizontal. All hole expansion coupon dimensions were greater
than the minimum recommended by ISO 16630 (100 x 100 mm).

For the nine conditions of steel C, Table 5.12 reports the HER values for the three different
measurement methods outlined in Sec. 4.10. Each reported HER value represents the aveiage of 3
hole expansion tests, and standard deviations for the data in Table 5.12 are reported in T&hleidg5
hole expansion testing, multiple cracks on the sheared hole surface were often observed before an
individual crack satisfied the critical 0.1 mm through-thickness criteria to stop thértewvery case, the

crack satisfying the 0.1 mm through-thickness criteria propagated along the rollingpdirect
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Figure 5.11 Photograph of the eight modified conditions of steel C. Bottom Row, from left teri
1050AT, 1020AT, 990AT, and 960AT. Top Row, from left to righit050TCR,
1020TCR, 990TCR, and 960TCR.

Table 5.124HER Measurements From Each of the Three Measurement Methods for the As-Recer
Eight Modified Conditions of Steel C

Condition Computer HER  Caliper HER ImageJ HER
As-R 29.3 26.6 25.7
1050AT 30.2 27.1 26.1
1020AT 31.8 28.1 26.8
990AT 38.4 35.5 33.9
960AT 43.2 40.6 38.9
1050TCR 31.8 28.0 26.8
1020TCR 37.2 33.5 32.0
990TCR 39.4 37.0 35.1
960TCR 39.3 36.5 34.1

Figure 5.12 shows a plot of the HER values obtained by the three measurement methods reported
in Table 5.12asa function of HJP for the four tempered (AT) conditions of steel C; an increase in HER
with increasing HJP is observed. When the data from each measurement method are individually
considered, all three measurement methods exhibit the same trend, and the trend is consistent with
literature [46]. The Computer method consistently gave the highest HER, and the Caliper method
consistently gave a median value between the Computer and ImageJ measurement methods. For each
steel condition, the Caliper method produced HER values approximately 3 pct lower than the Computer
method. For the same hole expansion test, the three measurement techniques each produced a different
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HER, indicating that a single measurement technique should be used to avoid potential inconsistencies. It
was determined that the Computer method was likely the most accurate measurement technique because
operator bias was almost entirely removed from the analysis. Thus, the HER Tk i6.12 generated

with the Computer measurement method were utilized in subsequent correlations discussed below
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Figure 5.12 Plot of HER vs. HJP for the four tempered (AT) conditions of steel C, showing an
increase in HER with increasing HIJP. The Computer measurement method consis!
gave the highest HER, and the ImageJ method consistently gave the lowest HER.
three measurement methods produced a similar trend.

5.2.4 NanoindentatiorConstituent Hardness for Eight Modified Conditions

Nanoindentation analyses for the nine conditions of steel C were performed on the in-plane and
longitudinal orientations. Nanoindentation specimens were prepared and tested according to Sec. 4.6, and
the results for the average ferrite hardness, average martensite hardness, martaadit/éerness ratio,
and bulk average hardness for the eight modified conditions are reported in Table 5.1 fpiahe i
orientation. Nanoindentation data for the as-received condition reported in Table 5.2 are akso ireport
Table 5.13 for convenience. The range of hardness values reported for ferrite and martensite are
consistent with results reported in literature [33, 70, 71, 74, 75, 98, 104, 143]. The hardness data in
Table 5.13 quantitatively illustrate the effects of the different processing techniques onstiiteierat
hardness values. With increasing HJP (lower UTS) for the four AT conditions, the ntartandness
decreased more appreciably (6.20 to 5.18 GPa) than the change in ferrite hardness (2.20 to 1.93 GPa),
indicating that the tempering treatment primarily softened the martensite. The dezagase in
martensite hardness resulted in a decrease in the calculated martensite/ferrite hai@ndédgteracold-
rolling, the ferrite hardness increased more appreciably relative to the change in martedrsiigshar

indicating that the cold-rolling treatment primarily strengthened ferrite. For egaogdt-rolling
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increased the ferrite hardness for the 960AT steel from 1.93 to 2.25 GPa without a signifivgaticha
martensite hardness. The greater increase in ferrite hardness also resulted in a debecealeulated
martensite/ferrite hardness ratio. The hardness ratios produced from steel C ranged fro@ 361&to
range that was considered sufficient to evaluate influences on formability performance. afRelrrit
martensite hardness histograms created for each of the conditions reported in Table 5.13 &xhibited
similar behavior to that observed in Figure 5.3. Table A.6 reports ferrite and ntartensiness values
from Table 5.13 with standard deviations.

Table 5.13#8anoindentation Data from In-Plane Orientation for the Nine Conditions of Steel C. F
ODUWHQVLWH .1 0 D U \Ra&ti ahid Btk Avetade lHartthesD U G Q

Condition .(GPa) . (GPa) . . Bulk Avg (GPa)
As-R 2.15 6.84 3.18 5.02
1050AT 2.20 6.20 2.82 4.11
1020AT 2.25 6.05 2.69 4.44
990AT 2.05 5.27 2.57 3.67
960AT 1.93 5.18 2.68 3.59
1050TCR 2.45 6.21 2.54 4.00
1020TCR 2.18 5.53 2.54 4.01
990TCR 2.28 5.34 2.34 3.88
960TCR 2.25 5.08 2.26 3.71

Nanoindentation data were also obtained for the region adjacent to the sheared hole in untested
hole expansion coupons at mid-thickness to characterize the change in constituent hardness thiatperties
develop in response to the shearing process. Figure 5.13 shows an SEM micrograph of the longitudinal
orientation of the region adjacent to the sheared hole for the 990TCR condition with the X5
array overlaid. The 990TCR condition of steel C in Figure 5.13 was polished toR.08 VLQJ VWDQGDUC
metallographic techniques, then etched with 2 pct nital for approximately 6 s. Figure€ 8.4how
SEM micrographs of the longitudinal orientation of the region adjacent to the sheared haleewitdent
array overlaid for the other eight conditions of steel C. Compared to the as-receivedrcarfiditeel C
observed in Figures 4.5 and 5.1c, steel C in Figure 5.13 exhibits a microstructure with an appreciable
amount of plastic deformation.

For the nine conditions of steel C, Table 5.14 reports the difference in average ferrite hardness,
average martensite hardness, martensite/ferrite hardness ratio, and bulk average hardness between the
region adjacent to the sheared hole and the initial state (Table 5.13). For example, the avégage ferr
hardness in the region adjacent to the sheared hole for the 990AT condition increased 1.1 GPa compared
to the average ferrite hardness reported for the 990AT condition in Table 5.13. Table 5.%4report

increase in the average ferrite hardness, average martensite hardness, and the bulk average hardness for
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the region adjacent to the sheared hole compared to the unaffected material for every conditish. In m
cases, the increase in average ferrite hardness was greater than the increase in average martensit
hardness, suggesting that ferrite work-hardened more readily in response to plastic deforfimei
shearing process locally decreased the martensite/ferrite hardness ratio in every casegititit

plastic deformation increased the strength similarity between ferrite and martensitstee3P

Spm B0

Figure 5.13 SEM micrograph from the longitudinal orientation of the region adjacent to thexlshe
hole for the 990TCR condition, with the nanoindentation array overlaid. The shear
surface is on the right-side of the micrograph. Location of SEM micrograph is at m
thickness. Steel was etched with 2 pct nital for approximately 6

Table 5.14+&KDQJH LQ )HUULWH . ODUWHQVLWH .Y ODUWHQ
Hardness for the Region Adjacent to Sheared Hole Compared to the Initial State for the Nine Cot
of Steel C.

Condition .(GPa) . (GPa) . . BulkAvg (GPa)

0 $R 1.2 0.3 -1.0 0.3
a $7 1.1 0.6 -0.8 1.2
a $7 0.8 0.3 -0.6 0.5
a $7 1.1 0.9 -0.6 1.3
a $7 1.1 0.7 -0.8 1.2
01050TCR 1.2 0.8 -0.6 1.8
a 7&5 1.2 14 -0.5 1.3
a 7&5 0.7 0.9 -0.2 1.2
a 7&5 0.9 0.7 -0.4 0.8
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Table 5.14 also shows that, regardless of the initial constituent hardness propertiegy sheari
induced a localized hardness gradient adjacent to the sheared hole with hardness greater than the
constituent hardness properties reported in the unaffected material (Table 5.13), anédke incr
hardness adjacent to the sheared hole is consistent with results reported by Gibbs [136]erA small
reduction in martensite/ferrite hardness ratio evident for the TCR conditions was tetétpresflect the
effects of the prior cold-rolling. Ferrite and martensite hardness, along with standaraeWatthe
nine sheared hole conditions are reported in Figure A.6.

5.2.5 Sheared Hole Characterization for Select Steel Conditions

Figure 5.13 shows an SEM micrograph adjacent to the sheared hole edge for the 990TCR
condition, and an appreciable amount of plastic deformation within the microstructure is observed. The
microstructural response to the creation of the sheared hole was an area of interesecbalbsare
known to exhibit lower HER values when compared to holes created by methods such as drilling, or
EDM [11, 76, 78]. The local shear strain imposed on the microstructure for the region adjdcent
sheared hole edge was evaluated by measuring grain rotations relative to the original retitrandis a
function of distance from the sheared hole edge for the AsR, 960AT, and 960TCR conditions to
determine whether a difference in material flow could be observed. The AsR, 960AT, and 960TCR
conditions were chosen because the samples exhibit different tensile behavior (Figures 5.8a and 5.9a),
have the largest difference in UTS (AsR vs. 960AT in Table 5.7), and the largest difference in
martensite/ferrite hardness ratio (AsR vs. 960TCR in Table 5.13). A more compreheswigsidn on
the methodology (shown in Figures D.1 and D.2) used to obtain grain rotation measurements is provided
in Appendix D. The grain rotation as a function of distance from the sheared hole edge (shown in
Figure D.3), as well as the maximum values of grain rotation obtained for the thre@goosndi
(summarized in Table D.1) were consistent with the work of others [136, 144], and the SAZ depth and
grain rotation values across the SAZ for the 960AT and 960TCR conditions were similar to each other
(Table D.1). The SAZ depth was defined as the first non-zero angle measurement of grain rotation in
Figure D.3. Compared to the AsR condition, the 960TCR condition exhibited a smaller SAZR150V
200 P OHVYa@déingy and a higher HER (Table 5.12). When comparing a DP590 and TRIP590
steel, Lee [144] reported that, for steels with the same UTS, the steel with lower waghihgr(DP590)
exhibited a smaller SAZ and a higher HER, and the conclusion is consistent with the interpreth&on of t
960TCR and AsR conditions in the current study.

The microstructural damage, quantified using void area pct, was evaluated for the region adjacent
to the sheared holes for the AsR, 960AT, and 960TCR conditions to determine whether the different

martensite/ferrite hardness ratios affected void damage. A more comprehensive discuskrantbetai
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methods used to obtain the void area pct are provided in Appendix D. The depth of the SAZ behind the
sheared edge was approximately 25800 P IRU WKH WKUHH PR)QaAd thélveidavea petJ X UH
analysis evaluated the region adjacent to the sheared hole to a depthfof BORP WKH VKHDUHG KRC
Figure D.7 identifies the area evaluated, and Figure D.8 shows an example SEM micrograph used for

void analysis. The void area pct in the SAZ for the three conditions exhibited similes (&perted in

Table D.2), and it was determined that, independent of the selected steel, the hole shearing process

induced an insignificant amount of observable void damage (less than 1 pctin every case) to the SAZ.

During the hole shearing process, a compressive stress is believed to be present [144], which acts to

suppress void nucleation.

5.2.6 Data Correlations Between Nanoindentation Data, Tensile Properties and Hole Expansion Ratio

The martensite/ferrite hardness ratio reported in Table 5.13 was used to establishormrelati
with HER and tensile properties. The martensite/ferrite hardness ratio was chosenibetzorperates
the hardness from both ferrite and martensite, and was interpreted to accurateintéipeasnique
hardness condition of each steel.

Figure 5.14 correlates HER with martensite/ferrite hardness ratio, and shows that for bath AT a
TCR conditions, HER increases with a decrease in hardness ratio, and that both sets of coedigshs ar
interpreted with a single function that also includes the as-received (AsR) condition. The trend observed
in Figure 5.14 is also consistent with previously reported data [76]. Figure 5.14 providéstixant
validation to the claim that an increased similarity in hardness (i.e. lower hardtiessorresponds to
improved performance in complex forming operations [11, 17, 22, 23, 29, 30, 39, 139, 145]. A lower
hardness ratio increases the strain-sharing between ferrite and martensite duringtidefoattowing
the microstructure to delay strain localization in ferrite to higher formabilitydinttigure 5.14 shows
that HER increased when the ferrite strength and martensite strength converge, even for steels of
equivalent UTS (solid shapes). A potential outlier in Figure 5.14 is the 960AT condition ieghtlé
highest HER (43.2 %). Upon tempering, the ferrite softened an appreciable amount, which acted to
increase the martensite/ferrite hardness ratio (Table 5.13) For subsequent$®batss.2.5, the solid
circle represents the AsR condition, the solid diamonds represent the tempered, cold-Ciledteel
conditions, and the open squares represent the as-tempered (AT) steel conditions.

Figure 5.15 correlates YS with hardness ratio, and shows an increase in YS with decreasing
hardness ratio. The AsR, AT, and TCR conditions can be characterized using a single ifunction
Figure 5.15, and indicates that the correlation is independent of UTS. A lower hardness ratiesmprov
martensite/ferrite interface compatibility, and is interpreted to increase-shraiimg between ferrite and

martensite, thereby suppressing plastic strain to higher stresses.
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Figure 5.14 Plot of HER as a function of martensite/ferrite hardness ratio for all ningocsnd
showing an increase in HER with decreasing hardness ratio.
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Figure 5.15 Plot of YS as function of hardness ratio showing an increase in YS with decreasi
hardness ratio.

Figure 5.16 correlates the UE with hardness ratio, and shows an increasing UE with increasing
hardness ratio. Figure 5.16 also shows that the AsR, AT, and TCR conditions can be characterized using
a single function. Both UE and HER are measures of ductility, but the correlation between UE and
hardness ratio in Figure 5.16 shows a trend opposite to that shown in Figure 5.14 relating HER to
hardness ratio. Based on Figures 5.16 and 5.14, there is an apparent tradeoff between UE and HER in the

current study.
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Figure 5.17 correlates the YS/UTS with hardness ratio, and shows greater work-hardening (lower
YS/UTS) with increasing hardness ratio. Figure 5.17 shows that the AsR, AT, and TCR conditions can
be characterized using a single function. It is interpreted that a higher hardneggeaatar 6trength
disparity between martensite and ferrite) decreases strain-sharing betweennfémirtensite, causing
heterogeneous plastic strain (i.e. yielding) to occur at lower stresses. In pamibelarconsidering
steels of equivalent UTS (filled shapes in Figure 5.17), a I0\8awill necessitate a greater amount of
work-hardening. With a lower hardness ratio, the improved strain-sharing suppresteg joehigher
stresses, and less strain-hardening is experienced [117, 127].

10 — ———
9 fF R=0.72 ]
g2 8p o]
c 7 F E
ke -

g 6

S St

w 47

E 3¢ "= AsR

@]

= 2 ‘= AT

[ . _

> 1¢ * &=TCR

O 1 2 1 2 1 2 1 2

200 225 250 275 3.00 3.25
Hardness Ratio

Figure 5.16 Plot of UE as a function of hardness ratio, showing an increase in UE with incre
hardness ratio.
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Figure 5.17 Plot of YS/UTS as a function of hardness ratio, showing that an increase in strain-
hardening is associated with an increase in hardness ratio.
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From Figures 5.16 and 5.17, an increase in UE appears to correspond to an increase in work-
hardening (lower YS/UTS), and Figure E.1 presents the correlation between UE with YS/UTS. For the
nine conditions of steel C, less work-hardening (higher YS/UTS value) results in lessgptagti (UE)
required to reach the UTS.

Figure 5.18 correlasHER with tensile properties to evaluate the associated response of two
different mechanical tests as a function of constituent hardness. Figure 5.18a shows HERgeithas
increasing YS/UTS, indicating that less work-hardening is associated with a higher HER. The AT and
TCR data sets presented in Figure 5.18a exhibit similar trends, but at different magrfiemiits
hardness is the primary difference between the AT and TCR conditions, and is interpreted toeaffect t
difference in magnitude. The observed trends are consistent with the interpretation thahardmess
ratio facilitates a higher HER (Figure 5.14), and that a lower hardness ratio correspma@srigase in
work-hardening (Figure 5.)3T128]. Figure 5.18b shows that an increase in HER corresponds with a
decrease in UE. Though HER and UE are both considered ductility/formability indexes, Figure 5.18b
reports an inverse association between the two parameters. Figure 5.18b is consistent with the
interpretation that an increase in UE corresponds with an increasing hardness ratio (Fijjared3Hax
an increasing hardness ratio corresponds to a decrease in HER (Figurd BelAT and TCR data sets
shown in Figure 5.18b follow the same trend, but at different magnitudes. A potential reason for the
difference in magnitudes between the AT and TCR conditions in Figure 5.18b is that the AT conditions
exhibited YPE, which could account for a portion of the increased UE. Additionally, the AT cosdition

have lower UTS, and the overall softer microstructure could have also contributed to the higher UE.
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Figure 5.18 Plot showing HER increasing as a function of YS/UTS in (a), indicating lower st
hardening is associated with increased HER. Plot showing HER decreasing witt
increasing UE in (b), indicating that the microstructural mechanisms that pramot¢
higher HER decrease the UE.
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Tensile values and HER are macroscopic responses emanating from the underlying properties of
the microstructure, and it would be erroneous to state that an increase in HER leads to aidédfease
Instead, a more accurate statement would be that a decrease in hardness ratio cornedat@scnetse

HER and a decrease in UE.

5.2.7 HER Correlations with Average Martensite Hardness

A correlation between HER and the average martensite hardness is presented for the purpose of
evaluating a hypothesis made based on the results obtained from a study involving eight commercially-
produced DP980 steels [76]. A correlation was established between HER and average martensite
hardness for eight commercially-produced DP980 steels, and it was hypothesized in Sec. 3.1 that the
correlation was likely to improve if other microstructural properties, such as cheammtant, grain size,
grain morphology, and MVF were held constant. Figuregpi®sents a correlation between HER and
martensite hardness from the previous study involving eight commercially-produced DP980 8}eels [
and Figure 5.19b shows the HER as a function of average martensite hardness for the nine conditions of

steel C in the present study.

30 —T—Tr—T—TrTTTTTTTTT 50 T T T T T T
x = DP Steel, Ref. [76] : "= AsR
‘= AT
25 A 4 45 O 4#=TCR

@
20 } i
T T

15 f

10 i L i L i L i L i L i L i L i 25 o " . 'l - 't "

6 65 7 75 8 85 9 9510 5.0 55 6.0 6.5 7.0
Martensite Hardness (GPa) Martensite Hardness (GPa)
(a) (b)

Figure 5.19 HER as a function of martensite hardness from a previous study involving eight
different commerically-produced DP980 steels in (a) [76], and HER as a function
martensite hardness for the nine conditions of steel C reported in (b).
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Both plots in Figure 5.19 exhibit an increase in HER with decreasing martensite hasdhdss,
correlation coefficient for the nine conditions of steel C in the present study was (@igligrthan the
correlation coefficient for the study involving eight commercially-produced DP steels (015d).
improved correlation coefficient was interpreted to be due to the fact that thefattesnentioned
microstructural properties remained largely unchanged, and validated the hypothesis stated in Sec. 3.1.
The HER and martensite hardness plotted in Figure 5.19b produced a stronger correlation (Gted) than
plot in Figure 5.14 between HER and the martensite/ferrite hardness ratio (0.43), andrpatedte
be an effect of the high MVF (55 pct) present in steel C.

5.2.8 HER Characterization Based on Tensile Properties

Tensile and hole expansion properties generated for the nine conditions of steel C weredevaluat
using different studies in literature that focused on correlating HER values te f@ogierties. Recently,
multiple studies aimed at predicting HER based on tensile properties have been performed [129, 140,
126] since mechanical tests such as tensile tests are more straight-forward and require equipment more
readily available when compared to hole expansion. The studies [126, QR6iitlthe effects of
microstructural properties on HER and tensile properties, and instead focus solely onausreédtiveen
macroscopic properties.

Levy and Van Tyne [140] performed a study that correlated the circumferential HER (the
engineering HER expressed as true strain) to the true strain hardening rate at uaifgaticel observed
in a tensile test. The circumferential HER was calculated using Equation 5.4 Hi#Rig the HER
value expressed in engineering strain (Equation 4.6). The HER values from Table 5.12 (eggineeri
strain) were converted to circumferential HER (true strain) for the nine conditions of staal are
reported in Table 5.15.

%EN?QIBANAJARPHZE 44 W, E 5 (5.4)

The true strain hardening rate at uniform elongation (TS) was interpreted to be a methsuoeloésive
strength of the grain interfaces for steels [140], and was calculated using Equation 5.5 [14C}uBere

is the UE in engineering strain (from Tables 5.7 and 5.10), and UTS is engineering UTS (from Tables 5.7
and 5.10). The TS value in Equation 5.5 is the true stress at instability, and is reported b TGfuwr

the nine conditions of steel C.

65/2=;L>sE:" 7' sr;?20 765 (5.5)
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Table 5.15+Calculated Strain Hardening Rate at UE (TS) and Circumferential HER Values for M

Conditions of Steel C

Condition TS (MPa) Circum. HER
As-R 1165 0.26
1050AT 1133 0.26
1020AT 1100 0.28
990AT 1051 0.32
960AT 1007 0.36
1050TCR 1144 0.28
1020TCR 1115 0.32
990TCR 1097 0.33
960TCR 1093 0.33

Figure 5.20 shows the data from the study by Levy and Van Tyne [140] as filled circles, and

shows that an increase in true strain hardening rate at uniform elongation corresponds to a lower

circumferential HER. In Figure 5.20, limited data for TS values greater than 950 MPa are presented, and
exhibit more scatter relative to the data for TS values below 950 MPa. The data for the ninensooiditi
steel C in Table 5.15 are presented as open squares in Figure 5.20, and exhibit a trend sintilando the

produced by the literature data [140] (i.e. decrease in circumferential HER with incre&e in T

Circumferential HER

Figure 5.20
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Plot of circumferential HER as a function of strain hardening rate at unifogatean

(TS) for multiple sets of steels. Data from the literature are presented asrelag] ¢
while the data from the current analysis are represented by open squares [140].

The TS values for the nine conditions of steel C are all greater than 1000 MPa, and the cimtamfere

HER values appear to be higher for the given TS values when compared to the literature data [140].
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Higher circumferential HER for higher TS values were attributed to lower carbon nitar{eeslower
hardness), increased ferrite strength, and in some cases, TRIP steels [140]. Processing treatments of
tempering and cold-rolling used for steel C decreased martensite strength and incratesstidagth,
respectively (Table 5.13), and is consistent with the above explanation for a higheedbserv
circumferential HER value for higher TS values.

An empirical equation which correlates HER values with selected tensile properties was
developed by Kumaet al.using a regression analysis on a large dataset of steels with engineering UTS
ranging from 265 to 956 MPa, and engineering TE ranging from 21 to 66 pct [128]. Multiple tensile
parameters, including YS, UTS, r-value, TE, post-uniform elongation, strain hardening exponent, and
UTS/YS ratio were evaluated, and the optimal fit to experimental data is presented amEqGatvith
brsthe UTS (in MPa),k the average ¥ D O X H, tofal@IGndation (in pct) [128]. In Equation 5.6, the
Qis assumed to be obtained using ASTM E8 standard size tensile specimens. The coefficients on the
various terms in Equation 5.6 were determined solely by a best fit regression analysis, gttepfesnty

metallurgical interpretation.
*'4 L?PL FVZEUrtA43447aaEsyys F A48 E ragyY (5.6)

Using the tensile properties for the nine conditions of steel C in Tables 5.7 and 5.10, HER gsdues w
calculated using Equation 5.6 and are reported in Table 5.16. From previous studies on DP sigels, the r
value was estimated to be 0.9 for all nine conditions [128, 136}, \adues were not available in the

current study. Theyrvalue likely changed upon cold-rolling, but with UE values below 10 pct for all
cold-rolled tensile specimens (Table 5.10), it was unclear whether accurate r-values couldhbd obtai

from tensile data.

Table 5.16xExperimental HER Values from Table 5.12, and Calculated HER Values Using Equati
Condition HER (Table 5.12) HER (Eq. 5.6)

As-R 29.3 20.1
1050AT 30.2 20.9
1020AT 31.8 21.4
990AT 38.4 22.7
960AT 43.2 23.8

1050TCR 31.8 19.9
1020TCR 37.2 19.3
990TCR 39.4 19.3
960TCR 39.3 19.3
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The experimentally determined HER values from Table 5.12 are also presented in Table 5.16 for
convenience. For every condition, Equation 5.6 predicts an HER value lower than the experimental HER
from Table 5.12. A potential reason for the lower HER values is because the nine conditieals®f st
have tensile properties outside of the ranges used to create Equation 5.6.

Figure 5.21 shows the experimental HER plotted against the HER calculated using Equation 5.6
for multiple steels. The dotted line in Figure 5.21 represents a 1:1 correlationgtheifitles represent

data from literature [128], and the open squares represent data for the nine conditionEafegteded
in Table 5.16.
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Figure 5.21 Plot of experimental HER vs. predicted HER using Equation 5.6. The dotted line
represents a 1:1 correlation, the literature data is presented as filled circles, and th
conditions of steel C are presented as open squares [128].

The data corresponding to the nine conditions of steel C are located within a retaively
region of the plot near the 1:1 correlation line. Equation 5.6 indicates that HER incridhsedagrease
in UTS, an increase in total elongation, and a decrease in plastic anisotropy. An increase ithHER wi
decrease in UTS is consistent with the results for the AT conditions of steel C. However, e iimcrea
HER with an increasing LV FRQWUDGLFWRU\ WR WKH QLQH FROMERWMLRQV RI \
Equation 5.6 appears to be minimal.
The data from the nine conditions of steel C presented in Figures 5.20 and 5.21 (open squares)
produced a relatively small range of HER values when compared to the range of HER values for the
variety of steel grades used in literature [128, 140]. The range of HER values produced kg the nin

conditions of steel C was created with constituent hardness as the primary microstrucabia. v&iher
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microstructural properties, such as grain size, morphology, and MVF, can also affect HER values [121].
Figure 5.20 showed that the HER and tensile properties obtained for the nine conditiongbf steel

produced similar data trends compared to results determined by other researchers [140], and Equation 5.6
is interpreted to be an acceptable first approximation in predicting HER values based on tensile
properties.To further improve the accuracy of empirical HER equations, standardization of hole

expansion testing would be beneficial. Most studies omit reference to the current ISO16630 standard for
hole expansion testing. As shown in Figure 5.12, even for a single hole expansion test, the three different
measurement techniques yielded three different HER values.

53 Microstructural Response to Plastic DeformatisReceived and 960TCR Conditions

Correlations between constituent hardness and macroscopic formability parameters were
established in Sec. 5.2, where the martensite/ferrite hardness ratio was shown pedtfeaance in
tensile and hole expansion testing. The micro-scale response to plastic deformation, imaukling
hardening, strain partitioning, strain distribution and void damage for different hardness ratios was of
interest. The AsR and the 960TCR conditions were chosen for further analysis because of their
equivalent UTS values, and their relatively large difference in total elongati)rvélues (11.7 and
4.0 pct, respectively), HER values (29 and 39 pct, respectively), and martensite/ferrite hatan(&R r
and 2.3, respectively).

Four experiments were performed to evaluate the micro-scale response to plastic deformation for
different martensite/ferrite hardness ratios. The first experiment involved nanoirateatat EBSD on
ASTM EB8 standard size tensile specimens in the initial state, and after deformation &xitineinm
uniform strain (i.e. at UTS) to evaluate work hardening and strain distribution.eGtiedsexperiment
used DIC to characterize strain partitioning between constituents in response to plastiataafam
ASTM EB8 sub-size tensile specimens. The third experiment evaluated void density in deformed plane
strain tensile specimeng quantify the damage accommodated by the microstructure at similar failure
displacements. The plane strain tensile analysis also provided a link between the Ph.D. and the M.Sc.
projects of M. D. Taylor. The fourth experiment characterized the void area fraction as a function of
strain in the necked region adjacent to the fracture surface using ASTM ES8 standardsiéze ten

specimens.

5.3.1 Nanoindentation and EBSD Analysis on Deformed Tensile Specimens

To evaluate the constituent hardness change and potential grain orientation changes in response
to tensile deformation, nanoindentation and EBSD analyses were performed on tensile specimens of the

AsR and 960TCR conditions deformed to the UTS. For reference, Figure 5.22 shows engineering
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stress-engineering strain tensile curves for the AsR and 960TCR conditions, and for each teasie cu

star approximates the strain level (UTS) where each specimen was evaluated using hanamaedtatio
EBSD. All nanoindentation tests were performed according to Sec. 4.6, and the experimental procedure
outlined in Sec. 4.9 was used to impose the tensile strain.

Table 5.17 reports the average ferrite hardness, average martensite hardness, martensite/fer
hardness ratio, bulk average hardness, the UE, and the difference in stress between the UTS and the YS
(UTS-YS) for the AsR and 960TCR conditions in the final (UE) state. Nanoindentation data for the AsR
and 960TCR conditions prior to tensile deformation (i.e. the Initial state) were presenddeard.13,
and are also reported in Table 5.17 for convenience. After deformation, the AsR condition exibited a
increase in ferrite strength, a decrease in martensite strength, a decrease in the Memiéasigetiness
ratio, and a decrease in the bulk average hardness. An increase in ferrite hardness is itdopreted
caused by work hardening of the microstructure upon deformation (the stress increased 454 MBa from
to UTS over 7.8 pct of plastic strain). A lower hardness ratio for the final statestsitjgat ferrite
experienced a greater degree of strengthening relative to martensite, indicating thaasttiaining to
ferrite grains likely occurred during tensile deformation. The decreases observdubviititkt average
and martensite hardness values were unexpected. Depending on the specific region analyzed, a higher or
lower local MVF could account for the decrease in bulk average hardness (i.e. a region with higher MV
will inherently produce a higher bulk average hardness since a greater number of the 225 indents are
likely to be located within martensite). The decrease in martensite hardness could alsofactimint
lower bulk average hardness. After deforming to the UTS, martensite was anticipated to eéeatrem
the same hardness, or increase. The martensite hardness data for both the initial statealn@tge f
state had ranges between 4 GPa and 9 GPa, and the decreased average martensite hardness for the final
state is interpreted to be a consequence of the particular region chosen for analysis, and would benefit
from further study.

The 960TCR condition exhibited a marginal increase in martensite hardness (5.08 to 5.15 GPa),
hardness ratio (2.26 to 2.34), and bulk average hardness (3.71 to 3.76 GPa), and a marginal decrease in
ferrite hardness (2.25 to 2.20 GPa). The 960TCR condition work-hardened 73 MPa over 1.2 pat of plast
strain, and it was interpreted that the modest work hardening was insufficient for e curr
nanoindentation technique to accurately resolve a difference between the initial andténah gieeater
amount of work hardening is interpreted to promote a measurable difference in constituent hartpess usi
nanoindentation. For the 960TCR condition, the similarity in constituent hardness values and hardness
ratios between the initial and final state reflect the minimal amount of work hardbatraccurred in
achieving the UTS.
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Figure 5.22 Engineering stress-engineering strain curves for the As-R and 960TCR conditibns
conditions were evaluated in the initial condition (0, 0), and also at the UTS using E
and nanoindentation. The UTS condition is indicated by a star on each curve.

Table 5.17+Nanoindentation Data for 960TCR, 960TCR After Strained to UE, As-R, and As-R A
Strained to the UE.

Condition . *3D . *3D . . Avg(GPa) UE (pct) UTS-YS (MPa)
960TCR Initial 2.25 5.08 2.26 3.71 12 73
960TCR UE 2.20 5.15 2.34 3.76 '
As-R Initial 2.15 6.84 3.18 5.02 78 454
As-R UE 2.42 6.34 2.62 4.25

For the final (UE) state, Table 5.17 reports a lower ferrite hardness, martensite hardness, bulk
average hardness, and hardness ratio for the 960TCR condition compared to the AsR condition. It is
interpreted that the 960TCR condition achieved an equivalent UTS (1080 MPa) primarily becaeise of th
cold-rolling treatment that acted to strengthen ferrite, thereby increasing thudinith deformation
behavior between ferrite and martensite. The lower hardness ratio (increased hardneisg) sitiuiaed
the constituents to mutually accommodate higher stresses before strain partitioning pleadirgito a
higher YS and less work-hardening. The lower hardness ratio corresponding to a higher YS and less
work-hardening (960TCR condition), and the higher hardness ratio corresponding to a lower YS and
greater work-hardening (AsR condition) is consistent with the interpretations givEigtires 5.15
and 5.17.

Nanoindentation is an effective technique to evaluate the average increase in constituent strength
due to work hardening, but is limited in describing the distribution (i.e. uniform oogetezous) of

work-hardening within small individual ferrite grains. To determine whether straistigdted
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uniformly or heterogeneously within individual ferrite grains, a different teglmnivas required.
Because strain partitioning to ferrite is likely to affect local variations ofaltggtaphic orientations,
EBSD was performed to evaluate the potential crystallographic texture for the AsR and 960TCR
conditions in the initial state, and final (strained to the UTS) state. EBSD scans wenmnag@erfor
according to Sec. 4.7.

Figures 5.23a and 5.23b show inverse pole figure (IPF) maps for the initial state and the final
state, respectively, of the AsR condition. Different colors represent the differetlogrsiphic
orientations specified on the color triangle inset in Figure 5.23a. A change in orientawonwabin a
grain is interpreted to be indicative of heterogeneous strain distribution [13, 135]. Fuotidhe i
condition (Figure 5.23a), the relatively large regions of solid color represerg fgains, which are also
indicated by white, featureless regions in the corresponding IQ maps shown in Figure 5.24. The IQ map
in Figures 5.24a and 5.24b represent the same areas shown for the IPF maps for the AsR condition in
Figures 5.23a and 5.23b, respectively. The solid colors indicate that the crystallograpitition of
the ferrite grains in the initial state is relatively constant since minimal color ehang observed.
Martensite grains are illustrated in Figure 5.23 by the relatively smaller regioasndogdifferent

colors. Martensite grains are more easily distinguishable in the image quality (IQ) mansaoré#s

Figure 5.24 and are indicated by the darker regions.

Figure 5.23 Inverse pole figure map of the As-R condition in the (@) initial state, and (lne#ite
strained (7.3 pct) to the UTS. Color gradients are more easily observed in ferrite
in (b), suggesting the plastic deformation occurred in the form of heterogeneous
localizationg(Color image-see PDF)
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Figure 5.23b shows the IPF map for the final state of the AsR condition (i.e. strained to 7.3 pct),
where the relatively larger regions exhibiting moderate color gradients are ferrie ¢tailor gradients
within individual ferrite grains represent crystallographic rotations, and iedicat heterogeneous strain
distributions were present within the microstructure. If an entire ferrite grain defornfiedniyj the
grain would still exhibit a solid color. A higher density of color gradients was observed widhiidiuial
ferrite grains in the final state (Figure 5.23b) compared to the initial state (5ig3a), and suggests
ferrite heterogeneously accommodated strain during tensile deformation.

Ny
A :r,;

27 (R0 A & — 3 4 s
(a) (b)

Figure 5.24 Image Quality maps of the AsR condition in the (a) initial state, and (b) after bei
strained (7.3 pct) to the UTS. In both IQ maps, the darker regions are martensit
the lighter-colored regions are ferrite. The areas represented by the 1Q maps ar:
same areas represented by the IPF maps in Figure 5.23.

Figures 5.25a and 5.25b show the IPF maps for the 960TCR condition in the initial state and the
final state, respectively. Larger regions of a similar color exhibiting moderate catbemjs are
interpreted to be ferrite. Compared to the initial state of the AsR condition (Figure, Th23altial state
of the 960TCR condition in Figure 5.25a exhibits a considerable amount of color gradients within
individual ferrite grains, a direct result of the plastic deformation experiencied) adatd-rolling.
Whether by cold-rolling or tensile deformation, the EBSD technique illustrates that a DP matuwst
responds heterogeneously to plastic deformation. The considerable amount of strain (as infeaied by g
rotations) imparted to ferrite from the cold-rolling process is interpreted to be aypdauwese for the
increased ferrite strength observed in Table 5.13. The IPF map for the 960TCR conditgofinial t

state (Figure 5.25b) also exhibits the presence of grain rotations within individieldeains, and from
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a qualitative perspective, it is difficult to differentiate between the two IPF mdgigure 5.25. The IPF

map in Figure 5.25b represents a state that has experienced 1.2 pct elongation, and an increase of 73 MPa
compared to the IPF map shown in Figure 5.25a. Due to the modest change in mechanical properties
between the IPF maps shown in Figure 5.25, it is difficult to separate grain rotations causesd by cold

rolling from the grain rotations caused by tensile deformation. It is interpreted thatetwgbatous

strain caused by cold-rolling is essentially indistinguishable from the additioeabgeneous strain

caused by tensile deformation using EBSD.

@) (b)

Figure 5.25 Inverse pole figure map of the 960TCR condition in the (a) initial state, aftér(b) a
being strained to the UTS. Color gradients are present in both IPF maps, and a
qualitative observation of the two reveals simila(i@plor image- see PDF)

The EBSD studies on the AsR and 960TCR conditions illustrate that strains are heterogeneously
accommodated within individual ferrite grains upon plastic deformation. The EBSD technique is
effective at illustrating grain orientation changes in response to deformation inddpstevided that the
initial state is comprised of grains with relatively constant crystallographic di@ntdrom a qualitative
perspective, comparisons can become complicated when grain rotations in the initial statemtre pres
such as the case of the 960TCR condition. Attempts at quantifying strain distributions based on EBSD
crystallographic information would be non-trivial, especially when a separation ofrgtations caused
by cold-rolling and tensile straining is necessary. The strain-mapping capabiit§ & one technique
that may be able to separate the strains caused by cold-rolling, and reveal the strainatistcaused
only by the tensile deformation.
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5.3.2 Digital Image Correlation on Deformed Tensile Specimens

The nanoindentation experiment presented in Sec. 5.3.1 reported an increase in ferrite hardness
after tensile deformation, suggesting that work-hardening primarily occurred ta.féftie EBSD
analysis presented in Sec. 5.3.1 illustrated that ferrite grains heterogeneously accomrtragated s
imparted by plastic deformation (cold-rolling and tensile), as inferred from crystallogragdtioms.

However, EBSD only provides an indirect illustration of the strains caused by cold-rollingresild t
deformation. In response to tensile deformation, the effect of constituent hardness on stramngar
leading to microstructural damage (decohesion) is of interest.

To observe constituent hardness effects on the development of strain partitioning due to tensile
deformation, a DIC analysis was performed on the AsR and 960TCR conditions. The DIC technique
calculates strain based on surface features, separating strains caused by nglitenwlthose caused by
tensile deformation. Using ASTM E8 sub-size tensile specimens, the 960TCR condition was produced
using the tempering parameters for the 960AT condition in Table 5.6, and the %CR value for the 960TCR
condition in Table 5.9. Table 5.18 reports the tensile properties for the AsR and 960TCR conditions
produced using ASTM EB8 sub-size tensile specimens. Unshaded values in Table 5.18 are the average of
three tests. Table 5.18 reports the average UTS for the AsR condition to be approximately 25 MPa below
the average UTS reported in Table 5.1. The tempering treatment for the 960TCR condition was
consistent with previous experiments in that the UTS decreased by approximately 125 MPa to an average

of 930 MPa before being cold-rolled to the tensile properties reported in Table 5.18.

Table 5.184aterial Designation and Tensile Properties (UTS, YS, TE, UE and YS/UTS) for AsR
960TCR Conditions of Steel C Using ASTM E8 Sub-size Tensile Specimens.

Condition YS UTS UE TE
AsR 540 1054 8.9 14.3
AsR DIC 544 1058 11.7 n/a
960TCR 973 1058 15 5.3
960TCR DIC 1009 1087 0.8 n/a

Separate DIC analyses were performed for the AsR condition after achieving a stress of
1009 MPa and after being strained to the UTS, and for the 960TCR condition after being strained to the
UTS. The approximate DIC analyses locations on the engineering stress-engineering steutensil
for the AsR and 960TCR conditions are indicated with stars in Figure 5.26 (3 total).
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Figure 5.26 Engineering stress-engineering strain tensile curves for the As-R and 960TCBnsol
generated using ASTM ES8 sub-size tensile specimens. Stars (3 total) represent th:
approximate location of where DIC analyses were conducted.

In Figure 5.26, the solid curve represents the AsR condition, and the dash-dot curve represents the
960TCR condition. The tensile properties for the two tensile curves shown in Figure 5&gosatedrin
the shaded rows of Table 5.18 (condition + DIC), and values were obtained from one tensile test. In
Table 5.18, the AsR DIC tensile properties were consistent with the AsR tensile properties. TIGIR 960
DIC specimen exhibited a YS of 1009 MPa, and a UTS of 1087 MPa, both approximately 30 MPa higher
than expected based on the 960TCR tensile properties reported in Table 5.18. During the polishing of
tensile specimen, the gauge section experienced mild bending, and could have contributed to the
discrepancy in tensile properties.

Figure 5.27a and 5.27b show SEM micrographs of the in-plane orientation for the 960TCR
condition and the AsR condition, respectively, used for DIC analysis. In Figure 5.27, specimens were
polishedtol P XVLQJ VWDQGDUG PHWDOORJUDSKLF WHpdtalToHV W KHC
approximately 8 s. All DIC analyses were performed on the regions shown in the SEM micrographs in
Figure 5.27, and the tensile axis was harizontal.

Strain maps created with DIC overlaid on the SEM micrographs for the 960TCR and AsR
conditions strained to the UTS are shown in Figures 5.28a and 5.28b, respectively. The strain maps
contain different colors, and the colors correspond to the different strains indicated on tkeateltw
the right of each image. The SEM micrographs are shown with the strain map overlaid to provide a
spatial reference for where strain gradients developed within the microstructure. Fdragéachap
presented, the average strain for the entire area calculated by the DIC software is reportedtamthe bo

left corner.
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Figure 5.27 SEM micrographs of the in-plane orientation for the 960TCR condition in (a), ar
the AsR condition in (b) used for DIC analysis. Steel specimens were etched wit|
nital for approximately 8 s. Tensile axis was horizontal.

0.3%

768 pixels

768 pixels

Average Strain: 0.7% 10 pm Average Strain: 13.9% 10 pm

(a) (b)

Figure 5.28 Strain maps generated using DIC for 960TCR condition in (a), and for AsR conc
in (b). Both strain maps show higher concentrations of strain in ferrite regions
adjacent to martensite, or in ferrite regions that are appreciably constrained by
surrounding martensite. For an average strain of 0.7 %, the 960TCR conditions
strains to range from 0.82.3 %. For an average strain of 13.9 %, the AsR conditi
shows strains to range from#%2 $ PDUWHQVLWH JUDLQ LV L
DUURZ LQ D DQG E\ WEdbrimdgdxtek6d RDF LQ E

For the 960TCR condition in Figure 5.28a, an average strain of 0.7 pct was calculated from the

DIC software, and is in good agreement with the UE of 0.8 pct reported in Table 5.18 for 980T CR
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For a 0.7 pct average strain, local strain values ranged from2033pct, indicating that strain
partitioning occurred even at low plastic strains. Microstructural regions that experiemtéaghiinst
ORFDO VWUDLQV ZHUH ITHUULWH LQ FORVH SURJ[I5R8A) drerRtePDUWHQ\
constrained by martensite, and regions experiencing the lowest strains were primarily martensit
LQGLFDWHG DV %.28a). Mile stdaksddound 0.7 pct were observed in some regions of

martensite, the majority of strains greater than 0.7 pct were located primaseiyite, fwith the highest
strains located in ferrite adjacent to martensite. For the AsR condition in Figure 5.28b, the W#esoft
calculated an average strain of 13.9 pct, a value slightly higher than the 11.7 pct reported in §&ile 5.1
AsR DIC. A possible reason for the discrepancy could be caused by the analysis area being too small to
represent the bulk response of the microstructure. For an average strain of 13.9 pctasgadgom 6
52 SFW ZLWK ORZHU VWUDLQV UHVLGLQJ SULPDUBLR&),dan@ PDUWHQVL
KLIJKHU VWUDLQV LQ IHUULWH ZLWKLQ SURJ[L PHB\28b)Wetattond bfVH QV LW F
highest strains (martensite/ferrite interfaces) coincide with the micragtutications where voids are
known to preferentially form in DP steels [13].

Compared to the 960TCR condition in Figure 5.28a, the strain map for the AsR condition exhibits
more developed bands of strain localization within ferrite grains, and a few bands are indicated i
Figure 5.28b with white dashed lines. The higher strains present in ferrite after yietdintggrreted to
be one of the contributors to work hardening [39, 117]. The strain gradients within the developed bands
likely increased with further deformation, and are believed to be preferential locations for
martensite/ferrite interface decohesion to occur.

The strain scales for the DIC maps in Figure 5.28 (color scale) were chosen to best ihestrate
strain distribution for each steel condition. Figure 5.29 shows the strain maps from Figure 5.28 using
equivalent strain scales to provide an equal comparison, and vividly illustrates the differenée in stra
magnitude between the 960TCR and AsR conditions. Compared to the AsR condition, the 960TCR
condition appears to have negligible strain, and is consistent with the lower UE reported in Table 5.18.
Figure 5.29 illustrates the effect of constituent hardness on deformation behavior duringestirsjje t
For the same load-carrying capacity (1054 MPa), the AsR condition (higher hardness ratio) experienced
greater heterogeneous strain compared to the 960TCR condition (lower hardness ratio), and the greater
heterogeneous strain observed for a higher hardness ratio supports the interpretaioe 6t thaa
lower hardness ratio allows the microstructure to delay strain localization [117]. One potesta the
strain bands in the 960TCR condition appear more diffuse, or less developed in Figure 5.28a compared to
the AsR condition is because the overall strain is much lower. It is hypothesized that straitiocaliz
within ferrite begins within isolated regions in the microstructure (Figure 5.28a), angregressive

straining, the isolated regions link to form bands of strain localization.
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Figure 5.29 Strain maps for the 960TCR condition in (a), and for the AsR condition in (b). B
conditions were strained to the UTS, and are illustrated using an equivalent strai
scales. For an equivalent load-carrying capacity, the AsR condition exhibits a gr
amount of heterogeneous strain distributions within the microstructure, and is be
to result from the higher constituent hardness r&@iolor image +see PDF

A second DIC analysis on the AsR condition was performed to further illustrate the effect of
constituent hardness on strain partitioning, and to test the hypothesis of isolated regiairs of str
localization linking to form bands of strain localization. The approximate locatithe afecond DIC
analysis on the tensile curve for the AsR condition is represented by the star in Figure 5.26rgaignat
stress of 1009 MPa (3 pct strain). The DIC analysis for the AsR condition at a stress of 1009 MPa was
chosen because 1009 MPa was the YS of the 960TCR condition (Table 5.18). It is of interest to observe
strain partitioning in the AsR condition at 1009 MPa, a stress value where macroscopic yieldingdas yet t
occur in the 960TCR condition. At stresses lower than 1009 MPa, ferrite and martensite in thie 960TC
condition uniformly share strain since both constituents have the same elastic modulus.

Figures 5.30a and 5.30b show SEM micrographs with the strain maps on equivalent strain scales
overlaid for the 960TCR and AsR conditions at 1009 MPa, respectively. At stresses below 1009 MPa,
the ferrite and martensite present in the 960TCR condition are mutually deforming in ticerefgste,
and is interpreted to be in response to the increased ferrite strength from cold-rollinghéodverss
ratio). For the AsR condition (higher hardness ratio), a stress of 1009 MPa is achieved only after the
microstructure work hardens 465 MPa. For an average strain of 2.95 pct, local strains betw&goct..2
are observed. Before macroscopic yielding occurs in the 960TCR condition, the AsR condition has

already experienced local plastic strains over 8 pct.
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Figure 5.30 Strain maps after achieving a stress of 1009 MPa for the 960TCR condition in (
for the AsR condition in (b). The strain map for the 960TCR condition is a
representative plot to illustrate the assumption that heterogeneous strains aite ee
below the YS. The strain map for the AsR condition shows areas of strain locali.
in similar locations to that observed for the AsR condition after being strained to
UTS (Figure 5.28b)Color image +see PDF

Strain maps for the 960TCR and AsR conditions in Figure 5.30 support the data trend in
Figure 5.15, where a lower hardness ratio correlated with a higher YS. For the AsR condition in
Figures 5.30b (2.95 pct strain) and 5.28b (13.9 pct strain), strain localizations are olrssiwddyi
areas, but strains appear more diffuse in the condition at 2.95 pct strain, supporting the hypathesis t
strain partitioning first occurs in isolated regions within the microstructure, therliokm bands of
shear localization.

Strain maps generated using DIC for different stress stages in the AsR and 960TCR conditions
illustrate the strain partitioning that occurs at the microstructure-levedpomnse to different constituent
hardness ratios. In all cases, upon yielding, strain preferentially localizes instdegi@ins, with
highest strains occurring in the ferrite within proximity of martensite. Upon furtherndafion, the
localized regions link to form bands of strain localization within the microstructureardtegs of the
martensite/ferrite hardness ratio, strains heterogeneously develop in the micresauidcations
consistent with preferential fracture sites in DP steels (martensite/fatatfaces). The hardness ratio

primarily affected the magnitude of strain in the localized bands [116].

5.3.3 Void Density Analysis: Plane Strain Tensile Tests

A lower hardness ratio is interpreted to suppress microstructural damage in DP stelatg, enab
the accommodation of higher stresses before fracture [40]. For an equivalent imposed strain, a study

involving six commercially-produced DP steels showed a lower martensite/ferrite hardmets rati
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correspond to a lower void population [40]. The study on the six commercially-produced DP steels
utilized a special plane strain tensile specimen geometry which concentrated damage/frachlamen
45° with respect to the specimen surface and tensile direction by using offset semi-circhies, reotd is
shown in Figure 4.8. Plane strain tensile specimens of the AsR and 960TCR conditions were machined
from the cold-rolled sheets used for hole expansion testing, and plane strain analysis was performed
according to the method outlined in Sec. 4.11.

Figures 5.31a and 5.31b show the load-displacement curves for the AsR and 960TCR conditions,
respectively. For each plot, the dotted curve represents a plane strain tensile specimertabidvas
until fracture to determine a failure displacement. The solid curve represents the plarterssile
specimen that was deformed to approximately 90 pct of the failure displacement, then unloaded for
analysis. Based on previous results, loading to 90 pct of the failure displacement was shown to result in
significant localized void formation in the plane strain tensile specimen [40].

(@) (b)

Figure 5.31 Load-displacement curves for the plane strain tensile specimen of the AsR conc
(a), and for the 960TCR condition in (b). For each condition, one specimen was
to fracture (dashed line), and a second specimen was tested to 90 pct of the failt
displacement (solid line).

The 960TCR condition exhibited a lower load, and lower displacement compared to the AsR
condition. The displacement measurement method is one potential reason why the 960TCR condition
exhibited a lower displacement. To measure displacement, a 12.7 mm gauge section was monitored,
while the reduced section was approximately 0.6 mm. For the AsR condition, the entire gauge section
plastically deformed at loads as low as 1400 kg., contributing to a larger displacement. Thedobserv

displacement for the AsR condition characterized the entire gauge section, with only a pogon of t
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displacement representing the deformation within 0.6 mm reduced section. For the 960TCR condition,
the observed displacement was constrained to the 0.6 mm reduced section, as the 12.7 mm gauge section
outside of the reduced section experienced a stress considerably lower than the YS.

Figure 5.32 shows the number of voids plotted as a function of martensite/ferrite hardness ratio
for six commercially-produced DP steels (filled circles) from the M.Sc. thesis of M. D. T49loAn
example SEM micrograph showing voids was presented in Sec. 4.11 as Figure 4.14. The linear
regression and correlation coefficient presented in Figure 5.32 was created using the daggnom
commercially-produced DP steels. Figure 5.32 also shows the number of voids plotted as a function of
martensite/ferrite hardness ratio for the AsR (open square) and 960TCR (open diamonansorAiti
direct comparison of the data for the 960TCR and AsR conditions shows that an increase in hardness ratio
corresponds to an increase in void population, an observation consistent with the interpretation that

decrease in hardness ratio suppresses void nucleation.
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Figure 5.32 Number of voids as a function of martensite/ferrite hardness ratio, showing an inci
the number of voids with an increase in hardness ratio. Data representing a previol
study on six commercially-produced DP steels are shown as filled circles.

The 960TCR and AsR conditions exhibit an increase in number of voids with increasing hardness
ratio, a behavior consistent with the data from the six commercially-produced DP steels, though the
slopes appear to differ. The void data for the 960TCR condition appears to be similar to the DP steels of
comparable hardness ratio from the M.Sc. data, but the void data for the AsR condition are lower than
expected. The six DP steels from the previous study were tested with the rolling directigmpéralel
to the tensile axis, whereas the AsR and 960TCR conditions were tested with the R.D. transverse to the
tensile axis. When the R.D. was parallel to the tensile & s WULQJHU"~ W\SH IHDWXUHV ZHUH
DQDO\VLY DUHD DQG YRLGY ZHUH REVHUYHG DORQJ WKHVH HORQ
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IRU VHOHFW '3 VWHHOV IURP WKH SUHYLRXV VWXG\ WKHQHWKH 5 '
W\SH IHDWXUHV ZHUH QRUPDO WR WKH SODQH RI \DQID®DWKM GHFUL
analysis area, and could be one reason for the lower observed void population for the AsR and 960TCR

conditions compared to the six DP steels from the previous study.

5.3.4 Void Area Fraction Analysis on Fractured Tensile Specimens

Void properties adjacent to the fracture surface of ASTM E8 standard size tensile specimens were
evaluated for the AsR and 960TCR conditions. Strains greater than the TE develop in the necked region
of a tensile specimen, and the void properties for different martensite/ferrite hardiosssest of
interest. Testing of ASTM ES8 standard size tensile specimens was performed according to Sec. 4.9, and
void analysis was performed according to the procedure outlined in Sec. 4.12. An SEM micrograph of
the AsR and 960TCR conditions acquired using BSE imaging are shown in Figures 5.33a and 5.33b,
respectively. In Figure 5.33, thickness direction is vertical, and the fracture surface isefin the

(@) (b)

Figure 5.33 SEM micrograph of the fractured end of an ASTM EB8 tensile specimen for the A
condition in (a), and the 960TCR condition in (b). Thickness direction is vertical,
fracture surface is on the left for each image. Specimens were etched with 2 pct
for approximately &.

Figure 5.34 shows a plot of void area pct as a function of local thickness strain for the AsR,
960TCR, and 960AT conditions. The data trends in Figure 5.34 are similar to those obtained by
Steinbrunner, who also evaluated void area pct as a function of thickness strain for DP steels [19]. For
each dataset, an exponential fit was performed, and both AsR and 960TCR conditions exhibit correlation
coefficients of 0.93 and 0.95, respectively. For an equivalent local thickness strain, the 960TCR

condition exhibits a lower void area pct compared to the AsR condition, indicating that for equivalent
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strain and equivalent stress, the lower hardness ratio suppressed microstructural damage. Tdid lower v
area fraction caused by the lower hardness ratio necessitates a greater degrsarabgtlity to

generate the critical amount of voids to induce fracture. One index of stress triaxiddegymaximum
thickness strain at tensile fracture, and Table 5.19 reports the maximum thickness stranaegést

the AsR, 960AT, and 960TCR conditions. The UE (Tables 5.1, 5.7, and 5.10) and the martensite/ferrite
hardness ratios (Table 5)l&e also reported in Table 5.19 for convenience. In Table 5.19, an increasing
maximum thickness strain is observed with decreasing martensite/ferrite hardness ratio| and stee

conditions having the lowest UE in tensile tests exhibited the largest maximum thickness strain.

07 T T T T T T T T T T T
® AsR R2=0.95
0.6 F A 960TCR
m 960AT R2=0.93 e
05 F
g
S04}
©
g
<
- 0.3 F
k=)
>
0.2 F .
R2=0.73
0.1 F
0 . 1 . . . .
0 10 20 30 40 50 60

Local Thickness Strain (pct)

Figure 5.34 Plot of void area pct as a function of local thickness strain (pct) for the AsR, 960A
960TCR conditions. All conditions exhibit an exponential increase in voids with
increasing local thickness strain, and the AsR condition had the greatest void area
a given strain value.

Table 5.19tMax Thickness Strain (in pct) and Martensite/ferrite Hardness Ratio for AsR, 960AT,
960TCR Conditions of Steel C.

Condition  Max Strain (pct) . UE
AsR 42.5 3.2 7.8
960AT 58.9 2.7 5.6
960TCR 63.5 2.3 1.2
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The 960AT condition was also evaluated to provide further verification that a lower hardness
ratio corresponded to a lower void area pct for an equivalent strain. The 960AT condition had a higher
hardness ratio than the 960TCR condition and exhibited similar void area pct values atergsiiraihs,
but the correlation coefficient for the exponential fit was lower (0.73 vs. 0.95). Additionall§60AT
condition experienced a stress 120 MPa below that of the 960TCR and AsR conditions, and it was
interpreted that the higher stress imposed on the AsR and 960TCR conditions allowed the critical
condition for void nucleation to occur more frequently.

The max thickness strain reported in Table 5.19 appears to increase with HER (Tgbbn8.42
study that correlated engineering HER with true fracture strain using a variety sfséteeted an
increased engineering HER with increased true fracture strain [120]. Engineering HE&Redratture
strain values for six steels from a study by Link [120], and for the AsR, 960AT, and 960TCR conditions
are shown in Table 5.20. High strength low alloy (HSLA) steels containing ferrite/pearlite
microstructures, and transformation-induced plasticity (TRIP) steels containiitey&aistenite/bainite
microstructures were present in the study by Link [120]. The IBF suffix on select DP steel grades
GHVLIJQDWHYV VWHHOV ZLWK 3LPSURYHG EHQGLQJ DQ®IODQJHDELO
Table 5.19 for the AsR, 960AT, and 960TCR conditions was converted to true fracture strain by using
Equation 5.7, wherg &nd t are the initial and final thicknesses (in mm)and w are the initial and final
width (in mm), and Aand A are the initial and final cross-sectional areas Ynwhthe tensile gauge
section. The change in tensile specimen width was assumed to be negligible, and the change in thickness

was used to calculate the true fracture strain.

6NQA (N:?PQNe;ﬁrHN-:I::I—g%%NLH%l (5.7)

Figure 5.35 shows engineering HER plotted as a function of true fracture strain for the six steels
from Link [120] as filled circles. The six steels were used to create the linear fitexndrtesponding
correlation coefficient of 0.98, indicating that the true fracture strain obtained from a utgasibd test
can be an accurate indicator of HER. Figure 5.35 also plots the three conditions of steel C as open
squares, and the data appear to be consistent with the results of Link [120]. The 960AT and 960TCR
conditions (higher UTS) exhibited larger HER values than the DP780 and TRIP780 steels (lower UTS)
from [120], which suggests that the treatments of tempering and cold-rolling on stesdd@Sé&icHER to

values comparable to lower-strength AHSS grades.
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Table 5.20tMaterial Designation, HER, and True Fracture Strain for Six Steels from a Study by
[120], and for the AsR, 960AT, and 960TCR Conditions.

Steel HER True Fracture Strain (pct)
HSLA 440 100 1.68
DP590 58 1.11
Ref. [120] DP590IBF 66 1.28
DP780 24 0.57
DP780IBF 46 0.8
TRIP780 23 0.52
AsR 29.3 0.55
Steel C 960AT 43.2 0.89
960TCR 39.3 1.01
120 r T r T T r
| e Ref.[120] .
100 L O SteelC ° .
80 f .
. !
w 60 | .
I o
40 .
20 F .
O i 1 i 1 i 1

0 0.5 1 15 2
True Fracture Strain (pct)

Figure 5.35 Plot of engineering HER as a function of true fracture strain for six stee[d 2@m
(filled circles), and for the AsR, 960AT, and 960TCR conditions (open squares) shc
an increase in HER with increasing true fracture strain.
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CHAPTER 6
SUMMARY

The M.Sc. thesis of M. D. Taylor concluded that a lower martensite/ferrite hardness ratio
correlated with less microstructural damage in the presence of a triaxial stress statedprad g
commercially-produced DP steels. It was hypothesized that increased similitude in ferntaréensite
strength (i.e. lower martensite/ferrite hardness ratio) will delay strainzatah, thereby suppressing
microstructural damage and achieve higher forming limits.

Steel C, a commercially-produced DP steel with 1081 MPa UTS, was processed to create eight
additional constituent hardness conditions by tempering and cold-rolling, processes shown ilg primar
affect constituent hardness properties. Constituent hardness properties for the nirensmfditieel C
(as-received, four as-tempered, four temper cold-rolled) were evaluated using nanoindentation, and
exhibited ferrite hardness values from 1.9 to 2.5 GPa, martensite hardness values from 5.1 to 6.8 GPa, and
martensite/ferrite hardness ratios from 2.3 to 3.2. The generated constituent hardnetysrangesr
were determined to be sufficient to evaluate formability performance. The UTS of the nineocsrufiti
steel C ranged from 954 to 1090 MPa.

The current project focused on evaluating the isolated effects of constituent hardness on
subsequent formability performance for higher-strength DP steels using tensile and hole expansion
testing. A hypothesis stating that correlations between martensite hardness and HER would improve if
microstructural properties of grain size, MVF, morphology, and chemical content were constant was
confirmed in the current study.

For the nine conditions of steel C, a lower martensite/ferrite hardness ratio corresponded to an
increase in HER and an increase in YS. A lower martensite/ferrite hardness ratio (increaagty simil
ferrite and martensite hardness) was interpreted to increase strain-sharing betite@mdemartensite.

The increased strain-sharing facilitated similar deformation behavior of ferdtmartensite, and
suppressed plastic strain localization to higher stresses for the case of YS, and to higtiditfolimits

for the case of HER. A lower martensite/ferrite hardness ratio correlated with a detreade

hardening (increasing YS/UTS) and was interpreted to be caused by the suppression of plastic strain
localization within ferrite.

Tensile and hole expansion properties for the nine conditions of steel C were evaluated using two
different studies from literature that focused on characterizing HER based on tensilegzofén nine
conditions of steel C produced consistent trends with the data reported in each study, confirming the

experimental HER and tensile properties obtained in the current study are consistergraftindit
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The microstructural response to plastic deformation for the AsR and 960TCR conditions
(equivalent UTS, but different TE, HER, and constituent hardness) were evaluated using techniques of
nanoindentation, EBSD, DIC, and plane strain tensile tédter deforming the two DP steels to the
UTS, the DP steel with a higher initial martensite/ferrite hardness ratio exhibited asénorésarrite
hardness, and is interpreted to be caused by work hardening of the microstructure upon deformation. A
decrease in martensite/ferrite hardness ratio after plastic deformation was also obsegestingupat
ferrite experienced a greater degree of strengthening relative to martensite, anesllatagtrain
partitioning to ferrite grains likely occurred during tensile deformation. The DPnsteea lower initial
martensite/ferrite hardness ratio exhibited minimal work hardening, and the constitdeeskar
properties after being deformed to the UTS were similar to the initial state.

Grain orientation maps created using EBSD for the initial state, and after being deformed to the
UTS for the AsR and 960TCR conditions showed that, whether by cold-rolling or tensile deformation, a
DP microstructure heterogeneously accommodates strains imparted by plastic deformationeds inferr
from grain rotations within individual ferrite grains. The DP steel with highealmitartensite/ferrite
hardness ratio exhibited a larger UE, and a greater increase in grain rotations withiafterrieing
strained to the UTS compared to the DP steel of lower hardness ratio. For an equivalent stress, the DP
steel with lower hardness ratio and lower UE suppressed strain localization to higher stresses.

Strain maps generated using DIC for the AsR and 960TCR conditions at different tensile
deformation stages illustrate that, regardless of martensite/ferrite hardnessraati® heterogeneously
develop in the microstructure at locations consistent with preferential fractureesitits/(hartensite
interface) in DP steels. The hardness ratio primarily affected the magnitude of sirgimeat stress,
with higher martensite/ferrite hardness ratios exhibiting larger local gfradients. Strain was observed
to preferentially localize inside ferrite grains, and the highest strains occuthedfarrite within
proximity of martensite. Upon further deformation, isolated regions of strain linkrtoldfands of strain
localization within the microstructure, and preferentially form in large, connectexhsegfi ferrite.

Plane strain tensile tests for the AsR and 960TCR conditions showed that a decrease in hardness
ratio corresponded to a lower void population, a trend consistent with results established in the M.Sc.
thesis of M. D. Taylor. Void area pct as a function of distance from the fracture surfaceMfEZE&ST
standard size tensile specimens showed a lower void area pct at equivalent stress aoidtediPf
steel with lower hardness ratio, confirming that lower hardness ratios suppress microsutactagg. A
larger maximum thickness strain was observed for the DP steel with lower hardness ratimgralicat
higher triaxial stress state was required to produce the critical void condition fardragt larger
maximum true thickness strain corresponded to larger HER values, and the trend was consistent with

results reported in literature.
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CHAPTER 7
FUTURE WORK

The current project has established constituent hardness effects on the deformation and
formability of DP steels while holding grain size and MVF constant. An extension of the cuorént w
would be to vary grain size, and hold MVF constant to determine the effects of grain size on amsformat
and formability of DP steels. To isolate morphological effects, an equiaxed microstructure should be
considered.

Characterizing the critical interfacial strains for void nucleation as a fumefimartensite/ferrite
hardness ratio for DP steels under tensile deformation would provide insight on whetheicdietein
is a function of hardness ratio, or if the critical strain is an absolute value. Evaluati@irof st
partitioning at equivalent strains for different martensite/ferrite hardness ratiosctanifiy whether the
magnitude of observed strain gradients are a function of hardness ratio, or purely a function of global
strain. Reproduction of DIC strain maps using a microstructure-based FEM would provide a
computational tool on which deformation behavior for different constituent hardness property
combinations could be evaluated. Incorporating bi-axial tensile tests would illustrate the strain behavior
of DP steels for a stress state more representative of certain forming operations.

A more comprehensive analysis on the constituent hardness evolution upon tensile deformation of
DP steels could aid in determining whether only ferrite work hardens, or if martensite awllals
harden when the martensite/ferrite hardness ratio is sufficiently low. Such an experiment wioutio beg
characterize the specific role of martensite in DP steels. Incorporating bi-axial tensieotast

illustrate constituent hardness changes for a stress state more representatiais dbaaihg operations.
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APPENDIX A

COMPILATION OF EXPERIMENTAL DATA WITH UNCERTAINTY ANALYSES

Steel A: Ferrite

Steel A: Martensite

o

455556657 758859 9.
Hardness (GPa)

(b)

Hardness histogram for ferrite in (a) and martensite in (b) for the astecendition

of steel A. Both histograms approximate a normal distribution, with an average 1
hardness of 2.97 GPa, and an average martensite hardness of 7.04 GPa.
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Figure A.1
Steel B: Ferrite
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Figure A.2

Steel B: Martensite

55 6 65 7 75 8 85
Hardness (GPa)

(b)

Hardness histogram for ferrite in (a) and martensite in (b) for the astecendition

of steel B. Both histograms approximate a normal distribution, with an average 1
hardness of 3.21 GPa, and an average martensite hardness of 7.29 GPa.
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Steel D: Ferrite ] Steel D: Martensite

18 20 r
16 | 18
14 | 16 f
12} mi‘z‘ i
S0y 10|
S8r S 8 |
6 F 6t
4 4 }
2 2 .
0 0 M -
15175 2 22525275 3 3.2t 5556 657 758 859 95
Hardness (GPa) Hardness (GPa)
(a) (b)

Figure A.3 Hardness histogram for ferrite in (a) and martensite in (b) for the astecendition
of steel D. Both histograms approximate a normal distribution, with an average 1
hardness of 2.57 GPa, and an average martensite hardness of 6.67 GPa.

Table A.1 tAverage Microstructural and Tensile Properties in the As-Received Condition for Steel
One Standard Deviation is Reported Below (In Parentheses) Each Reported Microstructural and
Property. Standard Deviations for Tensile Properties Calculated from Three SepsisteStandard

Deviations for Grain Size and MVF Calculated from Twenty-Four Separate Measurements.

YS uTsS UE TE *6 . * 6 . MVF

Steel  vpay  (MPa)  (pct)  (pct) P P (pc))
N 946 1225 59 108 142 186 609
(15.9) (6.2 (0.3) (0.1) (0.2) (0.4) (6.1

5 923 1221 59 101 143 1.60  56.0
(58) (7)) (01) (04) (02) (02) (4.8

c 627 1081 7.8 11.7 2.94 314 545
(15.1) (7.9 (0.4) (02 (0.7) (05)  (6.7)

5 727 1024 7.2 132 1.60 1.30 440

(18.9) (14.1) (0.4) (06) (02) (02) (5.6)
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Table A.2 Hrensile Properties (UTS, YS, TE, and UE) for the Four Tempered Conditions of Steel (
Standard Deviation is Reported Below (In Parentheses) Each Reported Tensile Property. Stal
Deviations for Tensile Properties Calculated for Three Separate Tests.

Condition UTS YS TE UE
1050AT 1052 651 11.7 7.7

(11.8) (18.6) (0.67) (0.49)
1029 725 11.0 6.9

1020AT
020 (5.9) (32.1) (0.96) (0.26)
984 780 11.1 6.4

T
990 (11.3) (155) (0.28) (0.38)
960AT 954 809 10.1 5.6

(6.8) (8.1) (0.28) (0.12)

Table A.3 Hensile Properties (UTS, YS, TE, and UE) for Four Temper, Cold-Rolled Conditions of
C. One Standard Deviation is Reported Below (In Parentheses) Each Reported Tensile Property.
Deviations for Tensile Properties Calculated for Three Separate Tests.

Condition UTS YS TE UE
1050TCR %23)3 2% (iﬁ) ((5):2)
1090 979 6.1 2.3
1020TCR (5) (14) (0.7) (0.2)
990TCR t?ﬁf’ iﬁé’f’ ((3;:?1) ((1):2)
1080 1007 3.6 1.2
960TCR (5) (14) (0.1) (0.1)
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Table A.4 +tAverage HER Values For Each of the Three Measurement Methods for the As-Receiv

Eight Modified Conditions of Steel.©ne Standard Deviation is Reported Below (In Parentheses) |

Reported HER Measurement. Standard Deviations for HER Values Calculated from Three to
Separate Tests.

Condition Computer HER  Caliper HER Imaged HER
o B e E
W0SAT o 06 o)
o e w3
o B s
ot 2 we s
1050TCR (3;,12&; (2381(; (2;;;
1020TCR (:;722) ?2305; (3228
oorcn  S4 g0
rcn DS = o
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Table AS*$YHUDJH )HUULWH

DQG ODUWHQVLWH

A

+DUGQ

Obtained Using Nanoindentation. One Standard Deviation is Reported Below (In Parentheses)
Reported Constituent Hardness Value. Standard Deviations for Average Ferrite and Avetagsitela

Hardness Calculated from Over Fifty Separate Measurements.

Condition S
ASR (5:4112) (g:gg)
ot 23 0
TR
S0AT (028 (a0
oo 50 510
oo 25 o
worer 215 058
S0TCR (38 (0178
e 22 5%
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Table A6£t$YHUDJH )HUULWH . DQG ODUWHQVLWH

A

+DUC

Sheared Hole for the Nine Conditions of Steel C. One Standard Deviation is Reported Belov
Parentheses) Each Reported Constituent Hardness Value. Standard Deviations for AveragedF
Average Martensite Hardness Calculated from Over Fifty Separate Measurements.

Condition : -

332 7.09
As-R Sheared Hole (0.47) (0.74)
331 6.78
1050AT Sheared Hole (0.37) (0.76)
3.07 6.39
1020AT Sheared Hole (0.41) (0.68)
313 6.21
990AT Sheared Hole (0.56) (0.85)
3.07 5.84
960AT Sheared Hole (0.41) (0.80)
364  6.99

1050TCR Sheared Hol
eared o 0.s5)  (0.79)
1020TCR Sheared Hole (g:g% (Sjgg)
2.97 6.23
990TCR Sheared Hole 0.47) (0.91)
960TCR Sheared Hole (gé% (g:;%
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APPENDIX B
TENSILE DATA FOR TEMPERED AND COLD-ROLLED STEEL C

Table B.1Tempering Temperature, UTS, TE, HJP, and VHN Values for Tensile Specimens of St
and C Used for Preliminary Tempering Experiment.

Tempering Temp (°C UTS (MPa) TE (pct) HJP VHN

AsR 1225 10.8 0 389

175 1187 9.2 9891 381

200 1170 9.25 10443 381

Steel A 225 1128 8.85 10995 368
250 1128 8.35 11547 354

300 1067 8.85 12651 358

350 1013 8.75 13755 326

As-R 1082 11.6 0 339

175 1006 10.4 9891 331

200 991 111 10443 331

Steel C 225 966 10 10995 320
250 946 9.5 11547 323

300 913 9.65 12651 308

350 848 11.7 13755 285

Table B.2 +Tensile Properties of YS, UTS, UE, and TE, Along With %CR and Change in UTS f

Specimens of Steel C Used for Preliminary Cold-Rolling Experiment. For Both Strength Conditi

Tensile Properties of As-Tempered Specimen is Shaded Gray. TE Values Reporting N/A Exhil
Fracture Outside the Extensometer.

%CR _ VYS UTS  UE TE 0876
0 758 920 59 10.2 0
4.9 899 981 17 6.3 61
l\%g 9.6 928 1021 1.2 4 100
UTs 102 948 1016 13 4.2 96
149 942 1037 13 38 117
206 933 1045 1.2 37 124
0 788 969 53 9.9 0
54 919 1030 1.9 57 61
Iag% 8.8 927 1045 1.2 n/a 76
UTs 102 941 1042 15 4.3 73
15 984 1088 1.2 4 119
257 1041 1133 1.1 nla 164
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APPENDIX C
SEM MICROGRAPHS OF SHEARED HOLE MICROSTRUCTURE

Figure C.1 SEM Micrograph showing the longitudinal orientation of the region adjacent to the
sheared edge in tlasreceived condition of steel C with the nanoindentation array
overlaid. Sheared edge is on the left in figure. Steel was etched with 2 pct réital for

Figure C.2 SEM Micrograph showing the longitudinal orientation of the region adjacent to the
sheared edge in the 1050TCR condition of steel C with the nanoindentation array
overlaid. Sheared edge is on the right in figure. Steel was etched with 2 pct nital fo
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Figure C.3 SEM Micrograph showing the longitudinal orientation of the region adjacent to the
sheared edge in the 1050AT condition of steel C with the nanoindentation array ov
Sheared edge is on the left in figure. Steel was etched with 2 pct nitad.for 6

Figure C.4 SEM Micrograph showing the longitudinal orientation of the region adjacent to the
sheared edge in the 1020TCR condition of steel C with the nanoindentation array
overlaid. Sheared edge is on the right in figure. Steel was etched with 2 pct rétal fo
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Figure C.5 SEM Micrograph showing the longitudinal orientation of the region adjacent to the
sheared edge in the 1020AT condition of steel C with the nanoindentation array ov
Sheared edge is on the left in figure. Steel was etched with 2 pct nitad.for 6

Figure C.6 SEM Micrograph showing the longitudinal orientation of the region adjacent to the
sheared edge in the 990AT condition of steel C with the nanoindentation array ove
Sheared edge is on the left in figure. Steel was etched with 2 pct nitad.for 6
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Figure C.7 SEM Micrograph showing the longitudinal orientation of the region adjacent to the
sheared edge in the 960TCR condition of steel C with the nanoindentation array o\
Sheared edge is on the right in figure. Steel was etched with 2 pct nital.for 6

Figure C.8 SEM Micrograph showing the longitudinal orientation of the region adjacent to the
sheared edge in the 960AT condition of steel C with the nanoindentation array ove
Sheared edge is on the left in figure. Steel was etched with 2 pct nitad.for 6
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APPENDIX D
SHEARED HOLE ANALYSIS

For the grain rotation analysis, SEM micrographs adjacent to the sheared hole were acquired from
the longitudinal orientation of the AsR, 960AT, and 960TCR conditions, and an SEM micrograph for the
960AT condition is shown in Figure D.1. In Figure D.1, the 960AT condition was polishedRo 1
diamond using standard metallographic techniques, then etched with nital for approximately 8 s. Nine
defined distances, corresponding to 250, 200, 150, 100, 70, 50, 30, 20, aARdlO0RP WKH VKHDUHG K
edge, were used to make grain rotation measurements. An enlarged view of the dashed box in Figure D.1
is shown in Figure D.2. The dashed vertical lines in Figure D.2 correspond to the nine defameesljst
and the solid lines represent the average grain angle at each of the distances.

Figure D.1 SEM micrograph of the longitudinal orientation (sheet thickness is vertical) adijace!
the sheared hole edge for the 960AT condition. SEM micrograph of 960AT conditi
was etched with 2 pct nital.

Grain rotation as a function of distance from the sheared hole edge for the three conditions is
shown in Figure D.3, and the data are plotted so the data trend emulates the material flow behavior
observed in Figure D.2. Table D.1 reports the maximum grain rotation for the thré&@osndith both
960AT and 960TCR conditions exhibiting a higher maximum grain rotation compared to the AsR
condition. For all three conditions, the maximum grain rotation measurement was locatadalbses
sheared hole edge. The 960AT and 960TCR conditions exhibited similar grain rotation values, and the

grain rotation data for the 960AT condition were omitted from Figure D.3. Compared to the AsR
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condition, the 960TCR condition exhibits a smaller SAZ width (defined by the first non-zero angle

measurement in Figure D.3), and a larger maximum grain rotation angle (85.1 ° vs. 64.7 °).

Figure D.2 Enlarged view of the region near the sheared hole edge for the 960AT condition (¢
box in Figure D.1). Grain rotation with respect to the original rolling doecti
(horizontal) at nine defined distances (indicated by dashed vertical lines) from the
sheared hole edge were obtained. Measurements were obtained at mid-thickness,
red solid lines represent the average grain rotation of the microstructure at the diffe
distancesColor Image +see PDF.
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Figure D.3 Grain rotation (in degrees) with respect to the original rollingtidinegfor the AsR
and 960TCR conditions. The 960AT condition exhibited a trend similar to the 9601
condition, and for sake of clarity, was omitted from this figure.
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Table D.1 Maximum Grain Rotation Angle, and Strain for AsR, 960AT, and 960TCR Conditi

Condition Max. Grain Rotation (degrees)  Shear Strain
AsR 64.7 2.1
960AT 85.5 12.6
960TCR 85.1 11.7

Data trends produced by the AsR and 960TCR conditions in Figure D.3 are consistent with the
data trends in Figure D.4 from Gibbs [136] when grain rotation as a function of distandbdrsheared
hole edge was characterized for five steels with UTS values ranging from7a80MPa. In Figure D.4,
the steel with the lowest UTS (L15) corresponded to the largest SAZ depth, and in all cases, an increase
in grain rotation was observed as the sheared edge was approached. The direction of increesiiog val

the axes in Figure D.3 are reversed compared to Figure D.4, but both plots show the same data trend.

Condition UTS (MPa)

L15 581
C19 624
L24 712
L31 769
L38 756
Figure D.4 Grain rotation as a function of distance from the sheared hole edge for five

different steels with UTS ranging from 58770 MPa [136]. The data trends are
consistent with the data reported for the AsR, 960AT, and 960TCR conditions in th
current study. Figure adapted from [136]. For reference, UTS values for the five s
conditions are reported in the table to the right of the plot.

Differences in SAZ depth in Figures D.3 and D.4 were attributed to the difference in work-
hardening behavior, and punch/die clearance [144]. Since the AsR, 960AT, and 960TCR conditions kept
a narrow tolerance of the punch/die clearance#£1P.5 %), the differences in SAZ depth can be

attributed to the work-hardening behavior of the materials. Figure D.3 shows the steel with lower work
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hardening behavior (960TCR) to correspond to a smaller SAZ, an observation that was consistent with
the work of S. B. Lee [144].

Figure D.5 shows the maximum grain rotation angle for five different steels analyzed by S. B.
Lee, and the range of rotation angles was consistent with those observed for the AsR, 960AT, and
960TCR conditions reported in Table D.1. S.B. Lee converted grain rotations to strain values, and
determined that strains much larger than the TE were achieved, and attributed the increasg@fductili
the sheared hole edge to the suppression of damage formation from the stress state generated during
shearing, and also stated a compressive stress was present during shearing [144]. Strainealues wer
calculated based on grain rotations for the AsR, 960AT, and 960TCR conditions using the method
outlined in [144], and are reported in Table D.1. For all three conditions, strains much raghtetfi E

were achieved in the SAZ.

Figure D.5 Light optical micrographs corresponding to the Low-C condition (top micrograph) ¢
the TRIP780 condition (bottom micrograph), and a plot of the maximum rotation an
for five different steels analyzed by Lee. The maximum rotation angle for both the
C (86.1 °) and the TRIP780 (58.2 °) conditions are reported on the plot. Figure ad:
from Lee [144].

The DP590 and TRIP590 steels in Figure D.5 were further studied by Lee, and Figure D.6 shows
light optical micrographs for the region adjacent to the sheared hole edge for DP590¢fit)pjaerd for
TRIP590 (lower left). On both SEM micrographs, a line is superimposed to illustrate the rdt#tien o
grains as the sheared hole edge is approached. The illustrative lines corresponding t@tpas watre

further analyzed in the plot (upper right of Figure D.6), where it can be seen that khetsteever
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work-hardening (DP590) exhibited a smaller SAZ, and was interpreted to be one factor in achieving a
higher HER [144]. Lee stated a smaller SAZ (less work-hardening) can minimize the amount & damag

volume, and result in improved HER.

Figure D.6 Light optical micrographs showing the region adjacent to the sheared hole edge fc
DP590 condition (top micrograph), and for the TRIP590 condition (bottom microgre
In the two micrographs, a black line is superimposed on the microstructures to illus
the flow of material induced by the shearing process. The black lines used for the
and TRIP590 conditions are also shown in the plot at the top of the figure. The DP
steel had a higher HER than the TRIP590 steel, and is believed to be due to a sme
SAZ depth, and the decreased work-hardening of the microstructure. Figure adapi
from Lee [144].

The void damage in the region adjacent to the sheared hole edge was also quantified for the AsR,
960AT, and 960TCR conditions, and void area pct was chosen as the parameter to characterize the
amount of void damage incurred from the shearing process. The entire sheared hole edge (to a depth of
90 P EHKLQG WKH VKHDUHG KROH HG 16SERIIni¢rdgraphl ib BSE itiddindd G X VL Q
An SEM micrograph from the longitudinal orientation of the region adjacent to the sheared hole edge is
shown in Figure D.7 for the AsR condition. Fifteen boxes are shown in Figure D.7, and represent the
approximate locations where SEM micrographs were acquired for void analysis. Images were acquired
using the JEOL 7000F FESEM using the same microscope parameters outlined in Sec. 4.11, and the
resulting micrographs were analyzed for void content using the method also outlined in Sec. 4.11
(Imaged). Figure D.8a shows an example SEM micrograph acquired from the region adjacent to the
sheared hole (darkened box in Figure D.7), and Figure D.8b represents the SEM micrograph after being

processed with ImageJ. The resulting void area pct values for the three conditions are reported i
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Table D.2. A low area pct of voids were observed for the three conditions (less than 1ipatjngnd
that high strains can be achieved with little associated void damage. The presence of very few voids i
consistent with the interpretation of Lee that the stress state during the hole shearsg)masce

compressive component, as very little damage is observed [144].

Figure D.7 SEM micrograph of the AsR condition showing the sheared hole edge (right). The
boxes represent locations where SEM micrographs were acquired for void analysis
longitudinal orientation is shown (thickness direction is vertical), and the specimen
etched with 2 pct nital.

(@) (b)

Figure D.8 SEM micrograph using BSE imaging of the region adjacent to the sheared hole
(indicated by the darkened box in Figure D.7) in (a), and the corresponding imag
produced when the micrograph in (a) was processed with ImageJ in (b). From tt
image in (b), the void area pct can be determined.

137



Table D.2 Void Area Pct for AsR, 960AT, and 960TCR Conditions. All Three Conditions Ex
Void Area Pct Values Below 1 Pct, Indicating Microstructural Damage is Largely Suppressed Di
Hole Shearing.

Condition  Void Area Pct

AsR 0.144
960AT 0.145
960TCR 0.091
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APPENDIX E
TENSILE PROPERTY CORRELATIONS
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Figure E.1 Plot of UE as a function of YS/UTS, showing a decrease in UE with less strain-

hardening. The solid circle represents the As-R condition, the solid diamonds repre
the TCR conditions (equivalent UTS), and the outlined squares represent the AT
conditions.
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