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ABSTRACT

Third-generation advanced high strength steels (3GAHSS) use the deformation-induced phase
transformation of austenite to martensite to enhance their properties during forming and in service.
However, deformation conditions may vary during these processes, which is problematic because the
martensitic phase transformation is intrinsically responsive to strain rate and temperature. This is known
to influence the balance of strain accommodation and strengthening via transformation-induced plasticity
and dislocation slip. This thesis explores the processing-property relationships that govern the performance
of 3GAHSS created with the Quenching and Partitioning (Q&P) process, with the goal of better
understanding the influence of deformation processing factors on the austenite stability and mechanical
performance.

Two grades of Q&P steel, having different fractions of ferrite and ultimate tensile strengths of 980 and
1180 MPa, were mechanically tested over a range of temperatures from 22 to 250 C and strain rates from
10 4 to 10% s !, while the martensitic transformation was tracked by a combination of X-ray diffraction
(XRD) and electron microscopy. In some instances, XRD was performed ex-situ with a lab diffractometer,
while in higher resolution experiments, XRD was performed in-situ using high-energy synchrotron light.
After fracture, spatially-resolved electron backscatter diffraction kernel average misorientation
(EBSD-KAM) analysis was performed to complement the bulk XRD data.

Several studies used ex-situ XRD to elucidate the effect of the martensitic transformation on the
mechanical properties, as a function of tensile specimen orientation and strain rate, respectively. The
orientation of tensile specimens relative to the rolling direction of the sheet appeared to strongly influence
the extent of the martensitic transformation, which may have been caused by crystallographic texture that
developed during cold rolling and Q&P heat treating. Meanwhile, increasing the strain rate appeared to
suppress the martensitic transformation, but it was unclear whether deformation-induced heating or the
strain rate increase was responsible. An additional experiment was performed using a thermal-mechanical
simulator, to decouple the influences of deformation-induced heating and strain rate on the martensitic
phase transformation. By the combination of ex-situ XRD and EBSD-KAM analysis, it was observed that
deformation-induced heating suppressed the martensitic transformation, while increasing the strain rate
promoted the transformation.

To resolve the martensitic transformation with greater spatial and temporal resolution, quasi-static
elevated-temperature tensile tests and dynamic-rate room-temperature tensile tests were performed, while

XRD data were collected in-situ using synchrotron light. Because the XRD was performed in-situ, the bulk
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mechanical response, as well as the amount of deformation-induced martensite, the stresses/strains on
individual phases, and the peak broadening due to the elastic strain fields of dislocations, were measured
concurrently. A strong temperature dependence of the martensitic transformation was observed, and the
highest quality fit against existing empirical models for the transformation was reached when the strain
partitioning between the phases was incorporated. The temperature dependence may have been linked to
both the driving force for the transformation and the number of available martensite nucleation sites.
Meanwhile, in the high-strain rate experiment, a clear dependence of the martensitic transformation on the
steel grade and strain rate was less obvious, because the fidelity of the measurements was limited by a

relatively low signal-to-noise ratio.
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CHAPTER 1
INTRODUCTION

1.1 Background

Demand for lighter and more e cient vehicles has resulted in a need for stronger, yet ductile, sheet
steels [1, 2]. Third generation advanced-high strength steels (AHSS) are candidate alloys for automotive
structural components, due to their enhanced combinations of strength and ductility. The intent is to use
AHSS grades in non-exposed high-strength structural components, such as in engine areas, pillar
reinforcements, and longitudinal rails [3, 4]. By replacing conventional automotive grades with AHSS,
structural components can be made thinner and lighter, with no compromise to performance in energy
absorption or penetration-resistant crash zones.

AHSS use the deformation-induced martensitic transformation (DIMT) of metastable austenite to
martensite to enhance toughness. Thus, it is critical to understand and control the transformation to
predict and maximize the mechanical performance in service. Although property combinations of AHSS
are frequently reported using quasi-static room temperature uniaxial tension tests, it is increasingly clear
that DIMT is responsive to extrinsic deformation processing factors, such as strain state, strain rate, and
temperature [5].

High-rate deformation behavior is relevant to both crash performance and sheet formability; for
instance, strain rates in automotive collisions range between 10> and 10* s ! [6]. Furthermore,
mechanical behavior at high strain rates is complicated by deformation-induced heating. Prior work at the
Colorado School of Mines by Poling and Clarke began to address these e ects [7{9]; however, it appears
that additional investigations could augment our understanding of austenite response to di erent strain
rates and temperatures, in order to more accurately predict the ow behavior during forming operations

and the crash performance of nished parts.
1.2 Hypothesis and Research Questions

The overarching hypothesis for this work is that: Extrinsic deformation processing factors, such as
sheet orientation, strain rate, and temperature, can be used to control the martensitic phase transformation
in Q&P steels during stamping operations. Understanding these mechanisms will enable optimization of
deformation processes to tailor the forming response and mechanical properties of stamped pari
systematically evaluate this hypothesis, three research questions, and sub-hypotheses for each research

guestion, were developed:



1. How are the deformation-induced martensitic transformation and the mechanical properties

responsive to (a) sheet orientation and (b) strain rate?

(a) Preferred crystallographic texture, developed from cold rolling and subsequent Q&P processing,
will in uence the kinetics of DIMT during uniaxial tests of specimens oriented in di erent directions
relative to the rolling direction. (b) Increasing strain rate will have the e ect of reducing the kinetics

of DIMT, because deformation-induced heating will reduce the driving force for transformation.

2. (a) Is the strain rate sensitivity of the martensitic transformation due to deformation-induced heating
alone, or a combination of independent strain rate and temperature e ects? (b) If there is a strain
rate e ect that is independent of temperature, then can this e ect be measured at strain rates above

the adiabatic threshold?

(a) Because the strength of ferrite/martensite is known to increase with increasing strain rate, strain
will be preferentially partitioned to austenite as the strain rate is increased. This strain partitioning
will lead to more rapid DIMT as a function of bulk applied strain. Thus, there will be an
independent e ect of strain rate on DIMT. (b) For strain rate increases above the adiabatic
threshold, for instance while increasing the strain rate from 10 to 10° s 1, DIMT will be enhanced,

while the deformation-induced temperature rise will remain constant.

3. (a) Is the martensitic transformation sensitive to temperature over the range of 25 to 250C?
(b) If so, is there an argument for using warm forming to tailor the martensitic phase transformation

for improved performance during sheet forming and in service?

(a) Increasing forming temperature from 25 to 250°C will decrease the thermodynamic driving force
for DIMT, thereby suppressing DIMT in uniaxial tension. (b) The temperature dependence of DIMT
will in uence the forming response. Increasing the temperature will reduce the strain hardening
capacity of the steels, because austenite will be increasingly stable and therefore less available to

facilitate TRIP.
1.3 Thesis Overview

This document is organized to address the research questions proposed above. First, a review of the
literature in presented in Chapter 2. Next, Chapter 3 describes the sample preparation techniques that were
used. Chapter 4 describes the way each experiment aimed to answer the research questions. Each of the
ve experiments conducted in this project are organized into separate Chapters, 5-9. Finally, the research

guestions are revisited, along with some conclusions and suggestions for future work in Chapter 10.



CHAPTER 2
LITERATURE REVIEW

In order to guide the design of experiments associated with this thesis work, this chapter aims to clarify
the state of the art in the design and processing of advanced high strength steels (AHSS), with the
intention of enhancing performance during sheet forming and in service. The review begins with a
discussion of the topical relevance of AHSS. Next, the complex relationship between the presence of
metastable retained austenite and the mechanical properties of AHSS is discussed, considering the e ects
of temperature, strain rate, and strain state. Finally, modern methods to characterize the volume fraction

of austenite (V ) and the dislocation density ( ) in AHSS are introduced.
2.1 Strain Accommodation and Strengthening Mechanisms in AHSS

AHSS are sophisticated grades that employ multiphase microstructures and various strengthening
mechanisms to achieve a range of strength and ductility combinations. Multiple phases contribute to
increased strength and ductility in ways not attainable with conventional high-strength steels, such as bake
hardenable (BH) and high-strength low-alloy (HSLA) steels. First and second-generation AHSS include the
dual-phase (DP), complex-phase (CP), ferritic-bainitic (FB), martensitic (MS), transformation-induced
plasticity (TRIP), hot-formed (HF), and twinning-induced plasticity (TWIP) grades [10].

In AHSS, enhanced mechanical properties are achieved through the presence of a hard phase in a more
ductile matrix. Tanaka et al. suggested that the size, shape, and dispersion of hard and non-deforming
particles increases the hardening behavior of metal by forming internal stress elds, due to the strain
incompatibility between the hard and soft phases [11]. Although all AHSS grades employ multiphase
microstructures to promote strength and ductility, some AHSS grades employ an additional strengthening
mechanism known as the transformation-induced plasticity (TRIP) e ect. The TRIP-e ect is activated by
the deformation-induced martensitic transformation (DIMT) of retained austenite to hard martensite.
Therefore, TRIP steels leverage the formation of the hard martensite phase during deformation to increase
the work hardening rate with increasing strain [10]. The TRIP-e ect is rationalized by the concurrent
selection of martensite variants {/ia the Magee e ect [12]) and the the generation of new dislocations in the
adjacent untransformed austenite {ia the Greenwood-Johnson e ect [13]).

The activation of the TRIP-e ect results in strain hardening properties that are generally improved
over austenite-free AHSS grades, such as DP steels. For instance, Keekdral. compared the tensile

performance of a DP and TRIP steel having similar yield strengths, but the TRIP steel exhibited a



substantially enhanced work hardening rate (Figure 2.1) [10]. Because the stability of austenite in AHSS
a ects characteristics such as strain hardening, ultimate tensile strength, and ductility, it is prudent to
understand how austenite stability is impacted by factors such as strain rate, strain path, ambient
temperature, deformation-induced heating, alloying, microstructure, and thermal processing. One of the
goals in developing third-generation AHSS is to control austenite stability and volume fraction, in order to

optimize the mechanical performance [14].

Figure 2.1 TRIP 350/600 with a greater work hardening rate and total elongation than DP 350/600 and
HSLA 350/450. The data used to generate this gure was replotted from Keeleret al. [10].

To illustrate the e ect of austenite stability on strength-ductility combinations, Matlock et al. created
hypothetical steels with varying austenite stabilities, based on the austenite stability function by Olson and
Cohen [14, 15]. The four austenite stabilities used in modeling, with A being the most stable and D being
the least stable, are presented in Figure 2.2(a). The modeling approach considered ferrite/martensite plus
metastable austenite composites with initial austenite content varied between 0 vol pct and 85 vol pct. The
microstructures lacking austenite resulted in ultimate tensile strengths below 400 MPa and uniform
elongations of 35 pct. Microstructures with high amounts of austenite exhibited improved ultimate tensile
strengths, while ductility depended on the austenite stability. The predictions, superimposed over the
ultimate tensile strength and uniform elongation performance of traditional steel grades in Figure 2.2(b),
suggest that the most e ective strength and ductility combinations are achieved with high volume fractions
of relatively stable austenite [16]. These predictions suggest that careful control of austenite stability and
amount can produce sheet steels with mechanical properties comparable to those with costlier alloying

approaches, such as austenitic stainless steels.



Figure 2.2 Projected e ect of austenite stability and strain on the mechanical properties of several
hypothetical ferrite + metastable austenite steels. (a) E ect of austenite stability on the
deformation-induced martensitic transformation (DIMT). (b) Predicted mechanical performance for the
hypothetical steels, superimposed over the properties of common steel grades. The data used to generate
this gure was replotted from Matlock et al. [14].

2.2 Thermodynamics of the Deformation-Induced Martensitic Transformation

In the previous section, the e ect of DIMT on the mechanical properties of AHSS was discussed,
considering the TRIP-e ect. However, classic papers pertaining to the martensitic transformation were not
discussed in detail. In this section, several fundamental papers are recalled.

The contribution of Bain to the understanding of the mechanism and kinetics of martensitic
transformations is immense, and well documented by Paxtoret al. [17]. In 1925, Bain reported that
guench severity from the austenite phase eld exhibited critical in uence on the amount of retained
austenite, with the amount of retained austenite decreasing with increasing quench severity [18]. This
corroborated Bain's theory that a lack of C \migration" was critical for martensite formation [19, 20]. Bain
proposed that martensite transformation occurs with both a homogeneous strain and corresponding lattice
invariant deformation (twinning or slip) [21, 22].

In 1930, Davenport and Bain \proposed the addition of a time factor to the Fe-C diagram”, with the
curves presently known as Time-Temperature-Transformation (TTT) diagrams [23]. In 1939, Bain showed
the e ects of certain alloying additions on the austenite phase eld (Figure 2.3) [24]. Alloying additions
which expanded the austenite phase eld, thereby lowering the equilibrium transformation temperature of
austenite and ferrite, were labeled austenite stabilizers€.g., Mn, Ni, and C). This is shown by the

austenite phase eld boundaries in Figure 2.3, where the dotted line represents a mixture of Fe-C, while



the solid lines represents Fe-C with increasing amounts of Mn. By reducing the temperature at which
austenite and ferrite exist at thermodynamic equilibrium, the driving force for the martensitic

transformation at ambient temperatures is reduced.

Figure 2.3 Mn additions expand the austenite phase eld to lower temperatures in a carbon steel. This plot
was reused from Bain [24].

A schematic of the Gibbs free energy G) curves for austenite and martensite is shown in Figure 2.4(a)
after Krupp et al. [25]. G for both phases decreases with increasing temperature, with the slope of th®
being steeper than theG curve in this regime, leading to stabilization of austenite at temperatures
greater than Ty, and stabilization of martensite or ferrite at temperatures less thanTy. Upon cooling to
below Ty, there is a driving force for the martensitic phase transformation ( G). At the martensite start
temperature (M), a small fraction of martensite is formed. Meanwhile, at the martensite nish
temperature (M; ), all austenite is transformed to martensite. Shear deformation of the austenite increases
G , which increases the driving force for transformation, because the total driving force includes both a
thermal component ( Giermar ) @nd a mechanical component ( Gmecn ). The deformation-induced
martensite temperature (M4) describes a temperature at which martensite forms under an applied stress
( ) or strain ("). Increasing the size of the austenite phase eld, for instance, by adding an austenite
stabilizer to the alloy, would decrease theG curve, which would reduce theM¢, Mg, My, and Ty. For
instance, in low carbon steelsMs 500 C, but increasing the concentration of C decreases thé/l;, Mg,

and Ty as shown by Porter and Easterling in Figure 2.4(b) [26].



Figure 2.4 (a) Gibb's free energy G) curves for austenite ( ) and martensite ( ), considering the thermal
driving force ( Giermar ) and the mechanical driving force from deformation ( Gmech ). (b) Fe-C phase
diagram with M¢, Mg, and Ty superimposed. These plots were reused from Kruppt al. [25] and Porter
and Easterling [26] with permission of the publishers (see Appendix F).

2.3 The Quenching and Partitioning Heat Treatment Process

Quenching and partitioning (Q&P) steels are low-alloy steels which are processed using the Q&P heat
treatment process. The Q&P process has the e ect of creating highly re ned martensite-based
microstructures containing austenite and sometimes ferrite or bainite. Q&P microstructures are formed by
partial formation of martensite during a quench, followed by enrichment of the remaining austenite with
carbon during a partitioning step [27]. The Q&P process is shown schematically in Figure 2.5. After
austenitizing, the steel is quenched to a quench temperature@T) below the M to form dispersed
martensite. The fraction of martensite that is formed during the initial quench is determined by the QT
and M [7]. A modi ed version of the Andrews equation has been used to predict theM s for Q&P
steels [28, 29]. The resulting volume fraction of martensite in plain carbon steels is related to th@T and
Mg by the Koistinen-Marburger relationship [30]. Modi ed equations for selecting the QT for Q&P steels
containing C, Mn, Si, Cr, and B were proposed by Sect al. [31]. Following the quench, partitioning at
elevated temperatures P T) causes carbon to di use from the martensite to the remaining austenite,
thereby stabilizing the austenite at room temperature. Partitioning thermal pro les are designed such that
the di usion of carbon is promoted, while the di usion of substitutional elements such as Si and Mn is
usually limited, leading to typical partition temperatures, PT < 450°C, and times, Pt < 1000 seconds [7].
Partitioning temperatures are selected on the basis of promoting carbon di usion, while suppressing the

decomposition of the retained austenite to bainite and the di usion of larger alloying elements.



Figure 2.5 Schematic of the Q&P process.This gure was reused from Wang and Speer [32] with permission
of the publisher (see Appendix F).

Besides modi cation of QT, PT, and Pt, additional levers for controlling the microstructure of Q&P
steels exist. First, carbide formation must be suppressed to promote carbon di usion into austenite to
promote stability [27]. Suppression of carbide formation is often performed by alloying with Si and Al.
Some consider Si to prevent the precipitation of transition carbides by modifying precipitation
kinetics [32{35], but its exact contribution to microstructure development is under debate. Kim et al.
observed that carbide precipitation occurred in both low and high-Si grades, but the addition of Si
stabilized the austenite phase during the partitioning stage by favoring the partitioning of C from
martensite to austenite grains [36]. Alloying with Al has been shown to suppress carbide formation at the
sacri ce of reducing the austenite fraction and the tensile elongation [37]. In addition to suppressing
carbide formation, compositions must be tailored to promote the stability and amount of austenite.
Beyond C partitioning, Mn is often employed for this task, leading to traditional Q&P grades containing
several wt pct Mn. Increasing the Mn content from 2.5 to 3.0 wt pct was observed to increase the uniform
elongation at the expense of reducing the ultimate tensile strength, presumably due to an increased volume

fraction of austenite and a reduced volume fraction of martensite [38].
2.4 E ects of Deformation Processing Factors on the Martensitic Phase Transformation

The design criteria for AHSS have historically been based around simple material properties, measured
using quasi-static tensile tests at room temperature. For instance, material property combinations of AHSS
are frequently discussed using an Ashby chart of strength and ductility, endearingly called theBanana
Chart. A recent review by Hu and Thomas [5] observed that for rst-generation AHSS (containing

combinations of ferrite and martensite with no appreciable amount of austenite), deformation processing



factors like strain rate and temperature did not strongly in uence the property combinations. Rather, the
property combinations were controlled by the microstructure, e.g., the ratio of martensite to ferrite. As
austenite-containing AHSS were developed to enhance propertiesa the TRIP-e ect, material properties
became increasingly responsive to deformation processing factors like strain rate, temperature, and strain

state [5]. This section will explore the basis for these behaviors.
2.4.1 Temperature

Two variations of DIMT have been observed in steels, which are activated at various temperatures
relative to M, (Figure 2.6(a)), a material property related to the stability of the austenite existing in the
steel. At temperatures belowM , DIMT is thought to be stress-assistedwhere an applied stress enhances
the kinetics of martensite formation on preexisting nucleation sites [39]. During stress-assisted
transformation, yielding of the austenite progressesvia the martensitic transformation, and can occur in
the absence of dislocation slip. At temperatures aboveM ¢, DIMT is thought to be strain-induced, where
nucleation sites formed during plastic deformation trigger nucleation. Richman and Bolling showed that
the precise value ofM¢ can be determined by analyzing the nature of plastic yielding as a function of
temperature, because stress-assited DIMT is associated with yield drops and/or serrated yielding at the

onset of plasticity [40].

Figure 2.6 (a) Schematic representation of martensite nucleation as a function of temperature, witiM ¢
dividing the stress-assisted and strain-induced transformation regimes. (bM, temperature measurement
for a Q&P candidate alloy. An Mg temperature of 10 C was obtained. (a) and (b) were reused from
Olson and Morris [41] and De Mooret al. [42] with permission (see Appendix F).

Because continuous and non-serrated yielding is desired for formability and performance, Q&P steels
are designed so that theM is lower than the minimum temperature reached during service. For instance,

De Moor et al. performed tensile tests at various temperatures, and showed thaM, was 10 C for a



candidate Q&P alloy [42] (Figure 2.6(b)).

Since Q&P steels are designed to exhibit atM ¢ that is nominally lower than the ambient temperature
during service, strain-based kinetics models are most frequently used to capture the progression of DIMT
during deformation processes. One prevailing model, proposed by Olson and Cohen (OC) [15], assumed

that shear bands acted as the primary sites for martensite nucleation:

fo=f. Ol exp( [1 exp( ")) (2.1)

Where represents the rate of shear band formation, represents the likelihood of a potential nucleation
site forming a martensite embryo, andn is a material-dependent constant. Olson and Cohen reported that
both and should decrease as a function of increasing temperature, due to increases in the stacking fault
energy and decreases in Gyermal , respectively. Figure 2.7 demonstrates the e ect of changing each

parameter on the amount of DIMT predicted by the OC model.

Figure 2.7 E ects of changing (&) , (b) , and (c) n in the Olson and Cohen mechanistic model for
strain-induced martensitic transformation [15].

Less granular strain-based models have been proposed, which do not attempt to di erentiate between
the number of nucleation sites and the likelihood of forming an embryo. For instance, the empirical
Burke-Matsumura (BM) model attempts to capture the DIMT kinetics with only one austenite stability
parameter, k [43, 44]:

f. =0

" e ) =2

Where p is a material-dependent constant that relates to the auto-catalytic propagation of strain-induced

martensite [45]. An extensive review of the strain-based models was provided by Samek al. [45];

10



	Abstract
	Table of Contents
	List of Figures
	List of Tables
	Acknowledgments
	Introduction
	Background
	Hypothesis and Research Questions
	Thesis Overview

	Literature Review 
	Strain Accommodation and Strengthening Mechanisms in AHSS
	Thermodynamics of the Deformation-Induced Martensitic Transformation
	The Quenching and Partitioning Heat Treatment Process
	Effects of Deformation Processing Factors on the Martensitic Phase Transformation
	Temperature
	Strain Rate
	Strain State

	Methods to Measure Austenite Volume Fraction
	Spatially Resolved Microscopy
	Bulk Diffraction Analysis

	Methods to Analyze Dislocation Content
	Transmission Electron Microscopy (TEM)
	Electron Backscatter Diffraction (EBSD)
	X-Ray Diffraction Line Profile Analysis (XRD-LPA)


	Experimental Methods
	Metallurgical Sample Preparation
	Zinc Coating Removal
	Microscopy Sample Preparation
	X-Ray Diffraction Sample Preparation

	Light Optical Microscopy
	Scanning Electron Microscopy
	X-Ray Diffraction using a Lab Diffractometer

	Experimental Design
	Introduction
	Experimental Steels
	Overview of Experiments
	Experiment A: Austenite Stability and Strain Hardening as a Function of Strength Level and Sheet Orientation
	Experiment B: Strain Rate Dependent Ductility and Strain Hardening in QP980-1.4-B
	Experiment C: Decoupling the Impacts of Strain Rate and Temperature on TRIP in QP980-1.4-A
	Experiment D: Resolving the Martensitic Transformation in-situ at Dynamic Strain Rates Using Synchrotron X-Ray Diffraction
	Experiment E: Elucidating the Temperature Dependence of TRIP Using Synchrotron X-Ray Diffraction, Constituent Phase Properties, and Strain-Based Kinetics Models


	Experiment A: Austenite Stability and Strain Hardening as a Function of Strength Level and Sheet Orientation 
	Abstract
	Introduction
	Materials and Methods
	Results
	Microscopy of Q&P Microstructures
	Tensile Deformation and Strain Hardening Behavior
	Martensitic Transformation During Deformation

	Discussion
	Conclusion
	Acknowledgements

	Experiment B: Strain Rate Dependent Ductility and Strain Hardening in QP980-1.4-B 
	Abstract
	Introduction
	Materials and Methods
	Results
	Interrupted Tensile Testing
	Deformation Response at Various Strain Rates
	Deformation-Induced Heating
	Deformation-Induced Transformation of Austenite to Martensite
	Fractographic Analysis

	Discussion
	Strain Rate Sensitive TRIP-Effect in QP980-1.4-B
	Mechanical Performance and DIMT in TRIP-Assisted AHSS
	Recommendations for Future Research

	Conclusions
	Acknowledgements
	Author Contributions

	Experiment C: Decoupling the Impacts of Strain Rate and Temperature on TRIP in QP980-1.4-A 
	Abstract
	Introduction
	Materials and Method
	Results and Discussion
	Conclusions
	Acknowledgements
	Author Contributions

	Experiment D: Resolving the Martensitic Transformation in-situ at Dynamic Strain Rates Using Synchrotron X-Ray Diffraction
	Abstract
	Introduction
	Methods and Materials
	Results and Discussion
	Conclusions
	Acknowledgements

	Experiment E: Elucidating the Temperature Dependence of TRIP Using Synchrotron X-Ray Diffraction, Constituent Phase Properties, and Strain-Based Kinetics Models
	Abstract
	Introduction
	Experimental Procedure
	Experimental Materials
	Mechanical Testing
	In-Situ High Energy X-Ray Diffraction (HEXRD)
	Post-Fracture Characterization

	Results
	Bulk Mechanical Response
	Resolving Martensitic Transformation Kinetics as a Function of Bulk Plastic Strain
	Individual-Phase Stresses and Stress Partitioning in the Context of the Martensitic Transformation
	Strengthening Contribution of TRIP
	Microstructure and Crystallographic Texture Evolution
	Fractographic Analysis

	Discussion
	Measuring Constituent Phase Properties in AHSS using HEXRD
	Effect of Stress Partitioning on DIMT Kinetics
	Influence of Dynamic Strain Aging
	Competing Microstructure Development Processes at Elevated Temperatures
	Adjusting Temperature During Sheet Forming to Tune the Stability of Austenite and the Mechanical Properties

	Conclusions
	Author Contributions
	Acknowledgements

	Summary and Conclusions
	Summary of Methods
	Summary of Results
	Recommendations for Future Work

	References
	Observation of Yield Points During Interrupted Tension Tests of AHSS
	Yield Point Phenomena in QP980-1.4-B
	Procedure
	Effect of Deformation Pathway on Mechanical Behavior

	Yield Point Phenomena in a Metastable Austenitic Stainless Steel

	An Example of the Use of X-Ray Diffraction Line Profile Analysis
	Interrupted Tensile Testing to Create Microstructures with Controlled Effective Strains
	X-Ray Line Profile Fitting and Correction for Instrumental Broadening
	Correction for Elastic Anisotropy
	Strain Accommodation by Multiple Mechanisms: Dislocation Motion and DIMT

	Evaluating the Propensity for Austenite Decomposition and Carbon Partitioning During Static Aging at 250 Degrees Celsius 
	Code Repository
	Load Frame Compliance Adjustment Script
	Austenite Volume Fraction Computation Function
	Digital Image Correlation Hardware Trigger

	Design of a Robust Stereo-DIC System for the ITC SP400 Forming Press 
	Justification for Designing a Custom System
	Basic System Requirements
	Mounting Structure
	Camera and Lens Selection
	Lights and Polarizing Filters
	Speckle Pattern Optimization
	Trigger System for Synchronous Image Acquisition
	Software Trigger with USB 3.0
	GPIO-Based Software/Hardware Hybrid Trigger in Controller Responder Configuration
	Arduino Based Hardware Trigger in Responder Responder Configuration

	Example of a Formability Test of QP980-1.4-A using the DIC System

	Copyright Permissions

