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ABSTRACT

Third generation advanced high strength steels, such as quenched and partitioned (Q&P) steels are a

favorable candidate for downgauging of high strength components in the automotive industry for fuel

savings. Having complex microstructures, Q&P steels contain metastable austenite that will go through

the deformation-induced transformation during straining. Metastable austenite in these steels will go

through a transformation during deformation to martensite, providing an increase in instantaneous strain

hardening rate, increasing strength, and delaying localization. This transformation during deformation is

dependent on the stability of the austenite, with stability being tied to intrinsic and extrinsic variables of

the system. Investigation into the effect of prior processing, such as starting microstructure and cold

reduction, was performed as a way to change the transformation behavior of the austenite present in

advanced high strength steels.

A new approach using thermodynamic modeling was performed to assess the effects of macroscopic

banding present in Q&P steels, due to their Mn content, on the effect of the amount of retained austenite

predicted in an as-heat treated microstructure. Accounting for Mn banding that is present after

solidification, the informed model predicts lower retained austenite fractions, with a range of temperatures

producing the theoretical maximum amount of retained austenite. Likewise, the model predicts two

chemical distributions of austenite, indicating a distribution in stabilities.

Leveraging different microstructures prior to Q&P heat treatment was performed to change the

austenite behavior during deformation. Two microstructures were used for Q&P processing, a

ferrite-pearlite microstructure, and a martensitic microstructure. By changing the length scale of diffusion,

and homogenizing carbon through the initial microstructure, mechanical properties can be varied, with

ultimate tensile strengths ranging from 980 - 1070 MPa, and uniform elongations ranging from 7 - 20 pct.

Synchrotron X-Ray diffraction was used as a method to monitor austenite fraction in situ during

straining of a 304 stainless steel, to evaluate transformation behavior in absence of microstructure

neighborhood stability effects. This was coupled with ex situ electron backscatter diffraction imaging to

evaluate the texture present. It was observed that the transformation behavior between the tensile axis in

the rolling direction and transverse direction of the sheet differed, despite little difference in their

mechanical properties. It was also found that regardless of starting condition, the 111)
 pole was

preferentially aligned with the tensile axis after deformation, indicating that this orientation may have a

stabilizing effect on the austenite present.
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CHAPTER 1

INTRODUCTION

1.1 Background and Relevance

In the mid-eighteenth century, transportation across the North American colonies was largely limited

due to stationary people, small colonies, and an inadequate road network [1]. At this time, trade was

accomplished via waterways, as it was timelier and more cost-e�ective than the other options available. As

the colonies worked to gain their independence, there was a push to transport militia and goods through

intercoastal rivers, as the British largely controlled the Atlantic waterways. As the push to land travel

continued, the need for carriages to move goods and artillery was not recognized until early years of the

revolution [1]. In 1794, a toll road opened in Pennsylvania allowing for safer and faster travel between

Lancaster and Philadelphia. The need for graded roads quickly gained popularity, with Cumberland road

being built in 1811: the �rst road to cross the Appalachian Mountains [2]. By the 1820s, thousands of

kilometers of road had been built for land transport of goods through the continental United States.

Following the war, technological advances aided in the transition between transportation modes, with the

invention of steamboats, allowing travel over areas with currents previously too strong to pass; followed by

the age of the locomotive, also known as the \iron horse," being able to carry goods long distances in

timely manners [2]. With the invention of the automobile, also known as the \horseless carriage," people

had a new-found freedom in their transportation, being able to cover long distances with the 
exibility to

do it on their own schedules [3]. This luxury soon became popular, with more and more people owning and

using personal vehicles. The original vehicles produced were heavy, ine�cient with their fuel consumption,

and lacking in safety features. As vehicles gained popularity, people became increasingly more comfortable

driving at high speeds, requiring the safety features of vehicles to be improved. According to the National

Highway Tra�c Safety Administration, there were 36,835 fatalities due to motor vehicle accidents in 2019

[4]. In that same year, the Environmental Protection Agency (EPA) reported that on-road vehicles

accounted for 74.5 pct of greenhouse gas emissions for the U.S. transportation sector [5]. With emission

requirements for vehicles becoming more stringent, automotive manufacturers have opted to lightweight

vehicles to increase fuel economy, but must do so in a manner that preserves passenger safety. This

driver-caused innovation in the metals industry has led to the production of high strength materials to

downgauge the structural components of automobiles, all while keeping manufacturing costs low [6].

In 2003, Speeret al. proposed a fundamentally new way to process steels, creating high strength steels

with acceptable formability while keeping alloying costs low [7]. This was done by creating a complex,
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multiphase microstructure with retained austenite that transforms during deformation resulting in delayed

localization and fracture. This process consists of heat treating a low carbon steel, either intercritically or

with a full austenitization, a quench between martensite start (Ms) and martensite �nish (M f ) to create a

desired amount of martensite, and holding at a partitioning temperature to partition carbon out of the

fresh martensite into the austenite remaining. These microstructures contain intercritical ferrite (if

intercritically annealed), retained austenite, primary martensite, and secondary martensite and are done on

alloys with manganese (Mn),silicon (Si), and aluminum (Al) additions, Mn for austenite stability and Si

Al for suppression of carbides.

The transformation behavior of metastable austenite to martensite during deformation can depend on

both intrinsic and extrinsic factors, such as: strain rate, strain state, strain path, temperature,

microstructure, and pressure. However, each of these variables can a�ect another, so it is di�cult to

deconvolute one in the propensity of austenite to martensite transformation. Due to this, there is a large

e�ort within the scienti�c community to study the deformation induced martensite transformation (DIMT)

in third generation advanced high strength steels. This need for understanding of the e�ects of these

factors on DIMT leads to the following hypothesis and research questions driving the work presented here.

1.2 Hypothesis and Research Questions

Hypothesis: Through leveraging the prior microstructure phases and morphology, austenite stability

can be leveraged for di�ering mechanical behaviors.

1. Can structural banding present from solidi�cation explain the retained austenite fractions seen in as

heat treated Q&P microstructures?

Sub-hypothesis: Segregation of Mn during solidi�cation causes Mn rich and Mn lean regions of the

microstructure, a�ecting intercritical annealing kinetics and amount of austenite retained in a region

through Q&P processing.

2. How does eliminating the structural banding from furnace cooling and cold rolling change the

austenite present in Q&P steels microstructures?

Sub-hypothesis: Eliminating structural banding through creating a martensitic microstructure will

allow carbon to homogenize through the microstructure, distributing carbon through the high Mn and a

low Mn regions, creating chemical multiple stabilities of austenite.

3. How does eliminating structural banding from furnace cooling and cold rolling change the

transformation behavior of austenite in Q&P steels?
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Sub-hypothesis: Eliminating structural banding will distribute carbon through the microstructure,

allowing for both high and low Mn regions to undergo a Q&P heat treatment with an intercritical

anneal. Therefore, the banded material will have higher carbon regions due to insu�cient

redistribution, creating steels with higher yield strengths.

4. Can crystallographic texture of austenite indicate a propensity for transformation to martensite

during deformation?

Sub-hypothesis: If a crystallographic texture of austenite with respect to loading direction of a sheet is

preferentially stable, then the processing of steels can be designed for enhanced austenite stability.
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CHAPTER 2

LITERATURE REVIEW

2.1 Industrial Relevance

Over the past few decades, in an attempt to lightweight vehicles while maintaining passenger safety, the

automotive industry has looked to downgauge components for weight and cost savings. While doing so, the

structural integrity of the vehicle must maintain intact, therefore the strength of the material must increase

to maintain the load bearing capacity that is necessary for the design [8]. Material selection can be aided

by Ashby plots, in which material grades are plotted with respect to two of their properties, the ones of

interest in this case being ultimate tensile strength (UTS) and uniform elongation (UEL). An Ashby plot

for advanced high strength steels is shown in Figure 2.1.

Figure 2.1 Tensile strength vs. uniform elongation for conventional steels (interstitial free (IF), Mild, IF
high strength (IF-HS), bake hardenable (BH), carbon-manganese (CMn+), high strength low alloy
(HSLA)), AHSS (transformation induced plasticity (TRIP), dual phase and complex phase (DP, CP)
martensitic (MS), and twinning induced plasticity (TWIP) steels), second generation steels consisting of
austenitic stainless steels, and third generation steels listed. From Hall and Fekete with permissions (See
Appendix E) [8].

Generally, conventional steels do not contain austenite, AHSS may contain metastable austenite

depending on the grade, and second generation steels may contain large amounts of austenite within their

microstructures. To hit property targets, the amount and stability of retained austenite is important to

quantify and understand. It has been determined that austenite stability can be generalized into four

broad categories of both intrinsic and extrinsic variables: chemical stability, thermal stability, mechanical

stability, and microstructural stability and are addressed in further detail in Sections 2.5.1, 2.5.2, 2.5.3,

2.5.4 respectively. Chemical stability refers to retained austenite composition. Thermal stability is related
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to chemical stability, as it is also related to Ms temperature, however thermal stability of austenite also

refers the kinetics of the phase transformations that cause decomposition of austenite. Mechanical stability

refers to austenite stability during deformation, considering factors such as strain state, strain rate, and

strain path. Microstructural stability refers to the physical constraints that are imposed on austenite due

to the surrounding microstructure constituents (e.g. ferrite, martensite), crystallographic texture of

austenite, and grain size of austenite, and is closely related to the mechanical stability. Each category of

austenite stability will be discussed in more detail in subsequent sections; however, it should be noted that

the categories often overlap and relate to one another. Heat treatment methods to achieve complex,

multiphase microstructures with retained austenite include austempering (i.e., TRIP, TRIP bainitic ferrite

(TBF), etc.) and quenching and partitioning (Q&P) heat treatments.

2.2 Heat Treatments to Create Retained Austenite

As mentioned previously, unless alloyed, austenite is not stable at room temperature. To generate

microstructures with austenite retained to ambient conditions in low alloy steels, speci�c heat treating

routes can be employed. The two main heat treatments are used to create microstructures with retained

austenite in low carbon steels: austempering treatments and Q&P heat treatments. These methodologies

di�er in the method of which carbon is paritioned to austenite during heat treatment.

Austempering heat treatments, also known as TBF heat treatments, consist of intercritically annealing

or fully austenitizing steel, followed by a quench to intermediate temperatures where bainite formation is

expected [9]. During this hold, carbide free bainite forms, allowing the carbon to be partitioned into

retained austenite. This enriches carbon in austenite, increasing chemical stability and allowing increased

volume fractions to be retained at room temperature. Microstructures created using this heat treatment

method consist of carbide free bainite, retained austenite, intercritical ferrite (if the steel was intercritically

annealed rather than fully austenitized), and some fresh (untempered) martensite if the austenite was not

su�ciently stabilized prior to the �nal quench. Steels that contain intercritical ferrite tend to exhibit lower

strengths and higher ductility than their fully austenitized counterparts [9].

Q&P heat treatments, although similar to TBF treatments, are proposed to enrich austenite using a

di�erent mechanism. Q&P heat treatments consist of austenitizing or intercritically annealing, followed by

a quench to a temperature between Ms and Mf , allowing a speci�c amount of martensite to form based on

the amount of undercooling from the Ms temperature. The amount of martensite is estimated using the

Koistinen-Marburger equation

f � 0 = 1 � exp(� � (M s � QT)) (2.1)
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where f� 0 is the fraction martensite created on the quench,� is a �tting parameter related to the chemical

composition, Ms is the martensite start temperature, and QT is the quench temperature [10]. After the

quench, the steel is held at the QT or is immediately reheated to a partitioning temperature and held for

some time, usually a few seconds to a few minutes. During this hold, carbon is allowed to partition from

martensite to austenite, enriching the austenite so that it is su�ciently stabilized to be retained at room

temperature. In some cases it has been shown that bainite formation may occur during the partitioning

step as well [11{13]. Likewise, it has been observed that incomplete carbide dissolution during

austenitization and carbide precipitation during partition may occur [14, 15]. The process is shown

schematically with a schematic of the microstructure evolution overlaid in Figure 2.2.

Figure 2.2 Schematic of the Q&P heat treating process and schematics of the microstructure evolution
through heat treating. The heat treatment shown consists of heating to a temperature above Ae3 where
the material will be fully austenitic, followed by a quench between the Ms and Mf temperatures, where an
amount of martensite is created and can be estimated by the Koistinen and Marburger equation. The steel
is then heated to a partitioning temperature where carbon partitions out of martensite, into austenite,
followed by a �nal quench to room temperature. On this quench, austenite that was not su�ciently
stabilized during the partitioning treatment may transform to fresh martensite.

The partitioning of carbon is proposed to be governed by the constrained carbon equilibrium (CCE)

conditions described by Speeret al. [7]. An analysis of the assumptions made by Speeret al. when initially

proposing Q&P processing and competing mechanisms are outlined in Section 2.3. The Q&P heat

treatment method generates microstructures consisting of martensite, retained austenite, intercritical

ferrite, if intercritically annealed, and perhaps some bainite and carbides. Like TBF steels, those with

intercritical ferrite tend to be lower strength and higher ductility than their fully-austenitized counterparts.
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2.3 Quenching and Partitioning Assumptions

Q&P processing has been adopted as a method of creating high strength, formable steels while

remaining low in alloying. This is done through partitioning carbon from martensite to austenite, creating

a high carbon austenite that can exist at room temperature. When initially proposed, the theoretical

maximum amount of retained austenite that could be created from a Q&P treatment was estimated and

modeled using CCE. In doing so, several assumptions about the process were made consisting of: a

stationary interface between martensite and austenite during partitioning, no partitioning of substitutional

alloying elements during partitioning, no competing mechanisms such as bainite, carbides, and carbon

trapping at dislocations, and a chemically homogeneous bulk.

In the original Q&P theory, the simplifying assumption was made that substitutional elements do not

partition between martensite and austenite due to their sluggish di�usion at the partitioning temperatures

[7]. It has been shown that substitutional elements, such as Si, Mn, and chromium (Cr), do partition to

some degree during the Q&P process [16, 17]. Behera and Olson have shown that as partitioning

temperature increases, the Mn partitioning across the boundary increases, resulting in more Mn on the

austenite side of the interface with increasing partitioning temperatures [16]. Seoet al. have also shown

that Mn will partition into austenite and enrich the austenite side of the austenite/martensite interface

using 3D atom probe. As Mn is a austenite stabilizer and has higher solubility in austenite than ferrite, it

will therefore preferentially enrich the austenite side of the interface. As the Mn content increases at the

interface, the activity of C decreases, increasing austenite stability and suppressing decomposition into

bainitic ferrite during partitioning [18]. This work also demonstrated the partitioning of Si to the interface

of martensite/austenite boundary.

Cementite formation is assumed to be suppressed kinetically during partitioning due to alloying with Si

and aluminum (Al) for the analysis done by Speeret al. [7]; however, carbide formation has been observed

during Q&P processing. Carbide precipitation in the matrix limits the amount of carbon available for

partitioning to stabilize austenite, which in
uences the �nal properties of the steel [14]. Toji et al. found

that when accounting for carbide precipitation, the fraction of martensite in the matrix decreases, as well

as the carbon in the retained austenite [14].

Lower-than-predicted austenite carbon content has been observed in many Q&P studies [11, 15, 19{23].

HajyAkbary et al. states that � -carbide is di�cult to suppress due to Si increasing the coherency of the

interface between the carbide and martensite [15]; therefore, transition carbide formation is likely to occur

in Q&P processed materials. In the study, the authors observed that carbide formation occurred upon

initial quench as well as during partitioning by tempering the martensite that is present. This mechanism
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competes with carbon partitioning into austenite, leaving less carbon in the matrix to partition to

austenite, which may cause a lower amount to be retained to room temperature upon �nal quench.

Additionally, competing mechanisms such as bainite and carbon trapping have been assessed for their role

lower-than-predicted retained austenite fractions [11, 24].

During the partitioning step in Q&P processing, the interfaces between phases tend to migrate which

can cause decomposition of austenite. This has been studied using atom probe tomography and modeling

to look at concentration gradients and interface motion during partitioning. Generally, the models created

assume that there is no partitioning of other alloying elements to simplify the analysis. A study by Speeret

al examined the e�ect of Fe atom movements on the phase fraction and microstructure during partitioning

[25]. In the analysis, it is shown that unequal chemical potential of Fe creates a driving force for interface

migration and the direction of the interface motion is dictated by the extent of martensite transformation.

The boundary, regardless of intial position, is expectedd to move towards equilibrium values consistent

with the lever rule, which may cause the boundary to move in either direction [25].

Interface mobility is also dependent on interface coherency. Generally, coherent interfaces are stable

and incoherent interfaces are unstable. Interface coherency can be estimated with interface mobilities and

can therefore be incorporated into models. Santo�miaet al. modeled the interface migration using

di�erent interfacial mobilities at di�erent partitioning temperatures [21]. Early in partitioning an

incoherent interface �rst migrates into the martensite then changes direction and migrates back into the

austenite grain, as seen in the previous model; however for semicoherent interfaces, the interface only

migrates into the austenite grain, ultimately causing decomposition. The study also shows that interfaces

tend to move faster at higher temperatures [21].

Using hot-stage transmission electron microscopy (TEM), De Knijf et al. have observed interface

motion during partitioning [23]. As partitioning time initially increases, the austenite width increases. This

is seen to reach a maximum at a partitioning time near 1000 s, which tends to agree with the models for

semicoherent interfaces [21]. However, the data presented by De Knijfet al. does not show the same

decrease in width as the models show [23]. It should be noted that the expected expansion due to heating

is 1 nm, which lies within the error for these measurements, the composition of the steel was chosen to

retain su�cient austenite to room temperature after a full austenitization, and that due to the thin sample

used for TEM analysis, the stability of the austenite examined may di�er from the bulk.

2.4 Transformation Induced Plasticity Behavior

TRIP is a phenomenon in which a phase undergoes a transformation due to energy provided by

deformation imposed on the system. This occurs in many alloy spaces and material systems such as
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stainless steels [26{28], TRIP steels [29{32], TRIP Ti-alloys [33], and some ceramic systems for "r-curve"

behavior [34].

Transformation during deformation will only occur if the parent phase is less thermodynamically stable

than the product phase at the given conditions. The deformation imposed in the system provides the

activation energy for the phase to undergo or start the transformation [35]. This is shown graphically

in Figure 2.3, where at low carbon concentrations, the ferrite/martensite is lower energy than austenite and

transformation is thermodynamically favorable, whereas at high carbon concentrations, austenite is lower

gibbs free energy and transformation will not be favorable.

Figure 2.3 Gibbs free energy with respect to composition for austenite and ferrite/martensite at a constant
temperature, where to the left of the curves intersection transformation from austentite to martensite is
possible and to the right of the intersection it is not thermodynamically possible.

Likewise, for a given composition, temperature can be varied to understand the thermodynamic driving

force for transformation where at low temperatures ferrite/martensite is the lowest energy phase, and at

high temperatures austenite is the lowest energy phase. From a thermodynamic perspective, the material

cannot undergo TRIP unless the material is below a critical temperature T0. This temperature is de�ned

by the temperature in which the parent and product phases have the same Gibbs free energy at a given

pressure and composition and is graphically shown in Figure 2.4.
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Figure 2.4 Gibbs free energy with respect to temperature at a constant composition for austenite and
ferrite/martensite, with T 0 de�ning the temperature in which the two phases are the same energy.

For a given composition, the Ms temperature can be experimentally or empirically found to indicate

when the undercooling from T0 is su�cient for transformation to occur from austenite to martensite solely

from the undercooling present. Between T0 and Ms temperature, an additional amount of energy is

required to meet the activation energy for the transformation, and this can be achieved through strain

energy applied to the system [35]. This e�ect occurs in di�erent types of steels, such as Q&P steels [36],

some austenitic stainless steels [27, 28], and TBF steels [37] to name a few. The transformation in these

steels can be characterized by when the austenite transforms during deformation and if the transformation

was stress assisted or strain induced [38]. Stress assisted transformations are ones in which the nucleation

sites are present within the microstructure, and the stress imposed applies su�cient energy for the

transformation to occur. Strain induced nucleation, however, occurs due to nucleation sites that are in the

microstructure during straining such as shear band intersections [38]. With strain induced transformations,

the austenite in the microstructure accommodates strain prior to the transformation, whereas in the strain

induced condition this is not true [38].

Athermal martensite transformation is due to an undercooling that kinetically inhibits ferrite and

cementite formation, creating a metastable phase that inherits the composition of the parent phase [39].

The athermal martensite fraction is determined by the degree of undercooling below the Ms temperature.

The Koistinen Marburger equation estimates the amount of austenite expected in an Fe-C steel upon a

quench as given by 2.1 [10]. This equation has been used for complex heat treatments, such as Q&P

processing, that allows the initial volume fraction of austenite upon quenching to be estimated. The

austenite retained at room temperature from such processes can then transform to martensite during

subsequent deformation [7]. It is generally understood that austenite can also be retained to room

temperature through alloying, and if the austenite is metastable, it can be transformed to martensite
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during deformation. Figure 2.5 demonstrates the yielding behavior of steels near the Ms temperature that

takes place via two mechanisms depending on deformation temperature [40].

Figure 2.5 Classi�cation of martensite transformation due to deformation relative to the M s temperature.
For temperatures between Ms and M�

s , stress-assisted martensite forms on nucleation sites already present
in the material. At temperatures above M�

s the parent austenite phase deforms prior to transforming, and
the nucleation sites for the transformation are due to sites that have been introduced due to straining.
Adapted from Olson and Cohen [38].

When near the Ms temperature, austenite tends to transform to martensite during deformation by a

stress assisted process. In this region, transformation of retained austenite to martensite begins early in

deformation and occurs on nucleation sites that are already present within the microstructure. At these

temperatures there is no yielding of the austenite present before the transformation begins, causing the

yielding behavior to be dominated by the transformation behavior of austenite to martensite [40]. However,

there is a change in mechanism at a temperature denoted as M�s where the stress reaches the yield stress

for slip in the parent austenite phase. At temperatures above M�
s , the transformation occurs after the

austenite present has deformed and on nucleation sites that have been introduced due to the straining of

the parent austenite phase [40]. At temperatures above Md there is no transformation from austenite to

martensite during deformation to failure. In both conditions, the nucleation sites tend to be

dislocation-like linear defects with long-range stress �elds [40].

Generally, high-alloy steels have Ms temperatures well below room temperature; therefore, deformation

occurring at ambient temperatures can be considered to be strain induced [41{44]. This is supported by

the observation of epsilon (� ) martensite during deformation of austenitic stainless-steels [26, 42, 45].

� - martensite is a hexagonal close packed phase that is created by shear banding in austenite grains,

creating a stacking fault [41]. Steels with low stacking fault energies, such as 304 and 304L, tend to form

epsilon martensite as an intermediate phase during deformation [46, 47].� - martensite intersections act as

a nucleation site for � -martensite, allowing the transformation to proceed as austenite�! � -martensite �!
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� -martensite. The intersection of the two shear bands results in a body-centered cubic structure with

lattice parameters near those observed for� -martensite, providing a favorable nucleation site for

� -martensite [48].

It should be noted that � -martensite is only present early in deformation and is reduced at high strains.

This is due to � -martensite acting as a nucleation site for� -martensite. Although � -martensite is seen

during deformation, it is possible for alloyed steels to have the transformation from austenite�!

� -martensite directly if the stacking fault energy is su�ciently high or if temperatures are below M �
s

[40, 43].

2.5 Austenite Stability

The following sections outline the factors a�ecting austenite stability in a system and how they may

e�ect one another.

2.5.1 Chemical Stability

Third generation advanced high strength steels are known for their desirable properties while remaining

low in alloying, and therefore low in cost. The alloying additions in these steels consists of Mn, for

austenite stabilization and solid solution strengthening in ferrite, and Si to delay the formation of

cementite during processing [16{18, 20, 49]. Third generation advanced high strength steels often contain a

signi�cant amount of martensite, which contributes to high strengths, and also contain some volume

fraction of austenite retained to room temperature, designed to transform during deformation to improve

properties. To achieve multi-phase microstructures, these steels undergo complex heat treatments. These

treatments are designed to tailor the phase fractions of ferrite, martensite, and austenite and the

partitioning of alloying elements to achieve the �nal, desired microstructure. The chemical stability of the

austenite present is often characterized by the Ms temperature which can be determined by the empirical

relationship:

M s( � C) = 539 � 423C � 30:4Mn � 7:5Si + 30Al (2.2)

where C, Mn, Si, and Al are the weight percent of C, Mn, Si, and Al, respectively, of the austenite grain of

interest [50]. Therefore, austenite with di�ering alloy content will have di�ering M s temperatures, resulting

in di�ering chemical stabilities.

During processing, if there is an intercritical-annealing step of the �nal heat treatment, there may be

partitioning of alloying elements between the austenite and intercritical ferrite. This partitioning of

alloying elements results in austenite and intercritical ferrite of di�erent compositions, that are o� the bulk

composition of the alloy. Therefore the Ms given by the bulk composition may no longer be representative
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of the stability of the austenite present immediately prior to the quench. For a given Ms, the austenite

volume fraction that has transformed to martensite during a quench can be represented by the Koistinen

Marburger equation. A gradient in M s temperature will cause a di�erent amount of martensite to form

upon a quench than is expected from the bulk Ms temperature. Futhermore the partitioning treatment is

designed to partition carbon into austenite to chemically stabilize it to room temperature. Austenite is

chemically stable at room temperature when the Ms temperature is suppressed below room temperature,

meaning there is not su�cient driving force from temperature alone to convert the austenite present to

martensite at ambient conditions. For Q&P steels, the concept of CCE has been applied to determine the

endpoint of carbon partitioning from martensite to retained austenite during the partitioning step in

processing [7]. CCE conditions are a set of metastable equilibrium conditions in which the chemical

potential of carbon is equal in both phases; however, the chemical potential will not be equal for other

components in the system. This condition implies that there are many carbon compositions of austenite

that can be present after the partitioning step in Q&P steels [7].

A range of austenite compositions have been reported after partitioning, from 4 { 5 at. pct carbon (0.9

{ 1.1 wt pct C), 3.0 { 3.5 at. pct Si (1.6 { 1.85 wt pct Si), and 3.0 { 4.0 at. pct Mn (3.1 { 4.13 wt pct Mn),

for a Fe-0.2C-2.2Mn-1.5Si-0.2Cr steel austenitized and quenched to 270� C and partitioned various times

and temperatures [16]. Many reports of retained austenite composition show a gradient in alloying

elements across a grain, implying that a grain may not have just one chemical stability rather that is it

dependent on location and the alloy content at any given position [15, 16, 51].

2.5.2 Thermal Stability

Austenite stability during deformation at temperatures relative to the M s temperature has been de�ned

where there are two types of transformations that occur due to deformation: stress assisted and strain

induced [40]. As demonstrated by the Fe-C phase diagram, austenite is stable at high temperatures across

a range of compositions. However, as temperature increases the kinetics of decomposition of austenite also

increase which may cause decomposition as the phase transformation is no longer kinetically inhibited.

Testing third generation steels at di�erent temperatures has shown that the steels exhibit a loss in ductility

at intermediate temperatures (100 - 150� C) [51{56]. Researchers have attributed this to a competition

between stabilization of austenite and austenite reversion or carbide precipitation, and at these

temperatures the kinetics of the austenite transformation were high enough to allow austenite

decomposition, causing a loss in ductility [15, 52]. Likewise, if the temperature is too high, there may not

be a driving force for transformation to martensite which will cause the austenite present to not contribute

to the bene�cial TRIP e�ect [54]. The dependence of the TRIP e�ect with respect to temperature has also
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been observed in metastable austenitic stainless steels; when test temperature is varied, the amount of

austenite transforming to martensite also varies [43]. At low temperatures (above Ms) the TRIP e�ect

becomes more prominent. Likewise, as temperature is increased, the TRIP e�ect is suppressed as observed

by a decrease in strength and, at some temperatures, a decrease in ductility. As temperature increases,

there is also a material softening e�ect that causes the metal to exhibit lower strength levels. It is also well

established in literature that as temperature is increased, the chemical driving force for transformation

from austenite to martensite is decreased, and the stacking fault energy of the austenite is also increased

and therefore it is more likely for the grain to slip than it is for the grain to transform during deformation,

which indicates that the TRIP e�ect will be less prominent at high temperatures [57].

Elevated temperature tests are relevant to industrial processes such as stamping, as dies heat due to

friction during forming operations. A study by Pereira et al. predicted that temperatures can reach up to

180 � C for a DP570 steel using �nite element modeling [58]. As the dies heat, the material is formed at an

elevated temperature which changes the material's mechanical behavior. If the dies heat to a non-ideal

temperature range, the steel may not have appropriate ductility to form the desired part, resulting in

failure in the forming operation. Many studies have also observed adiabatic heating during sample

deformation [53, 59{61], which has been shown to cause signi�cant heating of the sample. The heating due

to deformation has been shown to be as high as 160� C in the necked region of the sample [60], which falls

within the region of degraded properties.

2.5.3 Mechanical Stability

It is well known that properties of materials are dependent on strain state, and austenite-containing

advanced high strength steels are not an exception to this. Heckeret al. has shown that metastable

austenite in 304 stainless-steel transforms to martensite at di�erent rates and di�erent e�ective strains

depending on strain state [28]. It was observed that austenite transformed at lower e�ective strains in

biaxial conditions than in uniaxial tension, however the magnitude of the di�erence was highly dependent

on the strain criterion used in the analysis, with maximum principal strain showing a higher rate of

transformation than Von Mises strain in biaxial conditions. Hecker et al. stated that in 304 stainless-steel,

the transformation is considered to be strain induced (dependent on shear band intersections primarily)

rather than stress assisted, so the stress state should not have an e�ect on the transformation behavior in

di�erent conditions; however regardless of strain criterion used, the rate of transformation from austenite

to martensite was higher for a biaxial strain state than it was for a uniaxial strain state [28]. This implies

that if the transformation is strain induced, the strain state the material is subjected to will change the

transformation behavior of austenite. Third generation advanced high strength steels have been shown to
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have di�erent transformation behavior of retained austenite with respect to strain state, with biaxial

tension (stretching) causing more transformation to martensite than any other strain condition [53].

Strain rate also has an e�ect on austenite stability, as it has been observed that the strain rate has

changed the transformation behavior of austenite [28, 53, 59, 62, 63]. Stamping operations are done at

dynamic rates, and laboratory tests are typically performed at quasi-static rates. As strain rate increases,

the heating due to deformation has less time to dissipate resulting in higher sample temperatures, with

samples showing little heating (< 5 � C) during quasi-static testing [59] and signi�cantly more heating (49

� C) in dynamic testing at strain rates of 10 s� 1 to 100 s� 1 [53], which can cause a change in the

transformation behavior of austenite. In a study by Zou et al., transformation rates of austenite during

deformation decreased with increasing strain rate in the quasi-static regime (0.0002 - 0.1 s� 1), however

above 2 s� 1 the transformation rate increases with increasing strain rate [53]. At low rates, this was

attributed to a thermal e�ect during plastic deformation, and at high rates was attributed to the increased

shear band formation providing more nucleation sites for martensite [53]. Additionally, a study by Poling

et al., found that less austenite transforms during deformation at 100 s� 1 than at 0.0005 s� 1 in a

TRIP7Mn steel. The study indicates that early in straining, the austenite fractions are similar, and deviate

as uniform strain increases. This was attributed to higher temperatures in the high rate samples, inhibiting

austenite transformation [59].

Strain path adds yet another complication to austenite stability during deformation. In forming

operations, material 
ows in the process, experiencing a range of strain states and are often in succession

with one another. Material may experience bending followed by biaxial stretching, and the material

behavior in these conditions is complex and requires understanding of the stability in each condition as well

as the evolution of strain in each phase as the process progresses. In a study done by Polatidiset al.,

austenite transformation to martensite was monitored usingin situ X-Ray di�raction, and found that

austenite transforms to martensite at a higher rate when uniaxially reloaded perpendicular to the original

direction of uniaxial deformation [64].

An empirical relationship between deformation-induced martensite transformation (DIMT) and strain

has been de�ned as:

f � 0 = 1 � e� � [1� e� �� n
] (2.3)

where � is the probability of martensite forming at shear band intersections, � is a factor related to shear

band formation, and therefore stacking fault energy,n is a geometric constant relating the probability of

shear bands intersecting, and� is the strain [65]. The constants in this function are typically empirically �t

due to their dependence on strain rate and deformation temperature.
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2.5.4 Microstructure Stability

Retained austenite stability is also dependent on the surrounding microstructure. For example, it has

been shown that austenite is more stable when surrounded by martensite than ferrite [66]. There have also

been studies showing strain partitioning between the retained austenite and surrounding microstructural

constituents such as martensite, ferrite, and bainite [67, 68]. In a study done by Zhang and Findley,

retained austenite was more stable when surrounded by bainitic ferrite than it is when surrounded by

polygonal ferrite [69]. It has been shown that ferrite surrounding austenite deforms preferentially,

presumably because ferrite is lower in strength [70]. This then a�ects how much strain occurs locally to

accommodate the overall shape change needed. If the austenite is stable enough to be in the strain induced

regime, the relative amount of deformation that austenite undergoes will have an in
uence on the number

of nucleation sites present and therefore how much austenite has transformed at a given strain.

The relative orientation of the austenite with respect to the strain direction is also important when

investigating the stability of metastable austenite, as the orientation of the austenite has been shown to

a�ect the transformation from austenite to martensite during deformation. The straining direction relative

to the rolling direction has also been shown to have an e�ect on mechanical properties [58, 62]. It has been

observed that both strength and ductility increase when strained at 45� or 90� relative to the rolling

direction in a DP980 and QP980 steel [61]. A study by Alturk et al. demonstrated that the plastic

anisotropy ratio (R) is highly dependent on strain and strain rate in a medium-Mn TRIP steel. This study

also indicated that as strain rate increases, R approaches 1, suggesting anisotropy is not as signi�cant at

higher strain rates [62]. Typically, it is assumed that there are a random orientation of grains in the

material to assume isotropic properties; however if all the austenite responsible for the enhanced properties

from the TRIP e�ect has a preferred orientation (texture) from prior deformation, it will exhibit

anisotropic properties with respect to deformation direction. Therefore the orientation of the austenite

with respect to the load applied changes the deformation behavior of the grain and also the transformation

of the grain [64, 68].

Austenite has been observed as both �lm-like morphologies, between martensite laths, and blocky

morphologies, which are larger austenite grains in the microstructure that were retained and are typically

surrounded by proeutectoid ferrite. Xiong et al. found that, even though blocky austenite tends to have a

higher carbon content than �lm-like austenite, it is less stable during deformation [71]. There are two

reasons that have been proposed for the di�erence in stability between the two morphologies: (1) the

martensite surrounding the �lm-like austenite has a higher yield stress than the ferrite surrounding the

blocky austenite. Therefore, during deformation it is more di�cult for the martensite to accommodate the
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volume change associated with the austenite to martensite transformation than it is for ferrite, ultimately

suppressing the transformation. (2) There is an imposed hydrostatic compressive stress on the �lm-like

austenite resulting from martensite volume expansion during transformation, which can suppress the

austenite to martensite transformation [71]. A hydrostatic pressure imposed on austenite due to the

volume expansion during athermal martensite transformation has also been observed by other authors and

was noted to be as high as 142 MPa [72].

Grain size also plays a role in the mechanical properties exhibited by the steel. A study done by Zhang

et al. indicated that reducing grain size of medium-Mn steels from 0.4µm to 0.31 µm increased the yield

and tensile stress however had little to no e�ect on the uniform elongation of the steel [55]. In a separate

study done by Cai et al., smaller grains (austenite grain size of 130 nm to 0.9µm compared to 346 nm to

3.4 µm) exhibited higher strength levels, however did not exhibit di�erent austenite to martensite

transformation rates meaning that the rate of transformation was seen to be dependent on strain rather

than grain size [63]. This is contrasted by a study done by De Knijfet al. in which large grains (1 { 1.5

µm) transformed more rapidly than small grains (< 1 µm)[73].

2.6 Predicting Retained Austenite Fraction from Heat Treatment

The amount of retained austenite present during heat treatment is dependent on many factors, such as

intercritical annealing or austenitization temperature, quench temperature, partitioning temperature, and

partitioning time. Intercritial annealing or austenitization temperature is important due to the partitioning

kinetics of solutes during the hold, as well as the phase fraction of austenite that is present andavailable to

undergo the Q&P process. Quench temperature is important as it dictates theamount of austenite that

will transform to martensite at the �rst quench, controlling the maximum possible fraction of austenite and

the amount of carbon available for partitioning and stabilization. Partitioning time and temperature are

important for austenite fraction due to potentially decomposing austenite to other transformation products

during the hold rather than partitioning carbon into austenite.

To predict the amount of austenite retained in the Q&P process, Speer and colleagues developed a

model using the Ms temperature, Koistinen-Marburger equation, a perfect partitioning (of carbon)

assumption, quench temperature, and the composition of the steel to determine how much austenite could

be present in the microstructure post heat treatment [7]. A diagram of the model output for a

representative Q&P composition is shown in Figure 2.6.
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Figure 2.6 Schematic of the perfect partitioning model proposed by Speeret al., where the pink line is the
amount of martensite that would be created based on quench temperature quenching from austenitization
or intercritial anneal. The teal line is the amount of austenite present in the microstructure from the �rst
quench from austenitization or intercritical anneal. The green line is the amount of martensite that will
form on the �nal quench to room temperature assuming there is a partitioning treatment that perfectly
partitions all carbon from the martensite present into austenite, The black line is the �nal retained
austenite amount in the microstructure from the model presented for a steel intercritically annealed with
20 pct intercritical ferrite [7].

This methodology predicts one ideal quench temperature in which the maximum amount of austenite

will be retained to the room temperature microstructure, but does not account for any compositional

gradients, or competing mechanisms that may be occurring during processing.
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CHAPTER 3

EXPERIMENTAL METHODS

This chapter is to outline the experimental procedures, sample preparation methods, and analysis

techniques used in this thesis. Each subsection will provide the equipment used and methodologies, and

sample preparation technique for each given analysis. The sampling orientation relative to the sheet is

presented in Figure 3.1, where tensile samples were taken with the rolling direction parallel to the tensile

axis, and dilatometer samples were taken with the 10 mm length parallel to the rolling direction. X-Ray

di�raction was performed with the di�raction vector perpendicular to the normal plane of the sheet

(sections highlighted in purple were analyzed), and imaging was performed on the transverse plane

(highlighted in blue) for the low carbon steel and on the normal plane for the 304 stainless steel.

Figure 3.1 Sample geometries relative to the as-received sheet, with A) representing dilatometry samples,
B) representing ASTM E8 subsize tensile samples C) modi�ed tensile sample in the rolling direction for the
samples tested at APS, and D) modi�ed tensile sample in the transverse direction for the samples tested at
APS. The regions highlighted in purple were the areas used for X-Ray di�raction, and the regions
highlighted in blue/green were imaged.

3.1 Heat Treatment Methodologies

Samples were heat treated in the dilatometer for initial characterization, and as-heat treated

microstructural characterization, and bulk samples were heat treated using a box-furnace and salt baths for

Q&P treatment.

3.2 X-Ray Di�raction

The following subsections outline the sample preparation procedure and machine settings used for the

X-Ray di�raction (XRD) presented in this document.

3.2.1 Equipment and Sample Preparation

XRD was performed at the Colorado School of Mines and at the Advanced Photon Source. All

di�raction data at the Colorado School of Mines were collected with a Cu source for a 2� range of 40-105�
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on a Siemens Laboratory Di�ractometer. The sample was mounted with clay on an aluminum puck, and

was rotated during the scan clockwise at a rate of� 60 rotations per minute. The X-Ray cabinet was

equipped with a Cu source and was set at I = 30 mA and V = 25 keV. All scans were taken with a step

size of 0.05� and a dwell time of 5 s on the Siemens machine.

Bulk samples were prepared for XRD analysis. Samples were chemically thinned to remove the

decarburized and transformed surface layer using a hydro
uoric (HF) acid solution. This solution consisted

of 10 parts distilled water, 10 parts hydrogen peroxide, and 2 parts HF acid. The samples were submerged

into the solution for 120 s for thinning. To prevent the samples from thinning on all sides, liquid electrical

tape was used to protect 5 of 6 sides of the sheet when thinning. The exposed section was the ND plane,

which was the di�raction plane for all XRD analysis.

3.2.2 Retained Austenite Analysis

Line pro�les were collected from the lab di�ractometer and used for retained austenite calculations.

These calculations were performed using the integrated intensity of the retained austenite and

ferrite/martensite peaks to determine the phase fraction present. Line pro�les were analyzed using the

Jade9, and MatLab softwares to determine peak positions, intensities and full-width-half-maximum values.

To calculate retained austenite, the theoretical intensity of each peak is calculated using the equations

R =
1
v2 jF j2p(

1 + cos2(2� )
sin 2(� )cos(� )

)(e� 2M ) (3.1)

M =
Bsin 2(� )

� 2 (3.2)

B = 8 � 2� 2
s (3.3)

where R is the theoretical intensity, v is the volume of the unit cell, jF j is the structure factor of the phase,

p is the multiplicity factor of the (hkl) re
ection, � is the bragg angle,e� 2M is the Debye-Waller

temperature factor, � is the characteristic wavelength for the source, and� s is the mean square

displacement of the atoms from their mean position in a direction perpendicular to the di�racting plane

[74]. The theoretical intensity is then used in the equation
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(3.4)

where I
 is the integrated intensity of the austenite peak, I� is the integrated intensity of the ferrite or

martensite peak, and R is the theoretical intensity of the peak [74, 75]. By using this method, a weighted

average of the austenite and martensite or ferrite peaks is used to determine the phase fraction present.

For the analysis, it is assumed that only two phases are present, austenite and ferrite/martensite yielding
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the following equation.

1 = V
 + V� (3.5)

where V
 is the volume fraction retained austenite andV� is the volume fraction ferrite/martensite. Using

this information, the volume fraction of retained austenite in the sample can be measured.

To calculate the error of the retained austenite measurement, samples were analyzed using two �tting

softwares, with both a 4 peak and 3 peak analysis, taking the average of these values as the retained

austenite value and the standard deviation as the error in the measurement.

3.3 Scanning Electron Microscopy

Sample preparation for scanning electron microscopy consisted of hot mounting samples in either

bakelite or conductomet for polishing. Samples were mounted such that the ND-RD plane was visible for

imaging. After mounting, samples were rough ground at 1200 grit to minimize the deformation layer

imposed during grinding. The samples were then polished using 9, 6, 3, 1, 0.5� m diamond suspension.

Immediately following the last polishing step, samples were etched with 0.5 pct Nital solution for 10s for

SEM imaging. Due to di�ering conditions having varying etching responses, etching was performed again if

needed to illuminate the features in the microstructures. SEM imaging was performed using three di�erent

scanning electron microscopes based on the types of images desired and equipment availability.

Electron backscatter di�raction (EBSD) imaging was performed on selected samples for analysis of

phase fraction and kernel average misorientation. For this analysis, samples were metallographically

prepared, mechanically polishing the sample to a 0.5� m �nish, followed by polishing the sample to a 0.05

� m �nish using colloidal silica on a vibropolisher. Once this was done, the sample was cleaned using

distilled water, acetone, and methanol to remove all residue and prepare the sample for imaging. Imaging

was done with an accelerating voltage of 20 kV.

3.4 DICTRA Modeling

DICTRA modeling was used to understand the e�ects of compositional gradients within the samples

from solidi�cation as well as imposed during an intercritital anneal. This was performed in the DICTRA

extension of Thermocalc software, using the TCFE6 thermodynamic and MOBFE2 mobility database.

Simulations were set up in the user interface of the DICTRA module, simulating a grain with a planar

interface, and making the halfwidth of the simulation the average radius of the grain size selected. The

simulations accounted for the major alloying present (C, Mn, Si, Fe) without including other elements

present to minimize simulation run times.
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3.5 Mechanical Testing

Tensile testing was performed on ASTM E8 subsize specimens with the sample geometry shown in

Figure 3.2, below.

Figure 3.2 ASTM E8 subsize tensile sample dimensions. All units are in centimeters. Samples were
machined such that the rolling direction will be parallel with the tensile direction during testing.

For all the data presented in Chapter 6, samples were tested on an MTS servo-hydraulic load frame in

the mechanical testing laboratory in MTS-8 at the Los Alamos National Laboratory. Samples were tested

at an engineering strain rate of 0.001 s� 1 and strain was measured using a 1" MTS extensometer.

For the data presented in Chapter 7, samples were tested on a MTS Alliance 20 kip screw driven frame

for all room temperature samples to failure, on an Instron Instrumet 20 kip screw driven frame for all room

temperature samples that were interrupted, and on an MTS servo-hydraulic frame with an MTS651

environmental chamber for all elevated temperature testing. A 1" shepic extensometer was used for strain

measurements on all room temperature samples and a 1" MTS extensometer was used for strain

measurements on all elevated temperature samples. The samples were strained at quasistatic engineering

strain rates 0.0001 s� 1. This was done at room temperature (25� C), 50 � C, and 100 � C to better

understand the evolution of retained austenite at di�ering deformation temperature and the range of

stabilities of austenite present within the microstructure. Samples were strained to 5 di�ering strain

amounts in the uniform elongation region and interrupted for retained austenite and a microstructural

analysis. Samples Q&P heat treated in the ferrite-pearlite condition (QP) were interrupted at 2.5, 5, 7.5,

and 10 pct strain for analysis. Samples Q&P heat treated in the martensitic condition (QQP) were

interrupted at 5, 10, 15, and 20 pct strain for analysis.

3.6 Dilatometry

Samples were machined to 10 mm x 4 mm x 1.25 mm rectangular prisms for dilatometry testing with

the 10 mm dimension in the rolling direction of the sheet. The testing was performed to determine the

heat treatment parameters used in this thesis, as well as better understand the phase transformation

kinetics observed in the system. Samples were heat treated with heating rates of 60� C� s� 1 and cooling

rates of 80 � C� s� 1 to simulate the heating and cooling rates that will be observed during bulk heat
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treating. All quenching was performed with He gas to achieve the quench rates that were required, and the

remainder of the heat treatment was performed in a vacuum. Ms temperatures were calculated from the

dilatometer data collected, where the Ms is de�ned as the temperature in which the contraction from

cooling deviates from linearity.

3.7 In Situ Synchrotron X-Ray Di�raction

Samples were taken in both the rolling direction (RD) and transverse direction (TD) for tensile testing

at the Advanced Photon Source. The modi�ed dog-bone specimen was designed for the speci�c test setup

at the beamline, with the sample dimensions shown in Figure 3.3.

Figure 3.3 Geometry for samples tested in tension at quasistatic rates for a 304 stainless steel at the APS,
all dimensions in mm.

An MTS servohydraulic load frame was used to monotonically load the samples while at 25 and 100� C

in an infrared furnace. The samples were heated for 5 minutes prior to testing. The furnace temperature

was controlled with a K-type thermocouple attached to the gauge section of the sample. The samples were

strained in uniaxial tension at an engineering strain rate of 5x10� 4s� 1. Crosshead displacement was used

to calculate true strain, with the compliance of the frame calculated and subtracted out using the

reciprocal springs-in-series relationship. A schematic of the test setup, and detector setup is shown

in Figure 3.4. An X-Ray beam of 71.68 keV (� = 0.1731 �A) with a cross-section of 130 x 130� m2 was

directed at the center of the gauge in the normal direction (ND) of the sample, transmitting through and

di�racting to a \Hydra" detector. This detector consists of four GE Angio area detectors [76] situated to

collect Debye-Scherrer di�raction rings. First, a CeO2 sample (NIST SRM 674b [77]) was used to calibrate

the area detectors used. Using the data collected by the detectors, GSAS-II software was used to radially

integrate the Debye-Scherrer rings over a range of azimuthal angles (Q) [78]. This created one-dimensional

di�raction patterns that were used to calculate the retained austenite fraction post-testing. This evaluation

was completed due to the gaps in the Hydra detectors biasing the peak heights measured with various Q

positions, so the full cone was not integrated.
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Figure 3.4 Testing schematic for the samples tensile tested in the RD and TD at 25 and 100� C at the APS.

All four detectors were integrated over a scattering vector (Q = 4 �sin�=� , where � is the Bragg angle in

degrees) of 2.3 to 7.8�A � 1 and an azimuth angle range of 50� about the loading direction.

3.8 Bulk Heat Treatments

Heat treatment of the ASTM E8 subsize specimens occurred at the Colorado School of Mines. For the

tensile data shown in Chapter 6, the samples were heat treated in molten salt baths for all stages of the

heat treatment process. For the tensile data shown in Chapter 7, the samples were heat treated in a box

furnace for the austenitization and intercritical anneal performed. The samples were quenched into molten

salt to perform the Q&P process, and were water quenched after the austenitization and partitioning step

respectively.
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CHAPTER 4

EXPERIMENTAL DESIGN

The experiments and results presented in this document are to address the research questions proposed

in Chapter 1. Each experiment was designed to address the questions and hypotheses posed, and work to

expand the current knowledge in the �eld to date.

4.1 Materials

The materials used for this thesis are a low carbon steel with Mn and Si additions that resemble

compositions for Q&P steels that are commercially produced and a commercially available 304 stainless

steel, used for understanding the behavior of austenite in absence of the complex microstructure present in

Q&P steels.

4.1.1 Low Carbon Steel

The low carbon steel used for this thesis had the composition listed in Table 4.1, below.

Table 4.1 Composition of the low carbon sheet received from Cleveland Cli�s, wt.pct

C Mn Si Ni Cr Nb V N S P Cu
0.198 2.03 1.48 0.005 0.016 N/R N/R 0.0011 0.0005 0.003 N/R

The alloy was laboratory cast as a 50 lb ingot in a vacuum induction furnace. The material was then

heated to 1260°C in an N2 atmosphere prior to hot rolling. The material was hot rolled to thicknesses of

2.6 or 3.5 mm, followed by a simulated coiling cycle in which the material was furnace cooled from 650� C.

Cold rolling was performed for each thickness, reducing the 3.5 mm material to 3 mm, and the 2.6 mm

material to 2 mm. All material was subsequently annealed at 900� C for 10 minutes followed by a furnace

cool. All material was then cold rolled to a �nal thickness of 1.25 mm, with the 3 mm material undergoing

a 58 pct reduction (CR58) and the 2 mm material undergoing a 38 pct reduction (CR38). A schematic of

the full material processing is shown in Figure 4.1.

4.1.2 304 Stainless Steel

A 304 Stainless steel with thickness of 0.95 mm was used and had the composition listed in Table 4.2.

Table 4.2 Composition of the 304 stainless-steel sheet, wt.pct

C Mn Si Ni Cr Mo Ti V N S P Cu Nb Co
0.0257 1.66 0.28 8.65 18.30 0.17 0.006 0.064 0.0564 0.018 0.026 0.19 0.010 0.10
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Figure 4.1 Schematic of the processing performed on the low carbon steel at Cleveland Cli�s for the use in
this thesis.

This material had a starting austenite grain size of 12.5� m and was cold rolled and annealed prior to

receipt [41].

4.1.3 As-received Material Characterization of the Low-C Steel

The as-received material was received in 6" wide sheets varying in length from 14" to 16". The material

was cut, mounted and polished to observe the starting microstructure. The as-received microstructure

consisted of bands of ferrite and cementite (pearlite) and ferrite. The two di�erent cold reductions

consisted of the same phases but on di�ering length scales, with the CR58 condition having a �ner

microstructure than the CR38 condition. Representative microstructures of the two cold reductions are

shown in Figure 4.2.

Figure 4.2 Starting microstructures for the CR38 and CR58 material consisting of banded ferrite and
pearlite colonies in the microstructure, with a grain size of 13.5± 0.5 and 26.8± 2.7 µm for the CR58 and
CR38 condition respectively. Secondary electron image, etched for 10 s with 0.5 pct Nital.
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The material received was machined into ASTM E8 subsize samples and tested at a quasi-static rate to

determine baseline properties. The mechanical properties for both initial conditions are shown

in Figure 4.3.

Figure 4.3 Starting tensile properties for the as-recieved CR38 and CR58 material consisting of banded
ferrite and pearlite colonies in the microstructure. Tested in quasi-static tension, _� = 0.001 s� 1, with the
tensile axis parallel to the rolling direction.

4.1.4 Heat Treatment Design and Determination

Dilatometry was performed on samples to determine the critical temperatures of the steel received and

to design heat treatments for the remainder of the work. To determine critical temperatures, samples of

each condition were heated to a temperature of 1000� C, held for 300 seconds and quenched with He gas.

The resulting strain vs temperature curve was produced from the test, shown in Figure 4.4. The

thermodynamic equilibrium for the material was calculated with ThermoCalc to help aid in determining

the critical temperatures of the material. The critical temperatures overlaid in the �gure correspond to an

experimental Ms of 407 � C, Ac1 of 776 � C, and an Ac3 temperature of 930 � C using the method of

deviation from linearity. Likewise, the critical temperatures calculated using ThermoCalc were an Ae1 of

709 � C, and an Ae3 of 830 � C. The di�erence noted in the experimental data and the theoretical data is

likely due thermal gradients within the sample, and rapid heating and cooling not providing su�cient time

for the phase transformation to occur before the temperature of the sample are further increased. The

phase critical temperatures listed above were used to inform heat treatment design. The temperatures were

used to create Q&P microstructures.
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Figure 4.4 (a) Determination of critical temperatures using dilatometry for the as-received material. (b)
Phase equilibrium predictions from ThermoCalc.

Previous studies have noted that the amount of retained austenite fraction is not as closely tied to

quench temperature as initial models predict, therefore, for an initial screening quench temperature was

not varied to determine the �nal heat treatment to use moving forward [7, 11, 36, 79]. For the initial

screening, samples were either intercritically annealed at 800� C, or fully austenitized at 925 � C for 180 s.

This was followed by a Q&P treatment in which samples were quenched to 230� C, the theoretical

maximum retained austenite fraction predicted using the model presented by Speeret al. [7], and

partitioned at 400 and 450 � C for 10 and 30 s. The retained austenite fractions from the heat treatments

performed are shown in Figure 4.5. Samples heat treated in the intercritically annealed condition with a

partitioning temperature of 450 � C had the highest retained austenite of the conditions tested, therefore

this partitioning temperature matrix was expanded to additional quench temperatures and times. The

results from this matrix are shown in Figure 4.6 (page 30). As previously noted, literature as well as the

data presented, show that there is not a strong e�ect of quench temperature on the amount of retained

austenite present in the �nal microstructure [11, 36, 79]. Due to this, a quench temperature of 270� C and

partitioning time of 30 s was chosen for industrial relevance and experimental practicality in the laboratory.

4.2 Experiment A: Manipulating Steel Retained Austenite Fraction and Stability with
Controlled Chemical Heterogeneities

The intent of this experiment was to determine the e�ect of compositional gradient upon heat treating

on the �nal retained austenite content of a quench and partition treatment. This experiment was designed

to address research question (1), and to determine the e�ects of Mn banding from prior processing on the

as-heat-treated Q&P microstructures.
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Figure 4.5 Retained austenite fraction for samples in the CR38 and CR58 condition heat treated
intercritically and with a full austenitization with di�ering partitioning times and temperatures with
predicted retained austenite amounts overlaid. The predicted amounts take into account 20 pct
intercritical ferrite at 800 � C and 0 pct intercritical ferrite (fully austenitic) at 925 � C.

By investigating the e�ect of compositional banding and gradients present from earlier processing, the

stability and amount of austenite retained can be more accurately predicted. Kinetic modeling was

leveraged to determine the e�ect of compositional banding from the solidi�cation process and determine its

e�ect on the �nal microstructures created, indicating the e�ect of prior processing on the heat treated

microstructures. The modeling performed a practical method to estimate austenite fractions over a range

of quench temperatures.
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Figure 4.6 Retained austenite fraction for samples in the CR38 and CR58 condition heat treated
intercritically with di�ering quench temperatures, partitioned at 450 � C for 10, 30, and 100 s.

4.3 Experiment B: Tuning Austenite Stability through Varying Process Parameters in a
Low-Alloy Q&P Steel

The intent of this experiment was to dive into research question (2). This was done by creating two

di�erent starting conditions, the ferrite pearlite (F+P) and martensitic starting condition ( � '), to eliminate

structural banding, and subsequently having both microstructures go through the same Q&P heat

treatment. This was done for the same alloy, that had underwent di�ering cold reductions prior to any

heat treating, creating four starting microstructure conditions for the analysis.

This matrix outlined the di�erences in kinetic considerations due to cold reduction and starting

microstructure, as well as microstructure evolution through Q&P processing. This allows the e�ects of

prior processing to be determined in the �nal microstructure, and the mechanical properties of each

condition. The di�erence in TRIP behavior from the di�erent starting microstructures and di�erent

processing can be characterized by the instantaneous strain hardening rate, a common indicator for TRIP

behavior. The di�erence in mechanical properties for the samples can then be tied back to the di�erence in

processing technique and stability of the austenite created.

4.4 Experiment C: Deformation Response with Respect to Temperature for Di�erent
Processing Conditions of Q&P Steels

This experiment is also designed to address question (3). This matrix creates steels in which the four

starting microstructures (introduced above) are strained at three di�erent temperatures to better

understand the distribution and thermodynamic stability of the austenite that is created through the

processing.Ex situ XRD was performed on tensile specimens strained to intermediate points at all
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temperatures and conditions to determine the evolution of retained austenite fraction, helping to elucidate

the phase behavior during deformation and how prior processing can change the intended response.

4.5 Experiment D: Deformation Induced Martensitic Transformation Behavior in 304
Stainless Steel: Plastic Anisotropy and Temperature E�ects on TRIP, an in-situ Study

This experiment was designed to determine the e�ect of tensile direction on the transformation

behavior of austenite during deformation and answer research question (4). By testing a fully-austenitic

steel, the microstructure constraints that are imposed on Q&P steels are removed and the behavior of just

austenite can be observed. As the austenite is present in large phase fractions, it is easier to characterize

small changes and di�erences in behaviors. This experiment was designed to aid in answering research

question (4), where the volume fraction austenite, mechanical properties, and texture information can be

correlated to the austenite to martensite transformation and determining if there is a large e�ect of the

variables listed. This experiment also looks at di�erent tensile axes, to determine if the way the austenite is

strained has an e�ect on the transformation behavior.
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CHAPTER 5

MANIPULATING STEEL RETAINED AUSTENITE FRACTION AND STABILITY WITH

CONTROLLED CHEMICAL HETEROGENEITIES

Anticipated Author List: Melissa Thrun, Amy Clarke, Kester Clarke

5.1 Abstract

Many advanced high strength steels (AHSS) go through complex heat treatment processes with the goal

of retaining austenite to enhance mechanical properties via transformation induced plasticity (TRIP).

When designing AHSS heat treatments, Ms temperature predictions are generally based on bulk

composition, so compositional heterogeneities are not considered. Here, the e�ects of bulk compositional

heterogeneities on the retained austenite fractions and stabilities in a quenching and partitioning (Q&P)

steel are investigated. The results show that Mn banding alone can be used to change retained austenite

fractions and \high Mn" and \low Mn" regions have di�ering austenite chemical stabilities, leading to

potential austenite stability distributions after Q&P. The results presented provide a new methodology for

designing austenite stability in Q&P microstructures and potentially enhancing our ability to design AHSS

with improved performance.

5.2 Main Body

Quenched and partitioned steels (Q&P) are advanced high strength steels with multiphase

microstructures including retained austenite for improved properties. These steels undergo complex heat

treatments to retain metastable austenite to room temperature in otherwise low alloyed steels. When the

heat treatment methodology was proposed, Speeret al. created a model to predict the maximum amount

of austenite that would be present after a Q&P heat treatment [7]. This model predicts a single quench

temperature at which the maximum amount of retained austenite can be created during heat treatment,

using assumptions including an immobile austenite-martensite interface, constrained carbon equilibrium

conditions assuming perfect carbon partitioning, martensitic transformation behavior governed by a

Koistinen-Marburger [10], and chemical homogeneity prior to heat treatment.

Work has been done investigating the e�ects of the assumptions made in the initial model, and largely

how removing such assumptions would change the austenite fraction predicted [10, 11, 20, 21, 23, 25, 80].

Previous studies have noted that interface motion during partitioning is not uni-directional, meaning it

�rst migrates into martensite, and as time progresses, migrates back into austenite due to unequal chemical
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potentials of Fe [11, 20, 25, 80]. The direction of interface motion was dictated to be due to the amount of

martensite transformed, and the direction needed to approach the compositions dictated by the lever rule

[25]. Likewise, interface coherency can be estimated with interface mobilities and can therefore be

incorporated into models. Santo�mia et al. modeled the interface migration using di�erent interfacial

mobilities at di�erent partitioning temperatures [21]. Early in partitioning, an incoherent interface �rst

migrates into the martensite then changes direction and migrates back into the austenite grain; however for

semicoherent interfaces, the interface only migrates into the austenite grain, ultimately resulting in

austenite decomposition [21]. Similar results were observed using hot-stage transmission electron

microscopy (TEM) [23]. De Knijf et al. have observed interface motion during partitioning, and as

partitioning time initially increases, the austenite width increases [23]. This reaches a maximum at a

partitioning time near 1000 s, which tends to agree with the models presented by Santo�miaet al. for

incoherent interfaces [21, 23]. However, the data presented by De Knijfet al. does not show the decrease in

width as the models show [23].

Likewise, work has been done to add kinetics into the models presented, showing that di�ering

partitioning times and temperatures result in austenite fractions deviating from the initial model

proposed.In a study by Clarkeet al., it was found that carbide free bainite transformation alone did not

account for enough carbon partitioning to stabilize the entire amount of austenite that was experimentally

observed [11]. It was noted that the lower-than-predicted amount of austenite present after Q&P may be

due to incomplete carbon partitioning, such as carbon clustering or carbide precipitation [11]. Researchers

have also observed epitaxial ferrite growth when quenching from an intercritical anneal, which lowers the

amount of austenite present for stabilization but may cause carbon enrichment [24, 81]. Additionally in a

study by DeMoor et al., a 0.11C-5.7Mn steel was used to observe the e�ects of Mn partitioning during

intercritical annealing. They found that accounting for the Mn enrichment in austenite results in a

theoretical maximum austenite content after intercritical annealing that cannot be explained The stability

of the austenite has been shown to be important to the mechanical properties of the �nal product [82, 83].

Here, a new approach was adopted to elucidate the e�ects of macroscopic heterogeneities on the amount of

retained austenite predicted in Q&P processing and its resulting chemical stability. An initial banded

microstructure, representative of many wrought processed, banded materials, was used to investigate the

e�ect of Mn heterogeneity or banding on the �nal retained austenite predictions and distributions.

A Fe-0.2C-2.0Mn-1.5Si (wt pct) alloy was modeled using ThermoCalc software, in which an alloy of the

composition listed is solidi�ed, and the last equilibrium composition of the � -ferrite and liquid prior to any

austenite formation was used to quantify the macroscopic banding expected in the end product. This can

be considered the maximum banding that is expected for near-equilibrium conditions. The \High Mn"
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regions were assumed to be the Mn and Si compositions of the last equilibrium liquid present

(2.57Mn-1.87Si) consisting of 38.4 pct of the bulk, and the \Low Mn" regions were assumed to be the

composition of the � -ferrite (1.66Mn-1.28Si) consisting of 61.6 pct of the bulk, which aligns with

compositional variations seen within the literature [79]. Using this compositional information, the TCFE6

thermodynamic and MOBFE2 mobility databases were used to model the chemical response to intercritical

annealing from an austenitic structure of the given compositional bands (of the compositions given during

solidi�cation). It was assumed that Mn would have slow kinetics during cooling through the austenitic

regime [84]. The model was created by assuming an average austenite grain size of 7� m in a given band of

compositionally homogeneous austenite present at 900� C (fully austenitic), cooling to 740 � C in 5 s and

holding for 600 s, where there is expected to be 60 pct intercritical ferrite based on equilibrium

calculations. Assuming symmetry about the center of the grain, the models used a half width of 3.5� m for

the initial austenite present. The simulations allowed for the growth of intercritical ferrite nucleated at the

austenite grain boundary, partitioning alloy elements into austenite and ferrite within a compositional

band respectively based on solubility. The initial carbon content of each region was calculated using

ThermoCalc and the assumption that at austenitization temperatures the carbon will homogenize its

chemical potential quickly. The resulting compositional bands were of the composition

0.19C-2.57Mn-1.87Si and 0.21C-1.66Mn-1.28Si.

The compositional pro�les obtained for austenite and ferrite from the DICTRA simulations for the

di�erent compositional bands are shown in Figure 5.1.

Figure 5.1 Compositional pro�les of austenite from a DICTRA simulation of a homogeneous austenite
grain in the \high Mn" (left) and \low Mn" (right) region of the microstructure, cooled to an intercritical
temperature of 740 � C and held for 600 s, allowing ferrite growth and partitioning of C, Mn, and Si.
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From the thermodynamic simulations, Mn partitioning into austenite is observed, as Mn is being

rejected due to the formation of ferrite in which it has a lower solubility. A local increase in composition of

both Mn and carbon at the austenite-ferrite boundary occurs coupled with a depression in Si at the

austenite-ferrite interface due to Si partitioning into intercritical ferrite. For both the \high Mn" and \low

Mn" regions, carbon homogenizes through the grain faster than both Si and Mn according to the DICTRA

model.

The DICTRA model predicts that the two compositional bands will contain di�ering intercritical ferrite

fractions upon the same hold. Additionally, due to the di�erence in intercritical ferrite fractions, the

austenite present in the \low Mn" region is more carbon enriched than the \high Mn" austenite present.

Using the compositional information collected from the DICTRA models, the amount of retained

austenite that would be present after a Q&P process was estimated. This was done using a methodology

outlined by Speeret al. [1]. This analysis was performed by using the local composition within the

austenite grain and calculating an informed Ms using the equation

M s( � C) = 539 � 423C � 30:4Mn � 7:5Si + 30Al (5.1)

where C, Mn, Si, and Al are the weight percent of C, Mn, Si, and Al, respectively, of the austenite grain of

interest [50]. The model assumed perfect carbon partitioning from martensite to austenite during

partitioning, a stationary interface, no competing mechanisms, and no substitutional solute partitioning.

Using this methodology and the varying compositions the model can be modi�ed for a microstructure

with bulk chemical heterogeneities while maintaining the assumptions of a stationary interface and

complete carbon partitioning during the partitioning step. This was accomplished by evaluating the

predicted retained austenite content across the grain using the compositional data predicted from the

DICTRA models and local Ms temperatures, and averaging the fractions at a given quench temperature

for the \low Mn", and \high Mn" regions. The resulting predictions for retained austenite contents are

shown in Figure 5.2(a). The predicted retained austenite fractions in the \high Mn" and \low Mn" regions

are shown in Figure 5.2(b). The retained austenite model using di�erent compositions within the bulk

creates a pro�le that predicts a range of quench temperatures in which the retained austenite fractions can

be maximized as well as a decrease in the theoretical maximum retained austenite fraction. The retained

austenite fractions presented are representative of the upper range of austenite fractions that could be

present for this alloy given the compositional banding and intercritical treatment performed, with research

showing the fractions changing minimally with partitioning time and temperature [11, 85]. This �nding

indicates that the given compositional gradients from the present banding alone can truncate the

maximum amount of retained austenite that is expected for a given heat treatment.
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Figure 5.2 Modi�cation of the retained austenite model created by Speeret al. [7] to account for bulk
compositional heterogeneities, and varying grain sizes in the bulk where (a) shows the accounting for local
di�erences in composition overlaid with the prediction for the bulk composition and (b) the modi�ed model
with the contributions from each compositional band overlaid.

Calculating an informed Ms from the compositional modeling indicates a lower Ms throughout the

grain than is expected from the bulk alloy composition, as well as a local decrease in Ms temperature at

the interface of the austenite-intercritical ferrite grain, consistent with previous work done in the area

[20, 50, 81]. At the austenite-ferrite interface, the austenite is more stable than the interior of the grain, as

noted by the suppressed Ms temperature at the interface. As the interface is rich in Mn that is being

rejected from the growing intercritical ferrite, it is more stable than the remainder of the austenite grain.

In work done by Santo�mia et al., it was observed that martensite was more likely to be formed on the

inside of a prior austenite grains due to a carbon concentration gradient resulting from epitaxial ferrite

growth on cooling [81]. Assuming all competing mechanisms are suppressed upon cooling, the results

presented here agree with the martensite formation in the center of austenite grains due to the chemical

gradients present after an intercritical anneal.

Here, the Ms temperature of the \high Mn" region was calculated to be 364 � C, and the \low Mn"

region to be 366� C, whereas the bulk Ms temperature was calculated to be 373� C on the interior of the

grain where the composition is constant (the majority of the grain). This indicates that the \high Mn"

regions of the microstructure are less chemically stable than the \low Mn" regions of the microstructure

upon the �rst quench, this is due to the elevated carbon levels present in the \low Mn" regions. This,

however is inversely related to the QT associated with each compositional bands maximum theoretical

retained austenite amount. This is due to requiring a higher fraction of martensite (which requires a lower

quench temperature) to partition su�cient carbon for austenite stabilization, which also indicates a lower
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maximum amount of austenite in this band. If full carbon partitioning is assumed, the \high Mn" region

has an average of 0.99 wt pct C, and the \low Mn" region has an average of 1.07 wt pct C, with resulting

Ms temperatures of 25.0 and 27.8� C respectively. So, although there is a higher fraction of austenite

possible in the \low Mn" region, it has a higher M s temperature, indicating lower chemical stability.

Assuming the constrained carbon equilibrium conditions hold here, indicating that only carbon will

equilibrate its chemical potential during partitioning [86], there is not one singular carbon content of the

\high Mn" and \low Mn." Due to multiple compositions possible, there are also multiple chemical

stabilities of austenite possible. So, each compositional band may contain a range of austenite stabilities

associated with it. Knowing this, a new methodology for designing Q&P microstructure is proposed

through leveraging Mn banding for di�ering austenite stabilities. As the di�erent regions in the

microstructure respond di�erently to heat treatment and quench temperature, the quench temperature can

be selected around the di�erent regions of the microstructure and how much of each respective region is

desired in the �nal microstructure. Thus, the quench temperature selection in heat treatment design for

Q&P processing can be chosen based on austenite distribution and stability rather than the maximum

theoretical maximum amount of austenite that is available. Likewise, prior processing, such as segregation

during solidi�cation (changing mixing in the melt to minimize or maximize Mn segregation) and bulk alloy

composition can be leveraged to change the relative stabilities that are possible during heat treatment.

This work resulted in the following primary conclusions. Compositional gradients present in austenite

after an intercritical anneal were modeled using the DICTRA extension of ThermoCalc software for a

composite-like, compositionally banded steel. The compositional gradients present indicated that the

austenite grain will have a varying Ms center to edge, and that the Ms is likely not that which was

predicted using the bulk composition of the alloy. Using the compositional modeling to inform Ms

temperatures, model by Speeret al. [7] was modi�ed to account for bulk heterogeneities present. The

modi�cation of the model results in a range of quench temperatures at which the maximum retained

austenite fraction can be achieved as well as decreasing the theoretical maximum fraction retained

austenite. Additionally, the \high Mn" and \low Mn" regions are expected to have di�erent retained

austenite fractions with respect to quench temperature. Likewise, each region may have a di�erent range of

austenite stabilities, about the Ms temperatures of 25.0 and 24.8� C), providing a fundamentally new way

for microstructure design of Q&P steels.
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CHAPTER 6

TUNING AUSTENITE STABILITY THROUGH VARYING PROCESS PARAMETERS IN A

LOW-ALLOY Q&P STEEL

Anticipated Author List: Melissa Thrun, Virginia Euser, Kester Clarke

6.1 Abstract

Quenching and partitioning (Q&P) processing is a widely accepted heat treatment methodology for

creating high strength steels consisting of ferrite, martensite, and austenite while maintaining relatively low

manufacturing costs. However, there has been limited research to date to understand and quantify the

e�ect of starting microstructure on the heat treatment response and austenite stability during deformation.

An understanding of the heat treatment response of di�erent starting microstructures is critical to

processing and creating steels with complex microstructures that contain retained austenite, and may

a�ord opportunities to further optimize properties. This study investigates the in
uence of starting

microstructure (ferrite/pearlite vs martensite) and prior levels of cold work (38 vs 58 pct) on the

microstructural development and mechanical properties of a 0.2C-2.0Mn-1.5Si (wt.%) steel exposed to

Q&P processing. Samples with a starting martensitic microstructure resulted in higher retained austenite

fractions and a more homogeneous microstructure after Q&P processing compared to a starting

microstructure of ferrite-pearlite. Starting martensitic microstructures displayed higher work hardening

rates and higher uniform elongations. Larger cold reductions saw accelerated dissolution kinetics and

austenite formation during intercritical annealing, resulting in more similar �nal microstructures from the

ferrite pearlite or martensitic starting microstructures. The results presented indicate that varying prior

processing can be a route for changing austenite stability in a Q&P processed steel.

6.2 Key Words

Austenite Stability, Process Control, Deformation Induced Martensite, Advanced High Strength Steels,

Quenching and Partitioning

6.3 Introduction

Quenched and partitioned (Q&P) steels are characterized by high strength, good ductility, and complex

multiphase microstructures. The performance of these alloys is tied to a composite-like strengthening e�ect

in which high strength and good ductility are linked to the martensite and austenite phases, respectively.

In addition to its inherent ductility, austenite undergoes a deformation induced martensite transformation
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(DIMT) leading to enhanced ductility through a process known as transformation induced plasticity

(TRIP) [38]. The unique microstructures associated with Q&P processing are created through a complex

heat treatment methodology in which carbon is partitioned from supersaturated martensite to austenite

during an isothermal hold. Through this partitioning process, retained austenite is ultimately stabilized to

room temperature for the ultimate purpose of accommodating strain during subsequent plastic deformation

[7].

The term \austenite stability" has been coined to describe the propensity of transformation of austenite

to martensite during deformation. Low stability austenite is characterized by austenite that transforms

readily and rapidly during deformation, whereas high stability austenite is characterized by accommodating

strain and generally persists to higher strains during deformation. Studies have shown that when austenite

is present in a ferrite matrix, it tends to be less stable than when it is present in a martensite matrix [69],

and austenite has been characterized as less stable in blocky morphologies than as �lms [87]. Likewise,

austenite stability has been tied to other factors such as deformation temperature [51, 52, 88{90], strain

rate [27, 28, 53, 59, 62], strain state [28, 91], local microstructure [55, 87, 92], and prior processing [93, 94].

Recent work has shown that by changing deformation conditions (e.g. temperature and strain rate), the

apparent austenite stability can change for a given steel [82]. Likewise, research has shown that processing

can change the austenite stability. Varying process parameters in the Q&P process, changing the amount,

composition, and morphology of austenite [16, 20, 95{97], and processing prior to the Q&P process, such as

prior microstructure, cold reduction, and pre-treatments [92, 93, 98, 99] have been used to change the

composition, morphology, and amount of austenite, ultimately changing its stability.

The in
uence of prior processing on the austenite stability of Q&P processed steels has not been

thoroughly explored, with limited studies to date. In a study by Cao et al., an austenite reversion

treatment (ART), where a 0.2C-5.0Mn (wt %) steel is fully austenitized prior to �nal intercritical annealing

was performed to increase the retained austenite fraction as well as improve the mechanical properties [98].

A similar methodology has been used in more recent studies and has been shown to increase the amount of

austenite retained during Q&P. In a study by Zhang et al., a pre-conditioning treatment consisting of a full

austenitization (900 � C) and quench was performed prior to a Q&P treatment and resulted in a re�ned

microstructure and higher amounts retained austenite, as well as higher fractions of �lm-like austenite than

the samples that were only quenched and partitioned [99]. A similar result was shown by Chianget al., for

a steel that was intercritically annealed and austempered to create a microstructure containing retained

austenite [92]. The pre-treated (intercritically annealed and austempered) steel exhibited an increase in

retained austenite content, yet a lower retained austenite stability during deformation compared to the

steel that was not pre-treated. In a recent study by Jai et al., a low carbon steel was cooled at di�ering
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rates from hot rolling temperatures to create three distinct microstructures prior to Q&P processing [93].

They found that the three starting microstructures exhibited similar yield and tensile strengths, however

di�erent uniform elongations. The authors also noted a di�erence in the austenite amount and stability

between the di�ering starting microstructures, indicating that prior processing can be leveraged to produce

varying austenite stabilities from a single product.

This study investigates the in
uence of starting microstructure (ferrite/pearlite vs martensite) and

prior levels of cold work (38 vs 58 pct) on the microstructural development and mechanical properties of a

0.2C-2.0Mn-1.5Si (wt.%) steel exposed to Q&P processing. Retained austenite fraction was measured post

heat treatment using X-Ray di�raction, while microstructure and mechanical properties were characterized

using scanning electron microscopy and uniaxial, quasi-static tensile testing to examine the di�erences

caused by the di�ering starting microstructures.

6.4 Experimental Methods

6.4.1 Thermomechanical Processing

A 0.2C-2.0Mn-1.5Si (wt. %) alloy was laboratory cast as a 50 lb ingot in a vacuum induction furnace.

The material was then heated to 1260� C in a N2 atmosphere prior to hot rolling. The material was hot

rolled to thicknesses of 2.6 or 3.5 mm, followed by a simulated coiling cycle in which the material was

furnace cooled from 650� C. Cold rolling was performed for each thickness, reducing the 3.5 mm material

to 3 mm, and the 2.6 mm material to 2 mm. All material was subsequently annealed at 900� C for 10

minutes followed by a furnace cool and cold roll to a �nal thickness of 1.25 mm, with the 3 mm material

undergoing a 58 pct reduction (CR58) and the 2 mm material undergoing a 38 pct reduction (CR38). The

resulting initial microstructure of the two alloys consists of banded ferrite-pearlite (F+P).

Both cold rolled conditions were then subjected to two Q&P heat treatments: 1) quenched and

partitioned directly from the as-cold rolled microstructure (QP), and 2) fully austenitized and quenched

prior to Q&P treatment (Q-QP). The intent of the Q-QP heat treatment was to create a starting

microstructure of as-quenched martensite prior to the QP treatment. A schematic of the two utilized heat

treatments is shown in Figure 6.1.

Prior to the Q&P process, the Q-QP samples were austenitized at 860� C for 180 s and water quenched

to room temperature to create a fully martensitic microstructure. The Q&P treatment performed on all

samples involved heating to 800� C for 180 s to create approximately 20 pct intercritical ferrite, quenching

to 270 � C, and partitioning at 450 � C for 30 s. This heat treatment was performed on ASTM E8 subsize

specimens [27] using molten salt baths, and on 10 x 4 x 1.25 mm3 sheet material that was heat treated in a

DIL805A Quenching Dilatometer for microstructure analysis.
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Figure 6.1 Schematic of the QP and Q-QP heat treatments performed on a Fe-0.2C-2.0Mn-1.5Si steel. The
Q-QP heat treatment consists of austenitizing the steel for 180 s followed by a quench to room temperature
prior to Q&P processing, whereas the QP heat treatment consists only of the Q&P heat treatment.

Heating rates used in the dilatometer were 80� C�s, and cooling rates were 60� C�s for the heat

treatments performed.

6.4.2 Phase and Microstructure Analysis

X-Ray di�raction was used to determine the amount of retained austenite present in the

microstructure. Samples were ground to 1200 grit and thinned in a solution of 10 parts distilled water, 10

parts hydrogen peroxide, and 2 parts hydro
uoric acid for 120 s to remove any decarburization and/or

deformation layer. A scan on each sample was performed with a Cu source over a 2� range of 40� to 105� ,

with a step size of 0.05� and dwell time of 5 s, while rotating the sample about the normal direction (ND)

plane. Retained austenite content was calculated using the integrated intensity of the austenite and

ferrite/martensite peaks and the equation:
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where I is the integrated intensity of the peak, and R is a parameter relating to the theoretical intensity of

the peak [75]. R is known to be dependent on interplanar spacing, Bragg angle, crystal structure,

composition, and phase being measured [75]. There was no e�ort to separate the martensite and ferrite

peaks in the analysis performed. For each sample, the retained austenite fraction was calculated using two

di�erent peak �tting techniques and using a 4-peak and 3-peak analysis to better understand the spread

and error in the calculation. The error reported is the standard deviation of the retained austenite values

across the two �tting techniques, and the 4-peak and 3-peak analyses.

For microstructural analysis, samples were metallographically mounted and polished to 0.5� m using a

diamond suspension. The samples were swab etched for 10 s with 0.5 pct Nital and imaged using a Tescan
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S8252G scanning electron microscope. Grain size was measured using the line intercept method.

Di�usion kinetics were estimated using DICTRA modeling to better understand interface migration

and phase decomposition during austenitization and intercritical annealing at 860 and 800� C, respectively.

The half width of the austenite/ferrite grains at the intercritical hold temperature was estimated as half

the grain size of the cold rolled ferrite-pearlite microstructures. The model assumes no segregation of

substitutional alloying elements, only of carbon. Previous pearlite colonies were assumed to be the �rst

regions to austenitize and thus started the simulation as austenite. Any stored energy in the starting

microstructure was not accounted for in the model.

6.4.3 Mechanical Behavior

ASTM E-8 subsize specimens were machined with the tensile direction corresponding to the rolling

direction (RD) [100]. Uniaxial tensile testing was performed on an MTS® 880 hydraulic load frame at a

quasi-static engineering strain rate (0.001 s� 1). Instantaneous strain hardening rate was calculated using

the equation

ni =
d(ln (� ))
d(ln (� ))

(6.2)

where � is the true stress and� is the true strain [101], and smoothed over 30 data points.

6.5 Results

6.5.1 Microstructure Development During Heat Treatment

The microstructure in the as-received, cold rolled condition is shown in Figure 6.2.

Figure 6.2 Starting microstructures for the CR38 and CR58 material consisting of banded ferrite (dark
regions) and pearlite colonies (light regions). Secondary electron micrograph, etched for 10 s with 0.5 pct
nital.
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The grain size for the as cold rolled steel is 26.8� 2.7 � m and 13.5� 0.5 � m and for the CR38 and

CR58 conditions, respectively. Both the CR38 and CR58 were subjected to the QP and Q-QP processing

routes, and the resulting microstructure of each condition is shown in Figure 6.3, where the light regions

are austenite and martensite/austenite microconstituent, and the dark regions are ferrite.

Figure 6.3 Heat treated microstructures of the CR38 and CR58 for the pre-treated condition (Q-QP) and
the samples heat treated in the as-cold rolled condition (QP). Secondary electron micrograph, nital etch.

The samples heat treated directly from the cold rolled F+P (QP) microstructure exhibit a banded

microstructure in which the pearlite colonies have been replaced by martensite/austenite colonies, and

most of the intercritical ferrite remains banded along the RD. In comparison, the Q-QP processed samples

consist of a more homogeneous mixture of ferrite, retained austenite, and martensite.

The regions of the microstructure in the QP condition which were originally pearlite grains are regions

of martensite/austenite microconstituent post heat treatment. In the Q-QP condition, the retained

austenite observed in the microstructure is generally located more evenly throughout the microstructure.

Both heat treatment conditions retained metastable austenite to room temperature, with the austenite
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