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ABSTRACT

Advanced high strength steels (AHSS) are continually being developed in order to reduce weight
and improve safety for automotive applications. There is need for economic steels watretinpr
strength and ductility combinations. These demands have led to research and development of third
generation AHSS. Third generation AHSS include steel grades with a bainitic and tempered imartensit
matrix with retained austenite islands. These steels may provide improved mechanicaépropert
compared to first generation AHSS and should be more economical than second generation AHSS. There
is a need to investigate these newer types of steels to determine their strength alpititiopmoperties.
Understanding these bainitic and tempered martensitic steels is important becauselyhegrike
produced using currently available production systems. If viable, these steels could be a fEsitive s
the evolution of AHSS.

The present work investigates the effect of the microstructure on the mechanical mapertie
steels with a microstructure of bainite, martensite, and retained austenite, so called TRIP mittked bai
ferrite (TBF) steels. The first step in this project was creating the desired tmictoe. To create a
microstructure of bainite, martensite, and austenite an interrupted austempering meantreas used.
Varying the heat treatment times and temperatures produced microstructures of varying amount
bainite, martensite, and austenite. Mechanical properties such as strength, ductility, straing)anale:n
hole-expansion ratios were then evaluated for each heat treatment. Correlations between mechanical
properties and microstructure were then evaluated.

It was found that samples after each of the heat treatments exhibited strengths between 1050 MPa
and 1350 MPa with total elongations varying from 8 pct to 16 pct. By increasing the bainite and austenite
volume fraction the strength of the steel was found to decrease, but the ductility increased. Larger
martensite volume fraction increased the strength of the steel. Strain hardening results sttowed th
increasing the martensite volume fraction increased the strain hardening exponent while bainieddecreas
the strain hardening behavior. Austenite was found to slightly increase the strain hardeniitg.behav
Hole-expansion tests showed hole expansion ratios ranging from 20 pct to 45 pct. Increasing the bainite
volume fraction was found to increase the hole-expansion ratio. Increasing the martensite votiome frac
was found to decrease the hole-expansion ratio. Overall, each of the heat treatments resultéd in a stee
with attractive properties, and the results showed how the microstructure of bainite, ileadads

austenite influences the mechanical properties of this type of steels.
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CHAPTER 1: INTRODUCTION

Increasing requirements for safety and fuel efficiency in the automotive industry have required
further improvements from conventional steel use in automolilesder to fill these requirements, third
generation advanced high strength steels have been developed. These steels include several grades that
take advantage of unique microstructures and processing such as quench and partitioning to achieve
increased strength and formability. Martensitic microstructure with retained aaistenjitoe present in
these steels; however, a mixed microstructure of bainite and martensite with retaiepiteansty
provide further improvements. Understanding the mechanical properties of steels withstragture of
bainite and martensite with austenite islands may lead toward improvements in automobile safety and
emissions standards.

The following work experimentally develops some relationships between microstructure and
mechanical properties for steels with microstructure of bainite/martensite, and retetedte. The
thesis starts by first selecting a steel of suitable composition to create tleel deisitostructure. Once a
steel composition was chosen, work characterizing and understanding how to create a microstructure of
bainite/martensite and austenite was conducted. The scope of the project is to quantifyetie crea
microstructures and relate the microstructure to mechanical propkrtieder to achieve this goal,
microstructure of bainite/martensite and austenite needs to be created reliahlynédtdenical
properties were evaluated for the steels. Mechanical properties that were investigatediacness,
strength, ductility, strain hardening, and hole-expansion ratio. While the main goal of theiprject
evaluate the mechanical properties for a steel with a microstructure of bainite/martehsitestenite,
an additional target for the created sie@b exhibit tensile properties around 1200 MPa with 12 pct total
elongation. This target was set by the industrial sponsors of the project.

The following chapters provide a background to the project, and it gives the base of necessary
knowledge. Experimental methods used for this project are then addressed. Finally the results and
discussion are presented. These results show the microstructural and mechanicedgptiogientere
observed for the steels with a microstructure of varying amounts of bainite, martensite, ariigt austen
After the results and discussion section, a summary of the main findings is presentbd skEiggéstions

of future work to supplement the findings are given.



CHAPTER 2: LITERATURE REVIEW

Advanced high strength steels (AHSS) are an emerging class of steels that utilizezepeciali
processing and alloying to create steels with superior properties compared to conventional steel grades.
This chapter discussthe processing, microstructures, and mechanical properties of previously studied
AHSS grades such as dual phase (DP), transformation induced plasticity (TRIP), quench anag@artition
(Q&P), and TRIP aided bainitic ferrite (TBF) steels. Mechanical properties and forgnpbilgmeters

such as hole-expansion behavior of steels with retained austenite are presented in this chapter.

2.1 Advanced High Strength Steels

Understanding the mechanisms of previous generations of AHSS steels allows for a clearer
picture of how to create a steel with varying volume fractions of bainite/martefithiteetained
austenite, and how microstructure affects the mechanical properties. This section first Eoards D
TRIP steels. Q&P steels are then presented. Finally, TBF steels are described. For eachestiteaaly

steels alloying, processing, microstructural evolution, and mechanical properties are discussed.

2.1.1 Dual Phase and TRIP Steels

Dual phase steels (DP) are a broad class of high strength low alloy steels. The microsfructure o
DP steels consists of a hard martensitic phase surrounded by a soft ferrite matrix. DP steelsallye gener
processed by first intercritical annealing, then quenching below the martensite start tmmdgato
create the dual phase microstructure. Volume fractions of 20 pct martensite and 80t@etrfeodmmon
for DP steels [1]. Depending on strength level needed, the volume fractions may be diffeiknt.
martensite and ferrite are the primary phases in DP steels, small amounts of bainite, peaditeinaad
austenite are common. Figure 2.1 shows a scanning electron micrograph (SEM) that showcases the
microstructure of DP steels. In addition to processing, alloying is important in creasimgpiniof steel
with a dual microstructure. DP steels are generally low carbon, medium manganese, and medium silicon
steels with various other microalloying and hardenability elements. The low carbon tiblpsmwtinuous
yielding and weldability. Silicon and manganese may act as solid solution strengtheners. Additionally
silicon suppresses cementite formation. Manganese, chromium, and molybdenum may be added for
hardenability allowing for easier martensite formation. Vanadium, niobium, and other toigraal

elements are added for precipitation hardening and grain size control [1].



Figure 2.1
guenched to 150 °C. The F shows the ferrite in the microstructure, M shows martensite,
C shows carbides, and B shows bainite [2].

DP steels have increases in strength and elongation compared to conventional steel grades.
Strengthening in DP steels comes from the microstructure. The martensite increases thed¢agdiebt
the matrix. The strain field created by the hard martensite phase in the microstructuneeal§Pgsteels
good formability, because the work hardening is increased due to the strain interaction with
dislocations [3]. The ferrite matrix acts as a soft ductile phase that can accommodate dislogtitio
high mobility [4]. This dual phase microstructure increases the ductility and formalbitiie steel.
Figure 2.2 shows the strength and ductility values of varying grades of steels. DP steels draverally
strengths varying from 600-1000 MPa with total elongations ranging from 10-25 pct.
Like DP steels, TRIP (transformation induced plasticity) steels are another type atigsatipn
AHSS that utilize the TRIP effect to increase the strength of the steel. The midtostnicTRIP steels
is a ferrite matrix with a large volume fraction of retained austenite presemhjdtype of
microstructure is created by a combination of processing and alloying. TRIP steels are generally
processed by intercritical annealing, then isothermally transformed to create thenfécrostructure
with retained austenite [4]. TRIP steels are generally a low to medium carbon steel with manghnese an
silicon additions. Other hardenability and microalloying elements may also be present. The silicon
additions are important for TRIP steels because silicon suppresses carbide formation prodithes
carbon to diffuse from the ferrite into the austenite, stabilizing it when it coats thoroom temperature.
TRIP steels have higher strength and ductility than conventional steel grades. Figure 2.2 shows
the variation in tensile properties for TRIP steels compared to various other steelfgjgudes2.2 shows

that TRIP steels have yield strengths varying from 500-800 MPa with total elongations vamying fr



15-40 pct. In addition to the better tensile properties, TRIP steels have high strain hardegiridhea
increase in strain hardening occurs due to the transformation of austenite to martensite upatiaeform
This transformation allows for a high dislocation density to be present in the ferrite poesasing
strength, ductility, and strain hardening [4].

The TRIP effect may occur in steel in two ways. These are stress assisted and strain induced
transformations. Stress assisted transformation occurs when nucleation of martensite occuesran the s
sites as would be cooling where the stress applied contributes enough free energy into the system, driving
the transformatiofb,6]. Strain induced transformation occurs when new martensite nucleation sites are
created due to dislocations introduced into the austenite during plastic strain [6]. Theszh&aaiams
allow for the TRIP effect to occur, defining the mechanical properties of TRIP type steel
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Figure 2.2 Comparison of tensile properties of different conventional and AHSS steel gfades [

2.1.2 Quench and Partitioned Steel

Continual improvements in tensile properties of first generation AHSS and reducing the high cost
of highly alloyed second generation AHSS has created the need for third generation AH$S. Thi
generation AHSS include Q&P steels. Q&P steels utilize carbon partitioning into austeniteasértbe
retained austenite fraction within the microstructure. Q&P steels are processeddwstesitizing, then
guenching to create a controlled amount of martensite. The quench is performed betweganithe M

martensite finish () temperature [8]. The steel then undergoes a partitioning heat treatment at



temperatures around or above the quench temperature. The processing of Q&P steel yields an overall
microstructure of martensite, with retained austenite, and possibility of bainite fardte.

The microstructural evolution of Q&P steel gives some insight as to why they perfornhmatter
other types of steels. Q&P steels start with the austenization step. During this steprdbtunture can
be a ferrite-austenite mixture if an intercritical temperature is used. The micnastrigciully austenitic
if the temperature is above the austenite phase transformation tempergtubei(iag the quench step,
some of the austenite transforms into martensite, but because the quench step is selected to bieebetween t
Ms and the martensite finish gMemperatures, the steel does not transform completely to martensite [9].
At this point the microstructure consists of austenite, martensite, and ferritestdictaral evolution
that occurs in the Q&P process continues during the partitioning step. During the pagtisiteq, carbon
diffuses {.e. partitions) into the austenite, causing the austenite to be more stable upon cooling to room
temperature. In addition to the carbon diffusing into the austenite, the martensite also chastges stru
from a body centered tetragonal unit cell (BCT) to body centered cubfC)(BG]. Figure 2.3 shows the
change in structure during the partitioning step.
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Figure 2.3 Neutron diffraction data of 0.2C-3Mn-1.6Si laboratory prepared Q&P steel during the
partitioning step showing the change in lattice parameters for different microstructural
constituents [10].



Figure 2.3 shows neutron diffraction data that indicate the change in lattice parameter with
partitioning time for both the martensite and austenite phases. The austenite lattietgrasashown to
increase due to the carbon partitioning into the austenite, increasing the atomic bond distacicé@s, whi
turn increases the lattice parameter. A decrease in the martensite lattice pavacuesawith increasing
partitioning time. The decrease of the martensite lattice parameter is due to eaxston the martensite.
The BCT martensite phase is present due to carbon supersaturation, since the carbon is abk to diff
from the martensite into the austenite, the BCT phase relaxes to a BCC martensite [10]. In adb#ion t
structural change of the martensite during partitioning, a tempering reaction also occursari¢hsite.
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Figure 2.4 Engineering stress-strain curve showing a Q&P processed steel of composition
0.2C-3Mn-1.6Si with a quench temperature of 250 °C. Each curve corresponds to
different partition times and retained austenite levels [11].

The partitioning effects and microstructural changes that occur with Q&P steels are why they
show improved properties. The carbon partitioning has a direct effect on the properties of Q&P steels.
The main effect is that partitioning allows for retained austenite to be present in theicirgestructure.
Retained austenite exhibits the TRIP effect, which helps strengthen the steel and makefotmable.

Figure 2.4 shows the stress strain curves for different Q&P processed steels that haveleifésaft
retained austenite [1lhcreasing the partitioning time and temperature increases the ductility of the
steel. It also shows that Q&P steels have a high work hardening rate and high strength. The TRiP effect
conjunction with the strong martensite phase allows Q&P steels to have tensile strengths exceeding

1200 MPa and total elongations over 15 pct. Overall, Q&P steels show improved properties such as



increased strength, ductility, and work hardening rates as compared to previous generations of AHSS and
conventional steels.

2.1.3 TRIP Aided Bainitic Ferrite Steel

Another type of third generation AHSS is TRIP aided bainitic ferrite (TBF) steel. fEisuses
retained austenite with the TRIP effect along with a bainitic microstructure to intheasteength and
formability. Bainite is traditionally defined as a mixture of non-lamellar arrayarbiaes in ferrite
formed by both a shear and diffusional transformation [4]. TBF steels generally contéde @ad
bainite, making it a lath structured ferritic phase [12]. TBF steel is produced using anpaustém
processing technique roughly analogous to one-step Q&P. The major difference in the grisdsain
for TBF the hold temperature is above.MIBF processing includes an intercritical austenization,
followed by a controlled quench and isothermal hold to form bainite. Figure 2.5 shows a processing
schematic to produce TBF steel.
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Figure 2.5 Processing schematic that shows how TBF steels are processed to produce the desired

microstructure of bainite, ferrite, and retained austenite [13].

Figure 2.5 shows that during the intercritical anneal pro-eutectoid ferrite forms in the austenit
microstructure. The quench is then done below the bainite start tempergfuidi®hold at lower

temperature allows for bainite to form along with carbon partitioning from the forminddiatoi the



austenite, allowing for a final microstructure of ferrite, bainite, and retained aedtehe present [13]

Figure 2.5 shows the basic processing of TBF steels; however, others in literature looketknetut dif
variations to the processing route to optimize the process. In order to create a strongerl,TBF stee
guenching below the Ms performed after the intercritical hold. This method adds martensite to the final
microstructure, strengthening the steel and thus represents a hybrid between austemperettbaieite a
step Q&P [14]. Martensite can also be present in the final microstructure if steel is quenahgthéuri
isothermal hold above dprior to the completion of the bainite reaction. Suginasial. found that the

TBF microstructure can be created more easily by hot forging or deformation during the icércriti
austenization [15]. Figure 2.6 shows the microstructural differences between the tradiienal
SURFHVVLQJ ZLWK 6XJLPRWRYV KRW IRUJLQJ SURFHVVK®J 7KH IRU
microstructure as seen in Figure 2.6. The refinement allows for a stronger, tougher TRFsee

created. Overall, TBF steel is produced by either an isothermal process, shown in Figure 2.5 or by a hot
forging process as outlined by Sugimetal.

15 ym
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Figure 2.6 Phase maps from electron backscatter diffraction (EBSD) of (a) TBF stest@doocéh
a conventional processing route, and (b) TBF steel processed with a processing route
where hot forging occurs during the intercritical anneal. For both these processing routes,
the steel was austenitized at 900 °C for 1200 s and quenched to 350 °C. Isothermal hold
times were performed for 1000 s. Retained austenite phases © DW K E)Pab@ L W H
pro-H XW H F W R L)@re shown [[18] H

In order to create the correct microstructure for TBF steels, the alloyingdalciie first
alloying element that plays a role in TBF steel is carbon. Carbon is important becauseided to
diffuse into and stabilize the austenite down to room temperature during the austempetiagipaurti



step. In TBF steel, it is important for the carbon to partition into the austenitetrethdorm carbides in
the bainite. In order to balance carbide formation and carbon partitioning TBF steels tyicallyom
0.1-0.3 wt. pct. carbon [16].

The next major alloying element in TBF steels is silicon (Si). Si is a well-known ferriteéztabil
It raises the austenite transformation temperatugg, Mhich makes pro-eutectoid ferrite easier to form
during the intercritical anneal. Si is also insoluble in cementite. This insolubilitgipful in TBF steel
because it suppresses cementite formation, allowing the carbon to diffuse into theecawgtemit
forming cementite. In theory the bainite that forms is carbide free and the austenite medtaiitoom
temperature [17]. Generally about 1.5 wt. pct. Si is added to TBF steel to prevent cenremditi@han
the steel. One of the disadvantages to adding Si to the steel is that Si forms oxides at higlhutemperat
These oxides may be picked up by the rolls or stick to the steel surface during sheet production and result
in poor surface texture and surface finish [14].

In order to address the surface finish problem, research on adding aluminum (Al) to TBF steel has
been done [12]. Aluminum is also a ferrite stabilizer that acts similar to Si. The main disae\adnhg
in TBF steel is that it is not as potent as a cementite suppressor as Si. The amountsdediioniee
added raises the.Atemperature higher than desirable with current production methods [18]. Due to the
disadvantages of Al as a main alloying element, it has been used in smaller amounts with Si to help
reduce the effects of oxides on the rolls [18].

Another major alloying element in TBF steels is manganese (Mn). Mn is an austenite stabilizer
that also enhances the hardenability of the steel. Its main role is to help stabilizeghiteagigtvn to
temperatures where the carbon partitioning can further stabilize the austenite. Adding Mn to TBF steel
increases the amount of retained austenite in the final microstructure. TBF steels are gdiogeadly
with around 1.5 wt. pct. Mn [19].

In order to further increase the hardenability of TBF steel, additions of chromiym (Cr
molybdenum (Mo), and nickel (Ni) can be added. These elements have been found to increase the
retained austenite fraction in TBF steels [20]. These elements are generally addedamsnonai$ and
change the microstructure of the steel to bainite, ferrite, martensite, and retaineitealist@edition to
changing the microstructural constituents, these elements also refine the microstructure [20].

Microalloying with niobium (Nb) has also been found to have interesting effects on TBF steel.
Nb acts as a grain refiner by causing niobium carbides to precipitate on prior austenite grairidsoundar
These precipitates make grain boundary mobility difficult and prevent grain growth. In TBS; Kiieel
also changes the morphology of the phase constitasstown in Figure 2.7. In the transmission
electron microscope (TEM) image with O Nb, the bainitic ferrite is present as laths witatmtetained

austenite. As Nb is added to the steel, the morphology of the bainite changes to granular banpite, al



with the austenite becoming blocky austenite islands in contrast to interlath austenédag jwith
changing the morphology of the phases, Nb has been reported to increase the carbon content of the

austenite, which helps increase the overall volume fraction of austenite in the final microst@idture [

Figure 2.7 TEM of TBF steels with (a) ONb, (b) 0.025Nb, (c) 0.045Nb, and (d) 0.09Nb with an
isothermal hold temperature of 400 °C for600 SKDVH LV VRPH FHPHQWLWH
Blah LV ODWKg ENLWHW/BL Q Hgon 3 ¥lobwWe iGainie Fnd.NbC is Nb
carbides [21].

In addition to alloying, TBF steel focuses heavily on the bainite transformation and partitmning
allow austenite in the final microstructure. Understanding the bainite transformatidicé twi
understanding why these processing routes and alloying work to create the microstructunigecdrmhi
retained austenite. Jacquetsal. have done extensive research showing the effects of transformation
temperature and time on the bainitic transformation [22]. Figure 2.8 shows the effect of tera@ertur
time on the evolution of bainite formation in TBF type steels. There is a maximum amount tef thaini
can transform with intercritical annealed TBF steels. The maximum occurs due to the catitionipgr
into the austenite, stabilizing it and making it so, thermodynamically, there is no mong floide for
bainite formation [22]. Figure 2.8 also shows that at the same isothermal hold times, an increase in
temperature increase the amount of bainite, up to the maximum bainite fraction. This iiscpeathe
due to the kinetics of the reaction, which is faster at higher temperatures. As the trarsiormat
temperature increases, the maximum amount of bainite that forms decreases. The ddtie#aeei
with increasing temperature is due to faster diffusion of carbon at elevated tempefdiaraster
carbon can diffuse into the austenite, the faster austenite is stabilized, loweringitigefdrce for the

formation of bainite [22].
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Figure 2.8 Evolution of the volume fraction of bainiteai®.3C-1.4Mn-1.5Si TBF type steel during
isothermal holding at 360 °C and 410 °C where intercritical austenization was performed
at 760 °C for 6 min [22].

Jacquegt al. also show the movement of carbon in TBF steel, and its effect on retained austenite.
Figure 2.9 shows the changes in carbon content and volume fraction of the austenite as the bainite hold
time is changed. As the bainite hold time increases, the amount of carbon in the retained austenite
increases, along with the volume fraction of the austenite. At higher transformation tempgecatinen
partitions faster into the austenite, and the volume fraction of austenite in thagtemtés [22Figure
2.8 and Figure 2.9 indicate that the transformation behavior of TBF steels is explained by &loévdispl
nature of the transformation, and because of the high silicon content, cementite formappreissaal.

This suppression allows for the carbon to partition into the austenite. The bainite laths then igtbes unt
austenite becomes thermodynamically stable relative to the ferrite. The trangforisiééimperature
dependent and results in austenite films between the bainite laths [22]. Overall, tieettzaisiormation

is heavily influenced by the austenite stability. At higher holding temperatures and longeg tialds,
more austenite is found in the room temperature microstructure [23].

Due to the processing and alloying of TBF steels, TBF steels have improved mechanical
properties compared to first generation AHSS. Like Q&P steels, TBF steels generally have around 10 pct.
retained austenite in the microstructure [23]. Similar strengthening mechanisms in TRIRRastE€ls
also occur with the main difference being that bainite is not as strong as martensite hesaning
strengthening is observed. The softer bainite phase is shown to help improve the formalidfystéels

compared to stronger Q&P steels [24]. TBF steels are reported to have tensile strengths between 800
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1200 MPa with total elongations around 25 pct [19]. These combinations of properties make TBF steel

desirable.
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Figure 2.9 Volume fraction and carbon content of retained austenite in 0.3C-1.4Mn-1.5Si TBF steel

as a function of the bainitic holding time at 360 °C and “41{22].

2.2 Hole Expansion

Hole-expansion is an important parameter for forming of parts for the autonmativ&ry. The
hole-expansion test is performed by forcing a conical punch through a sheared hole on a clamped sample.
The test is completed upon observation of the first through thickness crack. A hole-expaiusisthet
determined as a percentage of strain experienced by the hole after expansion [25]. The hole-expansion
ratio is definedas:

& F &

I L Hsrr 21

Where LV W Kelpastad Hitio, Ds defined as the final diameter of the hole once a through
thickness crack is observed, angli®defined as the initial diameter of the hole before the test
begins [25]. Hole-expansion tests are widely used in industry as a metric for the foyno&ipiitts.
Large variations in reported results are possible due to inconsistences in testing procedimgs use
different companies and operators along with different edge conditions. One way to reducelfilgyvari

of hole-expansion results is through the die clearance when punching the initial hthe ipfank. Die
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clearance is expressed as a percent of the diameter of the die in relation to diameter of the punch and

thickness of the sheet. The clearance is expressed as:
&12 . PN
%HA:N:J—#{ﬁfJOHsrr
tHP (2.2)

Where Dicis expressed as the diameter of the digndis the diameter of the punch, and t is the
thickness of the sheet. In order to obtain a sheared edge of good condition, clearances between 12-15 pct
are needed [22,23By having a standard clearance, a consistent sheared edge can be produced, helping

decrease the variability in the hole-expansion test results.
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CHAPTER 3: EXPERIMENTAL METHODS

This chapter outlines the materials and procedures used to determine the effects of
bainite/martensite with retained austenite on mechanical properties. The chiypienide details on
the material used, how it was characterized, trial heat treatment procedures, and theptadgaiian.
The mechanical testing procedures will be explained including hardness testing, tensileatedtimae-

expansion testing.

3.1 Material Selection
In order to understand the effects of bainite/martensite with retained austenite on oa&chani

properties, a steel with a singular composition was chosen. The selected material was a Q&P 980 grade

steel from Baosteel. Table 3.1 shows the chemistry of the steel that is the focus ebtbis th

Table 3.1+Composition of Experimental Steel (wt pct)

C Mn Si Ni Cr Mo Ti Nb V Al N S P Cu
02 1.79 1.52 0.008 0.03 0.003 0.005 0.003 0.003 0.039 0.004 0.003 0.014 0.006

The composition of the steel shown in Table 3.1 was chosen in order to best create the desired
microstructure of bainite and martensite with retained austenite islands. As discusseddratheeli
review, the carbon content is good for partitioning to austenite when not too much of it forms carbides i
the bainite. Mn and Si contents were chosen to help with hardenability of the steel, along with
suppressing carbide formation. The rest of the alloying elements are residuals from the sbgel maki
process, but they will help with hardenability of the steel. Due to the matedalise| using a TBF
processing route with a full austenization instead of intercritical austenizaticesuilt in the desired

microstructure of bainite/martensite with retained austenite islands.

3.2 Material Characterization

Initial asreceived microstructure was examined using light optical microscopy (LOM). Samples

were ground and polished to 1 pm according to ASH328]. Samples were then etched using 2 pct
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nital to reveal the initial microstructural constituents according to ASTM E407(2&Je etching was
completed, micrographs at 100X and 500X magnification were recorded using an Olympus PMG-3
Inverted LOM. Microstructural volume fraction evaluation was performed using the manual point count
method, as per ASTM E562 [30]. After micrographs were taken, samples were reground and polished to
1 um according to ASTM E3 [28]. Vickers microhardness was then conducted on the initial steel using a
500 g load, and 10 s dwell time as per ASTM E384 [31].

Work characterizing the steel was then conducted so the various transformation temperatures
could be calculated and measured. Thermo-Calc® was used to characterize the theoreti¢alEhesteni
transformation temperatures for the experimental steel. Thermo-Calc® fourttkthatémperature was
750 °C, and the Atemperature was 840 °C. Experimental work to verify the actual austenite
transformation temperature was then performed. For this study, 25.4 mm by 25.4 mm (1 in by 1 in)
square specimens were used. Samples were heat treat in salt pot furnaces at tempetimtyiss star
740 °C up to 850 °C in 10 °C increments. Each heat treatment was performed for 3 min to allow for
transformations to occur then water quenched. Metallography was then performed to determine the
microstructures for each heat treatment temperature. thwas then determined by the first hea
treatment temperature that had a fully martensitic microstructure. Metallograplopmeagcted by first
using a MSX saw to cross section each heat treated specimen. The cross sections were then ground and
polished to 1 um surface finish as per ASTM E3 [28]. Samples were then etched with a 2 pct nita
solution, and ten LOM were taken per sample at 500X magnification. Volume fraction of each phase was
then determined using the manual point count method as outlined by ASTM E407 [30]. To supplement
the volume fraction data, Vickers microhardness was also conducted on each sample according to
ASTM E384 [31]. Based on the measured data, the austenite transformation temperatures were
determined.

Once the austenite transformation temperatures were determined, experiments to understand th
other transformation temperatures were performed. The martensite start tempergturas(Mst

calculated using the equation [32]:
| L WWFUXH:SA?PpFu{H:SAL?PJ ;FSsyH:SAL?R Ftr
H:SA?PoNFsyH:SA?POESrH:SAL?PoQF w (3.1)
H:SAR?PKESA?®;EurH:SAL?RH
The calculated Mfor the steel using equation 3.1 is 408 °C. The formula used to calculate the M

does not give any insight on the transformation kinetics upon cooling of the steel.
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Figure 3.1 Schematics showing examples of the thermal profiles used for the dilatometric

experiments: (a) continuous cooling heat treatment, (b) isothermal holding heat treatment.

In order to understand the kinetics during cooling, dilatometric experiments were conducted.
These experiments were performed on a MMC Quenching and Deformation Dilatometer at Los Alamos
National Laboratory, and they included a set of continuous cooling tests; also isothermal holding heat

treatment cycles were evaluated. Figure 3.1 shows a schematic for the heat treatment cycldseused in t
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dilatometry experiments. The first set of dilatometry experiments that were run washaaastooling

cycle as seen in Figure 3.1a. The purpose of these tests were to create a continuousacsftingation
(CCT) curve, on which all thee transformation temperatures would superimposed. For the continuous
cooling experiments, a 3 mm by 10 mm steel sample was heated from room temperatuf€tat 200

rate of 25 °C/s. The sample was then held at 900 °C for 60 s allowing for full austenizdtierstafel.

The steel was then cooled at various rates from 90 °C/s to 1 °C/s down to room temperatura. The dat
from the continuous cooling experiments were then analyzed to create a CCT curve. Data analysis was
done in the program SciDavis. Figure 3.2 shows an example of the dilatometric curves created from the
38 °C/s cooling rate continuous cooling experiments. The transformation start tempgexaigre

determined by drawing a straight line on the temperature dilation curve, and the transfob@giins

where the experimental curve deviates from linearity [33]. Figure 3.2 shows deviatioimieanity for

both the bainite and martensite transformations. This procedure was done for each of theatesling

that were performed, yielding a map of transformation temperatures as a function of varyimg cooli

rates.
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Figure 3.2 Dilation versus temperature curve for a cooling rate of 38 °C/s. The curve shothe h

bainite and martensite start transformation temperatures were determined.

Once all the transformation temperatures were found, the time for the transformations to begin
was calculated in order to create a complete CCT curve. Transformation times weegezhloyiplotting

the time versus dilation curves. Figure 3.3 shows an example of the method used to determine the
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transformation times. Straight lines were drawn on the graph using the SciDavis program, and the
deviation from linearity from the curve shows the time where the transformation begins. Figure 3.3 show
how these transformation times were determined for both the bainite and martensite transf¢8diat

The transformation times were then verified using the known cooling rates of each test. Grce all t
transformation temperatures, times, and cooling rates were determined, a CCT diagram waterbnst

by plotting all the temperatures and times that each phase was present.
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Figure 3.3 Time versus dilation curve for a cooling rate of 38 °C/s. This curve shows how the start

times for the bainite and martensite transformations were calculated.

After the set of continuous cooling dilatometry experiments were completed, a set of isothermal
hold dilatometry experiments were conducted in order to determine what microstructures couldetie creat
using a TBF processing route. The heat treatment schedule for the isothermal hold temperhtwes is s
in Figure 3.1b. For these heat treatments, samples were first fully austenitized bytoe2@imdC at a
rate of 25 °C/s and held for 90 s. The samples were then cooled to temperatures ranging ftmo 300
600 °C at 50 °C increments. Cooling rates were 70 °C/s for this step of the experiments. The #ofes at e
of the isothermal hold temperatures varied from 10 to 60 s. After the isothermal hold was complkted, ea
sample was quenched to room temperature at a rate of 70 °C/s. Once the dilatometryctastluded,
dilation versus temperature curves were created. Metallography was then performed on the samples from
each of the isothermal hold experiments. All samples were ground and polished to 6 pm using a diamond

slurry according to ASTM E3, and Vickers microhardness tests were conducted according to ASTM E384
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using a 500 g load with a 10 s dwell time [Z&]},Z he samples were then polished to a 1 um finish and
etched in a 2 pct nital solution for 10 to 15 s according to ASTM E407 [29]. LOM were then taken to

confirm the microstructure observed in the dilatometry data.

3.3 Trial Heat Treatment Study

Based on the dilatometry data, all transformation temperatures were obtained, and processing
routes to create a mixed microstructure of bainite/martensite with retained @eustei determined. In
order to verify that these processing routes are correct in predicting the mihosts, a set of trial heat
treatments were performed. These trials also determined how the volume fraction of phésersnst
varies with varying processing times and temperatures. For these experiments, 25.4 by 25.4 mm (1 in by
1 in) steel coupons were heat treated in the salt pot furnaces. Based on the dilatometry data, heat
treatments were conducted by first fully austenitizing the steel at 875 °C for 4 min.aaguk svas then
guenched to 370, 400, or 425 °C. The cooling rate for the quench was around 35 °C/s. Samples were then
isothermally held at times varying from 10 to 120 s. Finally, samples were quenched to room temperature
in water. Figure 3.4 shows a schematic of the heat treatments used for the trials.

T, t,
2
@
b=
© \ T tie
[<H] e
3 .
ko, | T ,=875°C
| t,=240s
| T,=370, 400, or 425 °C
| t=10, 30, 60, 90, or 120's
Time (s)
Figure 3.4 Schematic diagram showing the TBF heat treatment ugsdhd austenitizing

temperature, tis the austenitizing time,i s the isothermal hold temperature, ani t
the isothermal hold time.

Once all the samples were heat treated, metallography was conducted to determine the
microstructures that were created. For metallography, samples were first cut in half ancctoyesdse

using a MSX saw. The cross section of each sample was then ground and polished down to 1 pm using a
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diamond slurry according to ASTHE3[28]. Samples were then etched with LePera etchant as per
ASTM E407 [29]. LePera etchant was used in order to makes distinctions between the bainite and
martensite in the microstructure. It consists of a mix of 4 pct picric acid and 1 pct sodium

metabisulfite [28B0]. After etching, ten light optical micrographs (LOM) at 500x magnification were
taken from each sample. Bainite volume fraction analysis was then conducted using the manual point
count method, ASTM E562 [30]. After volume fraction analysis, Vickers microhardness was conducted
on each sample in accordance with ASTM E384 using a 500 g load and 10 s dwell time [31].

- Experimental
—— Calculated
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Figure 3.5 XRD pattern for the 400 °C, 60 s isothermal hold heat treatment sample. Tlagechlcul
refinement is shown overlaid on the experimental XRD pattern. The difference between
the experimental and calculated results is shown below the pattern.

X-ray diffraction (XRD) was then conducted on each heat treated sample in order to determine
the retained austenite volume fraction. Samples for XRD were prepared by grinding and polishing
samples down to a 6 um surface finish. Samples were then thinned with a solution of 50 parts water,
50 parts hydrogen peroxide, and 1 part hydrofluoric acid for 10 min in order to remove the deformed
layer of material [37]. XRD was then conducted using a (Goekirce. Scan range was between 40 and
150° ZLWK D VFDQ V/aid.HRétalRdd austenite measurements were then obtained from each
XRD pattern using a Rietveld refinement using all the present peaks. Refinement and measurements were
taken using the General Structure Analysis System (GSAS) program developed by Los Alamos National
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Labs [32,33]. Figure 3.5 shows an example of an XRD pattern and refinement. The calculated line shows
what the program calculates the XRD pattern to be, and the program uses that calculationiteedbterm
volume fraction of austenite in the sample. The difference line shows how well the calculaésd val

match the experimental data, which are used for error analysis. Once each XRD pattern was analyzed
with the GSAS program, retained austenite volume fraction was determined. Martensite volume fraction
was calculated as the amount of unaccounted for phase after the bainite and austenite volumse fractio

were determined.

34 Experimental Heat Treatment Matrix

The trial heat treatments explained above showed what microstructures were created using a TBF
heat treatment schedule where samples were fully austenitized, then quenched abgamthe M
isothermally held. Transformation times and temperatures were determined based on the zhaoacteri
and dilatometry measurements of the material. Based on the trial heat treatments, a setm&gaper
heat treatments was created to understand the mechanical properties of steels with focus on a
microstructure of mostly bainite with the peak austenite values, and lower martensite volumesiracti
Each of the heat treatments explained in Table 3.2 take in account the trial heat treatmesnganenti
above and follow a TBF processing route. Table 3.2 shows the experimental matrix for heahtseat
that was created.

Table 3.2+Experimental Matrix of Heat Treatments for Mechanical Testing

Sample Austenization  Austenization Isothermal Hold Isothermal Hold

Number Temperature (°C) Time (S) Temperature (°C) Time (s)
1 870 240 370 60
2 870 240 370 90
3 870 240 370 120
4 870 240 400 30
5 870 240 400 60
6 870 240 400 90
7 870 240 425 60
8 870 240 425 90

For these experiments, tensile test samples (machined according to ASTM E8) and hole-
expansion blanks were heat treated in molten salt pot furnaces [3h@Himensions for the tensile
samples are shown in Figure 3.6. Hole-expansion blanks consisted of 101.6 mm by 101.6 mm (4 in by

4 in) square samples. For the heat treatments shown in Table 3.2, the samples were firstexlitieniti
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guenched to the isothermal hold temperature. An isothermal hold was then performed based on the time
in the experimental matrix. Samples were then quenched to room temperature. For each condition shown

in the experimental matrix, three samples of each type were heatigseatatistical analysis could be

performed.
- i -
: ~ : ~
L ~ 1 TN
Figure 3.6 Schematic showing the dimensions of the tensile samples that were used. All dimensions

were created based on ASTM ES8 [40].

After the heat treatments were completed, an approximate 2 mm piece from the grip section of
the tensile samples was cut off using an MSX saw. Metallography was then performed to determine the
bainite and martensite volume fraction using procedures described in Section 3.3. XRD was also

performed on samples to determine the austenite volume fractions.

3.5 Mechanical Testing

After heat treatments, mechanical testing was performed on the samples. The firat teast
used is the tensile test. Heat treated specimens were uniaxial tensile tested on anséiikandeven
tensile test frame at a constant crosshead displacement rate of 0.01 in/s (0.254 mm/s). A 2 in (50.8 mm)
extensometer was used to measure the strain in the sample. All tensile testing was performed in
accordance to ASTMNES [40].

1in by 1 in samples from the gauge section of the tensile specimens post tensile test were taken
to evaluate the change in austenite volume fraction due to the tensile test. XRD was conducted on these
samples using the same procedures outlined in the former section. This data was taken te 3$8ss th

effect on the steel.
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Hole-expansion testing was also performed on the 101.6 mm by 101.6 mm (4 in by 4 in) square
sample blanks. The first step in hole-expansion testing is shearing of the hole front theabe sample
blank. Figure 3.7 shows the tooling used for shearing on the Interlaken Formability Press at AK Steel
Research facility [25]. For this tooling, a &n (0.394 in) diameter punch with a 10.3 mm (0.406 in) die
diameter was selected for shearing creating an average die clearan@ypat [37]. After shearing,
holes were visually inspected to verify that proper sheared edge condition was met accorHiste A
shearing procedureBefore the hole-expansion tests were started, the size of each sheared hole was
measured in accordance with AK St8edtandard operating procedures for hole-expansion testing.

Upper Die

|

Figure 3.7 3IKRWRJUDSK RI WKH VKHDULQJ WRROLQJ FRQItJIJXUDWLRQ
Press. The punch remains stationary, with the lower half of the tooling on the crosshead
moving up with the sample [25].

Hole-expansion testing was then performed in a Hille-Wallace expansion machine. Figure 3.8
shows the test set up and loading of a sample into the Hille-Wallace machine. A conical puneimof 10
diameter and angle of 60 ° was used for these tests. Samples were loaded into the machine burr up.
Samples were then clamped down, and the test was started. The hole-expansion test was run until the first

through thickness crack was observed by visual inspection using a constant displacement rate of
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50.8 mm/min (2 in/min) [41]. After the test was run, the size of the expanded hole was measured. Using
the data obtained, from the final and initial hole measurements the hole-expansion ratio can beedetermi

using equation 2.1.

Figure 3.8 Photograph of the hole-expansion test set up. (a) Shows the Hille-Wallace hole
formability machine, (b) shows how the sample is loaded into the test, and (c) shows
visual inspection port of the sample once it is clamped in and the test has initiated.
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CHAPTER 4: RESULTS

The main goal of this project is to evaluate the mechanical properties, and the relationship of
properties with microstructures of bainite/martensite with retained austéaitdsisThese results are
used to examine how varying the volume fractions of the various constituents affect the mechanical
properties. In order to determine the heat treatments for creating the required microstrimueasults
from the dilatometry data are shown. After the dilatometry data are presented, trisddteatnt results
show that not only creating the required microstructures is possible, but the heat treatmemtsiuce
volume fraction variations depending on the processing parameterdy Rimalchapter presents how the
mechanical properties such as strength, ductility, and formability are associated withatiengain

microstructures created under the different conditions in the experimental matrix.

4.1 Dilatometry Experiments

A set of dilatometry experiments were conducted to characterize the base mateériaf thee
current project. These experiments determined the various transformation temperatureseif dkersl|
asdetermined the necessary heat treatment schedules required to create a microstructure of
bainite/martensite with retained austenite islands. Thevas found to be 850 °C as compared to 840 °C
predicted by ThermoCalc. ThedwWas found to be 415 °C for cooling rates higher than 70 °C/s. This
value matches reasonably well with the calculatedMi08 °C from equation 3.1. The following results
first show the CCT curve that was created based on continuous cooling dilatometry, then the dilatometry

of the isothermal hold experiments.

4.1.1 CCT Curve

Figure 4.1 shows the CCT curve that was produced from the continuous cooling dilatometry
experiments. Dilatometric curves and micrographs for varying cooling rates are shown in Agpendix
Varying microstructures can be obtained depending on the cooling rate. Data points showreid.Eig
correspond to the data taken from the dilatometric curves. Cooling rates are superimposed @yh the g
to show various discrete cooling rates. Microstructures with varying amounts of martensite, bai

ferrite, and pearlite were found with different cooling rates for these experifgntse 4.1 shows that a
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mixed microstructure of bainite and martensite can be produced, along with the various transformation
temperatures of the steel.

The CCT curve also shows that the dhanges depending on the cooling rate. Below a cooling
rate of 70 °C/s, the Mwas found to be 360 °C. The B2mperature was found to be 650 °C with bainite
formation possible for cooling rates between 20 and 40 °C/s. No bainite was found in the uaicnastr
when the cooling rate is above 40 °C/s. This result compares well with literature whés=dbarh
temperatures of steels with similar compositions here found to vary from 550 to 650 °C [12],[24],
and [42].
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Figure 4.1 Continuous cooling transformation diagram of the steel used in the current preject. Th

martensite, bainite, and pearlite regions are all denoted. Measured martensite start
temperatures are shown as)( Bainite start temperatures are shown jak Pearlite start
temperatures are shown as)( The cooling rates are in °C/s.

4.1.2 Isothermal Hold Dilatometry Experiments

Figure 4.20 Figure 4.16 show the dilatometry and hardness results for each of the isothermal
holds varying from 300 °C to 550 °C and with isothermal hold times from 10go0F6§ure 4.2 shows
the dilatometry curves for the 300 °C isothermal holds. Figure 4.3 shows the hardness valuefhieathese

treatments. Table 4.1 shows the microhardness results for this dilatometry experiment.
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Table 4.1 +Microhardness Data for the 300 °C Isothermal Hold

_ Standard
Hold Time (s) ~ Hardness (HV) S o
60 467 8.1
10 507 7.1
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Figure 4.2 Dilatometry curves for the 300 °C isothermal holds (a) Dilation with réepect

temperature with a 10 s hold time, (b) dilation with respect to temperature with a 60 s, (c)
dilation with respect to time for the 10 s hold time, and (d) dilation with respecteo tim
for the 60 s hold time.
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A fully martensitic microstructure was indicated by the dilatometry data when heat treating at a
isothermal hold of 300 °C, for 10 and 60 s. A secondary reaction was observed with the 10 s isothermal
hold time on further cooling at about 250 °C. Figure 4.3 shows that the hardness of the martensite
decreases with an increase in the isothermal hold time. The hardness values observed are cibhsistent w

the microstructure being fully martensitic.
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Figure 4.3 Vickers microhardness with respect to isothermal hold time for the 300 °C isbtherm

hold dilatometry experiments.

Figure 4.4 to Figure 4.6 shows the dilatometry and hardness data for the 350 °C isothermal hold
heat treatments. Table 4.2 gives the hardness data. A martensitic microstructure was observed with the
dilatometry curves for each sample heat treated at 350 °C. This microstructure is expetbethelu
guench being below the MBainite formation is also feasible during these isothermal holds after the
initial martensite starts to transform. Hardness was observed to decrease with increasing isotldermal ho
time. This decrease can be explained by a mix of tempering of the martensite along with the bainit
formation in the microstructure. The 10 s isothermal hold time was again shown to have a secondary
reaction occurring upon further cooling at around 300

Hardness values shown in Table 4.1 and Table 4.2 show that for the 10 s isothermal hold, equal
hardness was observed for each isothermal hold temperature. The hardness after 60 s is lower for the

350 °C isothermal heat treatments compared to the 300 °C heat treatment. These results are consisten
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with more tempering occurring at higher temperatures, along with bainite being present in the

microstructure.
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Dilatometry curves for the 350 °C isothermal holds showing dilation with r&spect
temperature for the (a) 10 s, (b) 20 s, (c) 30 s, and (d) 60 s isothermal hold times.

Table 4.2 +Microhardness Data for the 350 °C Isothermal Hold

Hold Time (s) Hardness (HV) [?é?/?:t?c:g

60
30
20
10

457
472
495
507

8.8
7.6
6.6
4.3
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Figure 4.5 Dilatometry curves for the 350 °C isothermal holds showing dilation with restiew
for the (@) 10 s, (b) 20 s, (c) 30 s, and (d) 60 s isothermal hold times.

Figure 4.7 to Figure 4.9 show the dilatometry and hardness data for the 400 °C isothermal hold
dilatometry experiments. A mixed microstructure of bainite and martensite forms for atthermal
hold times, except the 60 s isothermal hold time, which produced a fully bainitic microstructuren®nly
transformation is present in the 60 s dilatometry data. The dilatometry curves showttlatneasing
isothermal times, more bainite is produced in the microstructure. This completion of tie baini

transformation can be attributed to the high driving force due to how close the isotheidnal
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temperature is to the MTable 4.3 and Figure 4.9 show the hardness data for the 400 °C isothermal

holds. A decreasing trend in hardness is observed with increasing isothermal hold time. Compared to the
previous heat treatments, the hardness of the 10 s isothermal hold time is the same, however, for hold
times greater than 10 s, the hardness greatly decreases for the higher temperataetrheatst The

lower hardness occurs due to there being coarser bainite in the microstructure, which is a softer
microconstituent. In addition to more bainite being present, which decreases the hardness, more carbon is
able to partition from the bainite to austenite with increasing isothermal hold tintbey fuecreasing the
hardness of the bainite and microstructure overall. Hardness trends show good agreement with
dilatometry data.
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Figure 4.6 Vickers microhardness with respect to isothermal hold time for the 350 °C isbtherm

hold dilatometry experiments.

Table 4.3 +Microhardness Data for the 400 °C Isothermal Hold

. Standard
Hold Time (s) Hardness (HV) Deviation
60 414 9.4
30 459 11.0
20 487 7.6
10 510 7.6
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Figure 4.7 Dilatometry curves for the 400 °C isothermal holds showing dilation with réspect

temperature for the (a) 10 s, (b) 20 s, (c) 30 s, and (d) 60 s isothermal hold times.
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Figure 4.8 Dilatometry curves for the 400 °C isothermal holds showing dilation with ré&spieod
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33



T | T T T
520 — E —
480 — E —
e -
<
2 440 |- —
E
<
: [
400 — —
360 |— —
| | | | | | |
0 20 40 60 80
Isothermal Hold Time (s)
Figure 4.9 Vickers microhardness with respect to isothermal hold time for the 400 °C isbtherm

hold dilatometry experiments.

Figure 4.10 and Figure 41 show the 450 °C isothermal hold dilatometry data. Table 4.4 and
Figure 4.12 show the hardness data for these heat treatments. A mixed microstructure of bainite and
martensite was observed for each isothermal hold time.

Table 4.4 +Microhardness Data for the 450 °C Isothermal Hold

. Standard

Hold Time (s) Hardness (HV) Deviation
30 429 10.8
20 464 12.1
10 507 8.1

The dilatometry curves show that on cooling, the bainite reaction starts just after the 450 °C
temperature is reached. This transformation is the first change in curvature aftey. ceitdinthe
isothermal hold, the steel is cooled again below theddising martensite formation. The second change
in curvature in the data upon cooling is for the transformation to martensite. The amountgefhdin
martensite that are formed can be approximated qualitative by comparing the sizes of the hump produced
from the change in curvature. The 30 s isothermal hold data show that the bainite reaction is nearing
completion with approximately 90 pct bainite and 10 pct martensite present after the isothitnidliso
near completion indicates that after an isothermal hold of longer than 30 s, a fully bauritistracture

would be created. The increase in temperature causes the bainite reaction to occur more rapidy, which
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why the reaction completes after 30 s for the 450 °C isothermal holds, compared to the lower tesmperatu
isothermal hold at 408C where the reaction did not complete until 60 s of isothermally holding the
material. Hardness values show a decreasing trend with increasing isothermal hold timeodtinglar t

lower temperatures.
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Figure 4.10 Dilatometry curves for the 450 °C isothermal holds showing dilation with respect
temperature for the (a) 10 s, (b) 20 s, (c) 30 s isothermal hold times.
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Figure 4.12 Vickers microhardness with respect to isothermal hold time for the 450 °C iabtherm
hold dilatometry experiments.

Figure 4.130 Figure 4.15 and Table 4.5 show the dilatometry and hardness data for the 500 °C
isothermal hold experiments. Figure 4.13 shows that the bainite transformation completes aetwee
isothermal hold time of 20 and 30 s. The dilatometry data indicate that creating a edmhigkd
microstructure of bainite and martensite is difficult at 500 °C. The rapid kinetibge dhinite
transformation at this elevated temperature, causes the reaction to occur too Whekiyexamining the
hardness data generated, similar trends are observed as seen at lower temperatures; however, all the
values for hardness are much lower than observed for the other isothermal hold temperagures. T
hardness of the 10 s isothermal hold times stayed consistent for all the heat treatments &@@fCthe
isothermal hold which was lower than the rest of the heat treatments. The decrease &% lcardbe
attributed, to the higher volume fraction of bainite for these hold times &G @gure 4.15 shows the
microstructure for varying isothermal holds. The morphology of the bainite also changes500ttC
heat treatments. Upper bainite was observed in the microstructure. The change i $tartlower
bainite to upper bainite is the main contributor to the decrease in hardness. A small contalibgon
decrease in hardness also occurs due to improved kinetics for the carbon to diffuse fronitéhte hizén
austenite at higher temperatures, allowing for more partitioning to occur. Thigpirg would cause
the hardness of the steel to decrease due to the lower carbon content in the bainite.

Overall, the dilatometry experiments succeeded in showing that mixed microstructures of bainite,

martensite, and austenite can be created by fully austenitizing the steel then quenching andgeariormi
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isothermal hold for a short period of time. Forming and controlling this microstructure is sibhstieae
with an isothermal hold temperature range of 375 °C to 425 °C. Higher temperature isothatmal hol
result in a bainite transformation that occurs too rapidly to produce the desired mianostnubtile

lower temperatures produce a primarily martensitic microstructure.
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Figure 4.13 Dilatometry curves for the 500 °C isothermal holds showing dilation with respect
temperature for the (a) 10 s, (b) 20 s, (c) 30 s isothermal hold times.
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Figure 4.14 Dilatometry curves for the 500 °C isothermal holds showing dilation with respect
for the (a) 10 s, (b) 20 s, (c) 30 s isothermal hold times.
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Figure 4.15 Nital etched light optical micrographs (LOM) of the dilatometry experimentinghibe
microstructure of the isothermal hold temperatures of (a) 350 °C, (b) 400 °C, (c) 450 °C,
and (d) 500 °C all with a 30 s isothermal hold time.

Table 4.5+Microhardness Data for the 500 °C Isothermal Hold

. Standard
Hold Time (s) Hardness (HV) Deviation
30 368 6.5
20 411 9.5
10 480 12.8
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Figure 4.16 Vickers microhardness with respect to isothermal hold time for the 500 °C iabtherm
hold dilatometry experiments.

4.2 Trial Heat Treatments

Figure 4.17 shows the microstructures observed from the trial heat treatments of coupons that
were isothermally held at 370 °C for varying times. LePera etchant was used to reveal these
microstructures. Micrographs show the evolution of the microstructure with increasirarnsaitiold
time for the 370 °C isothermal hold trial heat treatments. At a 10 s isothermal hold time lagtsit(dark
constituent) are forming in the austenitic matrix. Martensite (lighter constitgsghgn formed on the
final quench creating a mostly martensitic matrix with bainite laths. As the isothermal hedd tim
increase, the bainite fraction grows. By the 60 s isothermal hold time, Figure 4.17e, lsniirown and
dominates the microstructure. Qualitatively, a microstructure of mostly bainite witheg:istenite
islands (white constituent) is present for isothermal hold times longer traf6@se results correspond
well with the expected microstructures based on the dilatometry experiments.

Figure 4.18 and Table 4.6 show the volume fraction analysis and hardness results for the 370 °C
isothermal holds. Bainite volume fraction was determined by analysis of LOMs. Austenite volume
fraction was determined by XRD. Both these methods were outlined in the Experimental Methods

section. Martensite volume fraction was determined by difference.
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Figure 4.17 LePera etched LOM images of the samples that were isothermally held at 370 °C for (a)
10s,(b) 30 s, (c) 60 s, (d) 90 s, and (e) 120 s. The dark brown region is bainite, and the
light brown/white region is virgin martensite or retained austenite

Bainite volume fraction increases with increasing isothermal hold time, while the martensit
volume fraction decreases with increasing isothermal hold time. Austenite volume fiactéases up to
a peak value around 10 pct, then it slightly decreases with increasing isothermal hold time. A& decreas
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the hardness with increasing isothermal hold time was observed up to the 60 s isothermal hold, where an
increase in hardness was observed for the 90 s isothermal hold time. After 90 s, the decreasing trend was
observed again. At the 10 s isothermal hold times, the microstructure is about 45 pct bainite, 50 pct
martensite, and about 5 pct retained austenite. The martensite phase increases the hardness aifiche st

to its high dislocation density and high carbon content. As isothermal hold time increases |éssre
martensite due to bainitic growth, which decreases the hardness of the steel. As the islothe timae
increases, more carbon partitions into the austenite. The increase in hardness that webinbser

Figure 4.18 at the 90 s isothermal hold time corresponds to the maximum amount of retained austenite
that is present for the 370 °C isothermal hold heat treatments.
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Figure 4.18 (a) Variation in bainitez(), martensite ( ), and austenite-) volume fraction with
respect to isothermal hold time and (b) variation in hardness with isothermal hold time
for the 370 °C isothermal hold heat treatments. Uncertainty limits represent one standard
deviation associated with ten measurements for each isothermal hold time.

Table 4.6 xVolume Fraction Data for 370 °C Isothermal Hold Experiment

Bainite Martensite Retained
Time (s) Volume Dsg\i/?;t;’gg Volume Dsg\i/?;tfgg Austenite Volume Dsg\i/?;%rg
Fraction (pct) Fraction (pct) Fraction (pct)
10 45.3 7.66 51.0 4.10 3.7 0.55
30 54.6 5.67 384 3.34 7.0 1.00
60 86.7 2.40 5.3 1.66 8.0 0.92
90 89.4 2.43 11 2.51 9.6 2.58
120 93.0 1.81 0.3 1.15 6.6 0.49
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Figure 4.19 LePera etched LOM images of the samples that were isothermally held at 400 °C for (a)
10s,(b) 30 s, (0s, (d) 90 s, and (e) 120 s. The dark brown phase present is bainite,
and the light brown/white phase is virgin martensite or retained austenite.

Figure 4.19 shows the micrographs for the 400 °C isothermal hold trial heat treatments. Similar to

the 370 °C, bainite kinetics are shown. Qualitatively, the micrographs show that the grbuwithitef
occurs more rapidly at higher temperatures. By 60 s of isothermal holding at 400 °C bainite daminate
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become the majority microconstituent. Figure 4.19 shows that large austenite islands are ptesant for
treatments longer than 80These islands are shown as the white constituents in the micrographs.
Figure 4.20 and Table 4.7 show the volume fraction and hardness results for the 400 °C
isothermal hold heat treatments. Similar to the 370 °C isothermal hold heat treatments, anddoeedsi
in hardness with increasing isothermal hold time is observed. Similar volume fraction teeatiba
observed for the 400 °C isothermal holds compared to the 370 °C isothermal holds. The main difference
between the two temperatures is that bainitic growth occurs more rapidly at the higher tempEhnat
increased kinetics cause the bainite volume fraction to increase more rapidly with increasinmasother
hold time as shown when comparing Figure 4.18 and Figure 4.20. Martensite volume fraction also
decreases more rapidly with increasing isothermal hold times when the isothermal holormqzbdt a
higher temperature.
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Figure 4.20 (a) Variation in bainitez(), martensite ( ), and austenite-() volume fraction with
respect to isothermal hold time and (b) variation in hardness with isothermal hold time
for the 400 °C isothermal hold heat treatments. Uncertainty limits represent one standard
deviation associated with ten measurements for each isothermal hold time.

Figure 4.20 shows the retained austenite volume fraction was found to be higher at lower
isothermal hold times, but it reaches a similar maximum volume fraction at 6@eyimat hold time.
The trend observed for the 400 °C isothermal holds occurs due to there being more thermal energy in the

system for the bainitic reaction. The higher temperature also allows for an increase in tite ofiobi
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carbon, allowing for partitioning to occur more rapidly. The similar maximum retained ideistelnme
fractions indicate that a maximum amount of partitioning occurs which results in a maginanound

10 pct retained austenite when using this type of isothermal hold processing technique.

Table 4.7 +tVolume Fraction Data for 400 °C Isothermal Hold Experiment

Bainite Martensite Retained
Time (s) Volume S(t:/?adt%r? Volume gé?/?&ifgr? Austenite Volume g;?,?;?org
Fraction (pct) Fraction (pct) Fraction (pct)
10 35.8 5.55 58.2 3.27 6.1 1.00
30 76.2 3.07 14.8 1.63 9.0 0.20
60 875 2.15 2.8 1.54 9.8 0.92
90 90.8 1.95 0.9 1.41 8.3 0.87
120 92.9 1.75 0.0 0.95 9.5 0.15

Figure 4.21 shows the micrographs for the 425 °C isothermal hold heat treatments. The figure
shows qualitatively the increase in the kinetics of the bainite reaction due to an intieateermal
hold temperature. The results shown in this figure follow the trends shown above.

Figure 4.22 and Table 4.8 shows the quantitative volume fraction and hardness results for the
425 °C isothermal hold heat treatments. Similar trends are seen in the volume fraction data. The main
difference comes from the 10 s isothermal hold. Figure 4.22 shows that the increased isothermal hold
temperature allows for faster growth of the bainite laths. This faster reaction is se=grieater bainite
volume fraction being present. Retained austenite content remains similar to that foud@Grtan
isothermal holds. The maximum retained austenite volume fraction that is observed for the 425 °C
isothermal holds is also around 10 pct. This value corresponds with the maxima observed with the othe
heat treatments. Increasing the temperature increases the rate of partitioning int@tfite awkich
causes the maximum retained austenite volume fraction to be achieved after shorter isothermal hold
times. Increasing temperature does not affect the amount of maximum retained austenite.

Figure 4.22 shows the decreasing trend in hardness with increasing isothermal hold time. The
decrease in hardness can be attributed to the growth of bainite and decrease in martensite vadnme fract
that is observed. Figure22 shows that the overall hardness for each isothermal hold time of the 425 °C
isothermal hold heat treatments is much lower when compared to the 370 and 400 °C isothermal hold
temperature hardness values. At higher temperatures, carbon in solid solution partitidresangienite
more quickly. This decrease in carbon content decreases the hardness of the bainite, which in turn
decreases the hardness of the steel. In addition to the decrease of carbon content, the higherdemperat

generate a coarser microstructure with lower dislocation density
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Figure 4.21 LePera etched LOM images of the samples that were isothermally held at 425 °C for (a)
10s,(b) 30 s, (c) 60 s, (d) 90 s, and (e) 120 s. The dark brown phase present is bainite,
and the light brown/white phase is virgin martensite or retained austenite.
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Table 4.8+Volume Fraction Data for 425 °C Isothermal Hold Experiment

Bainite Martensite Retained
Time (s) Volume S(t:/?adt?c:r? Volume gé?/?&ifgr? Austenite Volume g;?,?;?org
Fraction (pct) Fraction (pct) Fraction (pct)
10 51.7 3.98 41.8 2.04 6.5 0.11
30 75.4 3.21 15.7 1.90 8.9 0.58
60 80.9 3.47 9.2 1.76 10.0 0.05
90 88.1 2.33 1.8 1.55 10.0 0.76
120 92.6 1.09 0.0 1.80 7.6 2.51
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Figure 4.22 (a) Variation in bainitez(), martensite ( ), and austenite-) volume fraction with
respect to isothermal hold time and (b) variation in hardness with isothermal hold time
for the 425 °C isothermal hold heat treatments. Uncertainty limits represent one standard
deviation associated with ten measurements for each isothermal hold time.

The trial heat treatments show that a varying microstructure of bainite, martensiteaarediret
austenite can be produced using the TBF processing route. Depending on the isothermal hold time and
temperature, varying amounts of each constituent can be producediridideat treatments gave
valuable information about the transformation kinetics along with verifying thatairect

microstructures were produced.
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4.3 Experimental Matrix for Mechanical Testing

This section discussthe results found from mechanical testing according to the experimental
matrix detailed in the experimental procedures. Microstructures and volume fractionsaadywiovided
for each heat treatment in the experimental matrix used for assessing mechanical propesies
microstructures show what is present in each of the mechanical tests allowing for comparison of
properties and structure to be made. Tensile properties and hole-expansion results are alsoigiven in th

section.

4.3.1 Microstructures

Figure 4.23 shows the micrographs taken for the 370 °C isothermal hold heat treatments. A

mostly bainitic microstructure with retained austenite islands is shown below.

©

Figure 4.23 LePera etched LOM images of the samples that were isothermally held at 370 °C for
(a) 60 s, (b) 90 s, and (c) 120 s. The dark brown phase present is bainite, and the light
brown/white phase is virgin martensite or retained austenite.
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Figure 4.24 and Table 4.9 shows the volume fraction analysis that was conducted for the 370 °C
isothermal hold experimental trials. Volume fraction analysis was performed from a sectienesfsile
specimens after heat treatment as outlined in the experimental procedures. An increasngohaimdt
fraction was observed with increasing isothermal hold time. A decreasing martensite volume fraction was
also observed. A slight decrease in the retained austenite volume fraction was also observed with
increasing isothermal hold time for these experiments.
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Figure 4.24 Variation in bainitez(), martensite ( ), and austenite-) volume fraction with respect
to isothermal hold time for the 370 °C isothermal hold heat treatments. Uncertaitgy lim

represent one standard deviation associated with ten measurements for each isothermal
hold time.

Table 4.9+Volume Fraction Data for 370 °C Isothermal Hold Experiments

Bainite Martensite Retained
Time (s) Volume §é3?£?org Volume 53?;?;;1 Austenite Volume gé%?;?gg
Fraction (pct) Fraction (pct) Fraction (pct)
60 84.6 3.11 8.8 2.06 6.6 1.01
90 88.7 2.13 5.9 1.50 55 0.88
120 94.3 1.97 1.0 2.35 4.7 0.36

Figure 4.25 shows micrograpbkthe microstructure after heat treatment where the isothermal
hold temperature was 40C. Microstructures of bainite, martensite, and retained austenite are observed
for each condition. The 30 s isothermal hold shows a different microstructure where more martensite is

present, creating large martensite/austenite islands in the bainite matrix. The otheaphsrehow a
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microstructure of austenite islands in the bainitic matrix. Figure 4.25 also shows qualitétiaveas the

isothermal hold time increases, the size of austenite islands decreases.

(©

Figure 4.25 LePera etched LOM images of the samples that were isothermally held at 400 °C for
() 30s, (b) 60 s, and (c) 90 s. The dark brown phase present is bainite, and the light
brown/white phase is martensite or retained austenite.

Figure 4.26 and Table 4.10 show the volume fraction analysis for the 400 °C isothermal holds.
Increasing bainite volume fraction with increasing isothermal hold time was observed along with
decreasing martensite volume fraction. Retained austenite volume fraction was founebtseimdth
increasing isothermal hold time.

Figure 4.27 shows the microstructures that were formed for the 425 °C isothermal hold heat
treatments. A mostly bainitic microstructure with retained austenite islands is obsereaddreat
treatment. The 60 s isothermal hold time has larger retained austenite islands in the migestruct

51



compared to the 90 s isothermal hold time. The amount of retained austenite in both microstsuctures i

similar.
Table 4.10+Volume Fraction Data for 400 °C Isothermal Hold Experiments
Bainite Martensite Retained
Time (s) Volume S(t:/?adt?c:r? Volume s;%?eﬂfgg Austenite Volume Dsé?/?;iegg
Fraction (pct) Fraction (pct) Fraction (pct)
30 72.8 2.77 21.1 1.54 6.1 0.31
60 80.7 5.33 12.0 3.04 7.3 0.76
90 87.0 5.02 4.8 2.98 8.3 0.93
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Figure 4.26 Variation in bainitez(), martensite ( ), and austenite-() volume fraction with respect
to isothermal hold time and for the 400 °C isothermal hold heat treatments. Uncertainty
limits represent one standard deviation associated with ten measurements for each
isothermal hold time.

Figure 4.28md Table 4.11 show the volume fraction data for the 425 °C isothermal hold heat
treatments. Similar to the other heat treatments, the bainite volume fraction increasesreasirig
isothermal hold time, while the martensite volume fraction decreases. The retained austenite volume
fractions stay essentially constant for both isothermal hold times.

Table 4.11+Volume Fraction Data for 425 °C Isothermal Hold Experiments

Bainite Martensite Retained
Time (s) Volume [?(te?/?adt?c:r? Volume SSE?JS Austenite Volume [?é?/?ai?gr?
Fraction (pct) Fraction (pct) Fraction (pct)
60 77.8 4.25 12.5 2.60 9.7 0.95
90 86.5 3.73 4.3 2.06 9.1 0.39
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(a) (b)

Figure 4.27 LePera etched LOM images of the samples that were isothermally held at 425 °C for

(a)60s, and (b) 90 s. The dark brown phase present is bainite, and the light brown/white
phase is virgin martensite or retained austenite.
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Figure 4.28 Variation in bainitez(), martensite ( ), and austenite-) volume fraction with respect
to isothermal hold time and for the 425 °C isothermal hold heat treatments. Uncertainty
limits represent one standard deviation associated with ten measurements for each
isothermal hold time.

4.3.2 Mechanical Properties

Figure 4.29 shows the stress-strain curves for the 370 °C isothermal hold heat treatments. The
stress-strain curves show qualitatively that the strength increases with imgiieaiiermal hold timeA
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decrease in ductility with increasing isothermal hold time is also observed. Similaucastiyielding
behavior was observed for each heat treatment. Due to a non-distinct yield point for each heat treatm
the 0.02 pct offset method was used to determine the yield strengths.

Figure 4.30 shows the engineering and true stress strain curves for the 400 °C isothermal hold
heat treatments. A decreasing trend in strength with increasing isothermal hold time is obs¢inese for
heat treatments. Increasing ductility with increasing isothermal hold times was als@dbSemilar to
the steels heat treated at 370 °C continuous yielding behavior was observed for each heat treatment

Figure 4.31 shows the stress strain behavior of the 425 °C isothermal hold heat treatments. A
decreasing trend in strength with increasing isothermal hold time is observed along wdtease in
ductility. Similar to the other heat treatment temperatures, the 425 °C isothermadheidsontinuous
yielding with a non-distinct yield point.
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Figure 4.29 (a) Engineering stress-strain curves and (b) true stress-strain cuhe876r °C
isothermal hold heat treatments.

Figure 4.32 and Table 4.12 show the quantitative strength and ductility behavior found for each
of the heat treatments performed based on the experimental matrix. The 400 and 425 °C isotlisrmal ho
show similar trends for strength and ductility, while the 370 °C isothermal holds show opposge trend
Increasing yield and ultimate tensile strength was observed for the 370 °C isothermal hold gasingcr
isothermal hold time, while a decreasing trend was observed for the 400 and 425 °C isothermal holds.

Conversely, decreasing uniform and total elongations were observed with increasing isotherriméhold t
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for the 370 °C isothermal holds. Whereas, increasing uniform and total elongations with increasing

isothermal hold time were observed for the 400 and 425 °C isothermal holds.
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Variations in (a) yield strength, (b) ultimate tensile strength, (c)mrgfongation, and
(d) total elongation with respect to isothermal hold time in steels isothgrineddl at
370 °C (z), 400 °C (j ), and 425 °C (). Uncertainty limits represent one standard
deviation associated with three tensile tests from each heat treatment.

56



Table 4.12+Tensile Properties of the Experimental Steels

Isothermal Hold Isothermal Yield Strength Ultimate Tensile Uniform Total Elongation
Temperature (°C) Hold Time (s) (MPa) Strength (MPa) Elongation (pct) (pct)

370 60 825 1180 7.3 10.1

370 90 914 1260 6.1 9.1

370 120 966 1280 5.4 8.2

400 30 960 1340 6.8 9.3

400 60 856 1175 7.3 10.1

400 90 836 1110 8.8 12.8

425 60 782 1100 10.7 14.2

425 90 758 1050 11.6 14.8

Figure 4.33 shows the strain hardening behavior of each heat treatment. Strain hardening
exponent was determined by taking an average slope of the log-log plot of true stress anchtfd8]strai
A decreasing trend of strain hardening exponent with increasing isothermal hold time is olusersel
heat treatment temperature. An increasing trend in the ratio of yield strength toeuténsilte strength
(YS/UTS) with increasing isothermal hold time is observed. This ratio is relathd tamount of strain
hardening that occurs. The closer the ratio is to one, the less strain hardening ottthrdngaterial.
Figure 4.33 shows a decrease in strain hardening behaviors with increasing isothermal holthismes
decrease corresponds with the increasing bainite volume fraction with increasing isotiwddrtiate,

and it shows that bainite has a negative effect on the strain hardening exponent of the steels.
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Figure 4.33 Variations in (a) average strain hardening exponent and (b) yield strengtheto tensil
strength ratios with respect to isothermal hold time in steels isothermally held &t 370 °
(z), 400 °C (j ), and 425 °C (). Uncertainty limits represent one standard deviation.
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Figure 4.34 Variations in incremental strain hardening exponent with true strain for the (&) 370 °
isothermal hold heat treatments, (b) 400 °C isothermal hold heat treatments, and (c)

425 °C isothermal hold heat treatments. The straight line on each plot represents the
instability criterion where iRtrementar e,

Figure 4.34 shows the incremental strain hardening exponent with respect to the true strain for
each heat treatment. Incremental strain hardening exponent was determined by taking the instantaneous
slope of each point of the log-log plot of true stress, true strain [44]. For each oftthedimeents, the

incremental strain hardening exponent is observed to start at a maximum value. Strain hardening
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exponent was then found to decrease with increasing strain in the material with a sharper déegease be
observed at lower strains. After the sharp decrease in strain hardening exponent, eack shompietod
reach a stable incremental strain hardening exponent value with increasing strain. Thecbhage G

the incremental strain hardening exponent at small strains indicates that a large amount of ttee austeni
TRIPs at smaller strains for these steels. At higher strains, a more gradual transformatstenittao
martensite occurs, creating the plateau seen in strain hardening exponent at high@tSjtraiecrease

in incremental strain hardening exponent with increasing isothermal hold time and temperature was
observed. This trend is expected because increasing bainite volume fraction has been sleoatorie lit

to decrease the incremental strain hardening exponent [45].

Figure 4.35 and Table 4.13 show microhardness data. Similar to the tensile data, a decrease in
hardness was observed for both the 400 and 425 °C with increasing hold time. An increase in hardness
with increasing isothermal hold time was observed for the 370 °C isothermal hold heatriteabuoe to
the varying microstructural constituents, rather large uncertainties in the measusmmeiiserved.

Overall, the microhardness data correlate well with the observed microstructures and @pesiteepr
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Figure 4.35 Variations in Vickers microhardness with respect to isothermal hold tiraelf st
isothermally held at 370 °Cz(), 400 °C (j ), and 425 °C (). Uncertainty limits
represent one standard deviation associated with ten hardness measurements for each
sample.

Figure 4.36 and Table 4.14 show the hole-expansion test results with respect to isothermal hold

time and temperature. For each heat treatment temperature, an increasing hole-expansitm ratio wi

increasing isothermal hold time is observed. A linear increase is observed for both the 400 &nd 425 °
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isothermal holds, while a nonlinear increase was observed for the 370 °C heat treatmentvél positi

correlation between hole-expansion ratio and bainite volume fraction is also shown.

Table 4.13+tMicrohardness Properties of the Experimental Steels

Isothermal Hold Isothermal Hardness Standard

Temperature (°C) Hold Time (s) (HV) Deviation (HV)
370 60 378 20.7
370 90 384 18.0
370 120 406 14.4
400 30 442 18.0
400 60 377 26.4
400 90 329 45.8
425 60 344 14.9
425 90 339 18.0

50 . I .

M
o ms
o
L

|

Hole Expansion Ratio (pct)
T

_
o
|
|

0 | . | . |
40 80 120

Isothermal Hold Time (s)

Figure 4.36 Variations in hole-expansion ratios with respect to isothermal hold tiraelf st
isothermally held at 370 °Cz(), 400 °C (j ), and 425 °C (). Uncertainty limits
represent one standard deviation associated with three hole-expansion tests from each
heat treatment.

Table 4.14+Hole-Expansion Properties of the Experimental Steels

Isothermal Hold Isothermal  Hole Expansion Standard Bainite Volume Standard
Temperature (°C) Hold Time (s) Ratio (pct) Deviation (pct)  Fraction (pct) Deviation (pct)
370 60 27.3 2.90 84.6 3.1
370 90 27.2 2.77 88.7 2.1
370 120 32.8 3.10 94.3 1.9
400 30 19.2 2.01 72.8 2.8
400 60 31.1 10.39 80.7 5.3
400 90 42.2 1.42 86.9 5.0
425 60 31.4 8.31 77.8 4.3
425 90 38.4 4.68 86.5 3.7
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CHAPTER 5: DISCUSSION

Several mechanical properties were measured for each of the experimental steels processed by the
TRIP bainitic ferrite (TBF) heat treatments. These mechanical properties includelstdemtjlity, strain
hardening, hole-expansion ratio, and hardness. Understanding how the microstructures that were
produced affect the mechanical properties presented in the results section is infiprodigter mining the
viability of TBF steels for a number of different applications. The following chaptesrs the
significances of the observed mechanical properties. The effects of microstructures enhtarical

properties are also discussed.

5.1 Experimental Matrix

This section discussthe experimental results from the samples processed according to the
experimental matrix. The heat treatments according to the experimental madriggutozarying
microstructures and mechanical properties. The significance of these mechanicalgsr tditicussed

in this section. The relationship of the mechanical properties to the observednmituossis addressed.

5.1.1 Retained Austenite Morphology

The morphology of the austenite, whether it is interlath films or blocky islands, has been shown
in literature to affect the properties of steel [37]. This project was focused erstamdling the properties
of steels with blocky or island type austenite. In order to characterize the morphology of theeaustenit
EBSD was performed. Figure 5.1 shows EBSD image quality maps overlaid on phase maps. EBSD shows
that a mixed microstructure of bainite/martensite and austenite islands is presemicidggucture was
also shown above using LOM in Figures 4.23, 4.25, and 4.27. Figure 5.1 shows a large amount of
austenite islands present in each micrograph with an approximate sigpenofAthile austenite islands
are present in the microstructure, film type interlath austenite is also likely, butttheditoited

resolution of EBSD, the film type austenite is unable to be detected.
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(b)

(©)

Figure 5.1 EBSD image quality (IQ) maps overlaid with phase map for the (a) 370 °C for 60 s, (b)
400 °C for 60 s, and (c) 425 °C for 60 s isothermal hold heat treatments. Red shows the
bainite in the microstructure and green shows the austenite phase. Arrows have been
overlaid on the images to point out some of the austenite islands that are present.

5.1.2 Mechanical Properties

Each of the steels heat treated at 370 °C showed strengths greater than 1200 MPa with total
elongations between 8 and 10 pct. The samples heat treated at 370 °C had an increasing trenld in strengt
with increasing isothermal hold time. Figure 5.2 shows the change in strength with respimiteto ba
volume fraction for each of the heat treatments. As stated in the experimental methods ludiafiter
volume fraction was determined from light optical microscopy using the LePera etchant. Austenite

volume fraction was determined from XRD. The increase in strength with increasing bainite volume
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fraction for the 370 °C heat treatments can be explained by the microstructural evdlthimsteel at
this heat treatment temperatufe.370 °C, the isothermal holds show an increasing bainite volume
fraction with increasing isothermal hold time along with a decreasing martemgigaistenite volume
fraction. The decreasing austenite volume fraction indicates that the carbon in the ntitnests not
diffusing and stabilizing austenite to room temperature. These results mean that the cadmmottre
ferrite phase in the bainite must be elevated. This higher carbon content in theéersis a
strengthening effect possibly due to more dislocations being present in the matrix. Atldislmcations
arise due to the shear change of the transformation from austenite to bainitesastirieebddition of
carbon. In addition to the increase in dislocations, once the ferrite is supersaturated, dipeekedi
carbides are formed in the ferrite. These carbides impede dislocation motion, and in taseiticee
strength of the material. As the isothermal hold time increases, more bainite Witahign content is
present in the microstructure which in turn causes the increase in strength with inceedisergnal hold
time, even when the higher strength martensite constituent fraction is decreasirgg5FEgimows the
change in lattice parameter for BEC phase with increasing isothermal hold time. An increase in the
lattice parameter was observed for the 370 °C isothermal holds further providing evidence that an
increase in carbon content in the BCC phase or ferrite is occurring. The lattice parameteG& the B
phase with maximum solubility of carbon is 0.287 nm. This value is reached with a 90 s isothermal hold
time, showing that the BCC phaisethe microstructure is enriched with carbon [46]. The FCC phase or
austenite lattice parameter was also found to increase with increasing isothermatdaisl shown in
Figure 5.3b. This result makes sense when coupled with the decrease in austenite volume fraction shown
in the XRD results. The smaller amount of austenite that rernsaingre stable meaning that an increase
in carbon content and lattice parameter would be observed. Elongation trends show decreasing ductility
with increasing isothermal hold time. The trend in ductility is consistent witmethd found in strength
for the 370 °C isothermal holds due to the inverse relationship between strength ang.ductilit

The 400 °C isothermal holds heat treatments exhibited strengths varying from 1100 to 1300 MPa
with a decreasing trend in strength with increasing isothermal hold time. This decreasegih &re
expected and can be explained by the increasing bainite and austenite volume fraction in the
microstructure. Figure 5.2 shows that for the 400 °C isothermal hold heat treatments, the dtteagth o
steel decreases with increasing bainite volume fraction. At the high isothermadrplerature, carbon is
better able to partition into the austenite, stabilizing more austenite to room temperatuekmi
hold time increases more diffusion occurs allowing for the increase in austenite vauatimnfand a
lower carbon content bainite and martensite. The bainite is lower strength than the reaseasit
bainite volume fraction increases and martensite decreases it makes sense that a decreasing trend i

strength is observed. Increasing trends in ductility with isothermal hold time were found460th&
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isothermal hold heat treatments. These results correspond with the decreasing strergtndssiil

elongations ranged from 9 to 15 pct.
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Figure 5.2 Variations in ultimate tensile strength with respect to bainite volurtierfraccsteels

isothermally held at 370 °Cz(), 400 °C (j ), and 425 °C (). Uncertainty limits
represent one standard deviation.
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Figure 5.3 Variations in the (a) BCC and (b) FCC lattice parameters with ressathermal hold
time for the 370 °C isothermal hold time heat treatments. Uncertainty limits represent one
standard deviation.

64



The 425 ° C isothermal holds show similar trends in strength and ductility as the 400 °C
isothermal holds. The main differences between the two heat treatment temperaturesa 2@t €
isothermal holds exhibited overall lower strength but higher elongation. The loweris¢rengtir due to
more partitioning occurring at higher temperatures which causes a lower carbon content to bapresent
the bainite and martensite. Figure 5.4 shows the change in BCC phase lattice parameter witb respect
increasing isothermal hold temperature. A decrease in the lattice parameter is observed wathgncrea
isothermal hold temperature. The decrease in lattice parameter shows that a decrease in carbain content
the BCC phase occurs. The decrease in carbon content causes a decrease in strength due to less strain on
the lattice, and an overall decrease in the dislocation density of the BCC phase. Due terterdogth
of the 425 °C, higher elongations were also observed. Overall the 425 °C isothermal holds stildproduce
steels with very good strength levels, and the best ductility of all the heat trematment
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Figure 5.4 Variations iBCC lattice parameter with respect to isothermal hold temperature. Each

heat treatment was isothermally held at temperature for 90 s. Uncertainty limits represent
one standard deviation.

During the mechanical deformation enough energy is imparted into the system causing the
austenite to transform to martensite, otherwise known as the TRIP effect. This eféext @a inherent
increase in strength of each steel with retained austenite in the microstructure. The transfofmat
austenite to martensite increases the strength and formability. This is due to the nhtisheér
transformation, the TRIP effect increases the dislocation density in the steadnuramtate the

transformation, increasing the strength of the steel.
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While very good strength and ductility combinations were found for each heat treatment, it is
important to compare to other steel grades. Figure 5.5 shows a comparison of strength and elongations of
various steel grades with that of the experimentally investigated steelspiretiemt study. The trial hea
treatments fall under the TBF steel category, however, they have not been optimized with TBF
processing. The trial heat treatments are shown to have similar strength levels andtaditipered
martensitic steels with elongations theg higher than martensitic steels have. Compared to conventional
steel alloys such as bake hardened and interstitial free steels, the experimental steels showghenuch hi
strength level. The ductility is lower, but that is expected with the much stronger steel. Wheredoimpar
first generation AHSS such as DP and TRIP steels, the experimental steels again show imprmtad str
levels with close to the same elongation values. The experimental steels show similar resukstas c
Q&P steel grades although Q&P steels have shown higher elongations [11].
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Figure 5.5 Variations in total elongation with respect to ultimate tensile strergjtela

isothermally held at 370 °Cz(), 400 °C (j ), and 425 °C () and various commercially
available steel grad¢7].

In addition to the strength and ductility properties that were observed for the experireantal h
treatments, the strain hardening exponent of the steel was also examined. Figure 4.33 shows that a
decrease in the strain hardening expoigabserved with increasing isothermal hold time. This trend
shows that less work hardening occurs for steels heat treated at longer isothermaksolM/trk

hardening is related to the amount of mobile dislocations in the structure. The decreasing woitkcharden
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trends indicate that the steels have a lower dislocation density with increasiegnisdthold

temperatures. Figure 4.33 also shows that the steels heat treated at lower temperatures hadairhigher st
hardening exponent and lower YS/UTS ratio, meaning that decreasing the temperature of the isothermal
hold increases the strain hardening behavior.

Figure 4.36 shows the hole-expansion results found for the experimental matrix. The hole-
expansion results show an increasing trend in hole-expansion ratio with increasing isothernrakhold t
This increase shows that when the steels are heat treated at longer isothermal holetiraesntbre
formable. Hole-expansion is also related to the tensile strength of the material. Figure 5.Jbostoines
ultimate tensile strength of the steel affects the hole-expansion ratios. A decrease in the helerexpa
was observed with increasing strengths. Figure 5.6 also shows comparable hole expansion results were
found for these steels compared to TBF steels in the literature with similar steareggh{18]. All steel
hole-expansion data taken from literature had similar alloying to the steel iruthysngth 0.2C-1.5Si-
1.5Mn base chemistries. The steels were also all processed using TBF processing techniqués$ Figure
shows that similar trends in hole-expansion were observed for this project and in literatueatidyg e
combined parameter of strength and hole-expansion a better matrix for the formability eéticarste
found. Figure 5.7 shows how the combination of strength and hole-expansion ratio changes with
isothermal hold time. Similar to the hole-expansion trends, an sareatrength and hole-expansion
ratio combination was observed with increasing isothermal hold time. Figure 5.7 shows that the
formability of the steel is increased by increasing the isothermal hold time. Figure 5.8 shows the
combined strength and hole-expansion parameter with respect to austenite volume fractiagurehis fi
shows the effect austenite has on the formability of the steel. No clear trend was observed figunethis
showing that for the steels in the current study the volume fraction of austenite does naiffeatetiie
formability of the steel.

XRD was also performed on hole-expansion specimens, post-test. These tests allowed for a
determination of the effect of hole-expansion on the TRIP effect by finding how much austeftiia is le
the microstructure after the hole-expansion test. Appendix B shows the XRD patterns forthach of
hole-expansion testé. near complete transformation of austenite to martensite was observed for each of
the heat treatments during the hole-expansion test. For each XRD pattern less than 1 pct voloime frac
of retained austenite was observed with many of the patterns showing no evidence of austenite at all.
XRD that was conducted on hole-expansion samples pre-test found that between 5-10 pct austenite was
present in the steel depending on the heat treatment. These results indicated that theuthaiERHE$

during the hole-expansion test.
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Figure 5.6 Variations in ultimate tensile strength with respect to hole-expansion ragielsn s

isothermally held at 370 °Cz(), 400 °C (j ), and 425 °C { ) represents data taken
from literature of steels with a similar composition and heat treatments [16, 40, and 41].
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Figure 5.8 Variations in strength hole-expansion combination with respect to retainedewustenit

volume fraction in steels isothermally held at 370 A3,(400 °C (j ), and 425 °C ().

5.1.3 Microstructural Effects on Mechanical Properties

The final microstructures in these TBF steels have an impact on the mechanical gropérge
steels. The effect of bainite on the strength of the steels heat treated at 370 °C was discussslg prev
with Figure 5.2. Figure 5.2 also shows the effect of bainite on the strength of the steels leezatd20
and 425 °C. Bainite is shown to have an effect of decreftsngirength of the steel for the and 425 °C
isothermal hold heat treatments. This decrease in strength with increasing bainite fvatition is
expected due to bainite being a softer constituent as compared to the martensite thatiiesubstit

Figure 5.9 shows the effects of martensite and austenite on the strength of the material. An
increase in strength with respect to increasing martensite volume fraction is obserked!@ify &nd
425 °C isothermal hold heat treatments. This increase makes sense due to martensiterbeinplrease
in the microstructure. By adding more of the stronger phase, the steel should increase in strength. The
370 °C isothermal hold heat treatments show a decrease in strength with increasing mestemste
fraction. This decrease in strength occurs due to the carbon concentration of the martehditigh¥it
volume fractions of martensite, the structure is overall less carbon saturated, dedneastimgithening
effect of increasing the martensite in the microstructure of the steel. Figurecbshals a decrease in

the strength of the steel with increasing austenite volume fraction for the 370 and 400€fnizioth
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holds. Austenite has a lower strength than both martensite and bainite. This lower strengtheésitiecaus
a retained phase versus a displacive transformation phase, meaning it contains a smallerdislocat
density, making it less strong. Increasing austenite volume fraction is shown to increasmtie of

the 425 °C heat treatments with increasing isothermal hold time. This increase dabutedto the

TRIP effect. Under strain, the austenite can TRIP to martensite, strengthening the steedl|\tVieil

steels exhibit the TRIP effect to some extent, the 425 °C isothermal holds have a lower overt| streng
meaning that the contributions of the TRIP effect lead to a more observable increase in stnength. T
decrease in strength due to other microstructural constituents is enough0 tliea®id 400 °C

isothermal holds for the TRIP effect not to be large enough to change the trend in strengtts.Eigur
shows that bainite reduces the strength of the steel with the exception of the 370 °C isothermal hold
condition which exhibits the opposite result. Martensite has a positive effect on the strehgtbtegk

The austenite has a negative relationship to the strength with the exception of the 425 °Cakbtiésm
where enough of the austenite is able to TRIP to martensite, strengthening the steel.
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Figure 5.9 Variations in ultimate tensile strength with respect to (a) martensite) angdtenite

volume fraction in steels isothermally held at 370 «3,(400 °C (j ), and 425 °C ().
Uncertainty limits represent one standard deviation.

Figure 5.10 shows the amount of austenite that transforms to martensite through the TRIP effect

for each of the heat treated steels after tensile testing. Retained austenite \adtioresfof the gauge
section of the tensile tests were determined by XRD analysis post deformation. Adketkénatve over

50 pct transformation of austenite, with an increasing percent transformation witlsimgrsathermal
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hold time. The 370 °C isothermal hold heat treatments ended up with the highest percentage ef austenit
that TRIPs to martensite, while the 425 °C isothermal holds had the lowest percentageovfriadiost.

While the 425 °C isothermal holds had a lower percentage transformed, the amount of martensite that
formed on deformation is the highest with these heat treatments. This differeneeto the higher

amount of initial austenite in the microstructure. The higher amount of martensite formed in tle 425 °

isothermal holds helps explain the trend of increasing strength.
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Figure 5.10 Variations in (a) austenite volume fraction and (b) percent austenite tradgfmrm
martensite in steels isothermally held at 370 2G, @00 °C (j ), and 425 °C (). Blue
data point denominate austenite volume fraction post deformation, while black data
points show volume fraction pre-deformation. Uncertainty limits represent one standard
deviation.

Figure 5.11 shows the effects of microstructure on the total elongations of the steel. The 370 °C
isothermal holds show a slight decreasing trend in total elongation with increasing balinine
fraction. This change makes sense based on the strength data, since strength and elongation have an
inverse relationship. The bainite is dispersion strengthened, where the fine carlt@estiucture
impede dislocation motiof his microstructure creates a stronger, less ductile steel. The 400 °C and
425 °C isothermal hold heat treatments show an increasing trend in total elongation with increasing
bainite volume fraction due to the associated strength variations. A decrease in ductilitgnaking
martensite volume fraction is obsenfedthe 400 °C and 425 °C isothermal holds. This decrease in

ductility occurs due to the strengthening effect of the martensite on the steel. The strostifeenobn
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causes the steel to be less ductile. An increase in the total elongation is seen vaisimmengstenite
volume fraction. The increase can be attributed to two factors. The first contribution occurshdue t
TRIP effect. The transformation allows for more ductility in the steel. The secondatiotticomes

from austenite being a softer phase in the microstructure which allows for more accommodatidm of s
and increases the ductility of the steel. Overall, bainite and austenite are found to haveeagffesition
the total elongation of the steel, while martensite has a negative effect on it.

Figure 5.12 shows the effect of microstructural constituents on the strain hardening exponent. A
decrease in strain hardening exponent is observed with increasing bainite volume fraction in the steel
while a positive correlation with martensite volume fraction is seen. Work hardening occuissdunaito
a change in the movement, distribution, and density of mobile dislocations in the microstructurbdg48]
decrease in strain hardening exponent with increasing bainite volume fraction then occutbelue to
smaller dislocation density that is present in the bainite. Martensite has a higheridiskdeasity, so the
increase in strain hardening with increasing volume fraction makes sense. Austenite fractiwt does
exhibit a systematic correlation with strain hardening exponent.

Figure 5.13 shows the variations in hole-expansion ratios with respect to microstructural
constituents. A positive correlation of hole-expansion is observed with increasing bainite volume
fractions. These results indicate that bainite helps the hole-expansion and formabilitiige ab¢ne
steel. Hole-expansion ratios decrease with increasing martensite volume fraction. Masterisiss
formable constituent, so it makes sense that increasing the amount of martensite woulkeldwier-
expansion ratios. Austenite volume fraction has little correlation with the hole-expaaisos. An
increase in hole-expansion was expected with increasing austenite volume fraction, due to the TRIP effect
which allows for more formability. This trend is evident for the 400 °C isothermal hatdreatments,
where an increase in hole-expansion ratio with austenite volume fraction occurs. The 370 °C and 425 °C
isothermal holds showed little correlation with a slight decrease in hole-expansionarédising

austenite volume fraction.
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CHAPTER 6: SUMMARY

The mechanical properties are closely tied to the microstructure of TRIP aided bexinitc
(TBF) type steels. This thesis work investigated the relationship between the mechrapiedigs and
microstructure of steels with microstructure of varying amounts of bainite, martensite, and austenite. A
steel of base composition 0.2 wt pct C-1.79 wit\dot1.52Si (wt pct) was used. In order to create the
desired microstructures, a TBF heat treating schedule was developed where samples were fully
austenitized, after austenization an isothermal hold was performed, then samples were querained to ro
temperature. Heat treatments were performed in salt pot furnaces. By controlling the tiera@erdture
of the isothermal hold, the amounts of each microstructural constituent could be controllegafdwd c
microstructures were studied, and the mechanical properties were evaluated.

Each of the heat treatments yielded steels that exhibited strengths between 1050 and 1350 MPa.
Total elongation values ranged between 8 and 16 pct. Most of the heat treated steels dyetmged t
of 1200 MPa with 12 pct total elongation. The steels that did not reach this strength itaspetstd
good properties with higher total elongations than the target.

Overall, increasing the martensite volume fraction increased the strength of the steel, bu
decreased the total elongation. Increasing the bainite volume fraction decreased the strength and increased
the ductility. Increasing austenite volume fraction was also found to decrease the strengtheasd ihe
ductility of the steel. Good strain hardening results were found for each heat treatment whas@igcr
the martensite volume fraction helped improve the strain hardening behavior. Increasing the amount of
bainite in the microstructure was found to decrease the strain hardening behavior. The austenite volume
fraction had a slightly positive influence on the strain hardening exponent.

The formability of each heat treatment was also evaluated. The main formability paraateter t
was used is the hole-expansion ratio. Hole-expansion ratios ranging from 20 pct to 45 pct were observed
for each heat treatment. These results show good hole-expansion properties that are sihelaf BiFot
steels found in the literature. Increasing the bainite volume fraction increasedatexpahsion rate
and formability of the steel. Increasing martensite volume fractions negativeledtteethole-
expansion properties of the steel. The amount of austenite in the steel had a small gitebbtat
expansion that varied between a positive and negative correlation depending on the heat treatment
temperature.

Based on all the mechanical properties, the best combination of properties was observed with the
isothermal hold heat treatment of 400 °C for 90 s. The microstructure that was created gtdsa8iit@,

5 pct martensite, and 8 pct austenilteis microstructure allowed for the best combination in tensile and

76



hole-expansion properties creating the strongest and most formable steel in the study. Tlas BLAdv

to be 1110 MPa, TE was found to be 12.8 pct, and hole-expansion ratio was found to be 42.2 pct for this
heat treatment. This heat treatment created a steel where the bainite and retained alsteaite v

fractions were maximized helping improve the formability of the steel, while occurringaparature

where strength of the bainite was maximized. These combined factors led to this heat treatment showing
the best combination of properties.

While 400 °C for 90 s isothermal hold heat treatment yielded the best combination of mechanical
properties, all the heat treatments showed good overall mechanical properties with the excdyation of t
sample that was isothermal held at 400 °C for 30 s. That heat treatment yielded aetloggtshe
ductility and hole-expansion results were poor. As long as the microstructure is predominandy baini
with retained austenite volume fraction above 5 pct, the steel exhibits good properties. Bygctiengi
volume fraction of each constituent the mechanical properties can be better tuned for te desire

application.
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CHAPTER 7: FUTURE WORK

The following areas would be beneficial to support or supplement the work conducted in this
thesis by further developing the understanding of how the microstructures affect the mechanical

properties of steels with a microstructure of bainite/martensite with retained auistiemitls:

x Further characterization of the steels using techniques such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), electron backscatter
diffractometry (EBSD), and Mdssbauer Spectroscopy. The XRD data showed a small
volume fraction of Hagg carbide in the microstructure (too small to quantify using the
analytical methods), so using more advanced techniques may better reveal the

microstructural constituents and further explain carbide formation in the bainite.

x Further examination of the strain hardening behavior of these steels. The strain hardening
exponent and yield to tensile ratios were the only strain hardening behavior analyse
used, so looking at the strain hardening rate and how the microstructure affects that
property might be useful in gaining a better understanding of the mechanical

properties/microstructure relationship.

x Further experiments focused on the microstructural evolution in these steels. This type of
study would help create specific heat treatment schedules to produce specific

microstructures with varying amounts of each constituent.

x Further testing to obtain other formability parameters such as stretch bend testing. These

results will help better determine the viability of these steels for automotivieatjupis.
x Perform more mechanical tests on heat treated samples such as tensile tests and hole-

expansion tests to help improve the statistics and reproducibility of the observed

mechanical property results.
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APPENDIX A: Continuous Cooling Curve Data

This appendix details the dilatometric data used to create the CCT curve used in the text of the
thesis. Field emission scanning electron microscopy (FESEM) micrographs were taken to show the
microstructures that were created for varying cooling rates. Samples for FESEM were prepiased by f
polishing to a 1 um surface finish. Samples were then etched in 2 pct nital for 10-15 s in order to reveal
the microstructure. In addition, dilatometric curves are shown for each cooling rate. The Bhadeshia
method for determining the transformation temperature from dilatometric curves was ubésd for
data [33]. This data shows the microstructure that is present along with the poinwrénttken and

used to create the CCT curve from the main text of the document.

FigureA.1 FESEM micrographs of the steel that was fully austenitized then cooled to room
temperature at a cooling rate of 1 °C/s. A microstructure of pearlite and ferrite is
observed in these micrographs.
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Figure A.2 FESEM micrographs of the steel that was fully austenitized then cooled to room
temperature at a cooling rate of 2 °C/s. A microstructure of pearlite and ferrite is
observed in these micrographs.

FigureA.3 FESEM micrographs of the steel that was fully austenitized then cooled to room
temperature at a cooling rate of 5 °C/s. A microstructure of ferrite, bainite, and psarlite
observed in these micrographs.
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FigureA.4 FESEM micrographs of the steel that was fully austenitized then cooled to room
temperature at a cooling rate of 20 °C/s. A microstructure of bainite, and martensite is
observed in these micrographs.

FigureA.5 FESEM micrographs of the steel that was fully austenitized then cooled to room
temperature at a cooling rate of 50 °C/s. A martensitic microstructure is observed in these
micrographs.
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Figure A.6 (a) Dilation versus temperature and (b) dilation versus time for the 1 °Qiig cats.
The curves show the linear extensions of the curve and points taken and used for the CCT
curve (c).
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Figure A.7 (a) Dilation versus temperature and (b) dilation versus time for the 2 °Qiig cats.

The curves show the linear extensions of the curves and points taken and used for the
CCT curve ).
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Figure A.8 (a) Dilation versus temperature and (b) dilation versus time for the 5 °Qiig cats.

The curves show the linear extensions of the curves and points taken and used for the
CCT curve ).
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Figure A.9 (a) Dilation versus temperature and (b) dilation versus time for the 10 °Qig catd.

The curves show the linear extensions of the curves and points taken and used for the
CCT curve ).
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Figure A.10  (a) Dilation versus temperature and (b) dilation versus time for the 20 °@Gig caid.

The curves show the linear extensions of the curves and points taken and used for the
CCT curve ).
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Figure A.11  (a) Dilation versus temperature and (b) dilation versus time for the 30 °@Gig caid.

The curves show the linear extensions of the curves and points taken and used for the
CCT curve ).
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Figure A.12  (a) Dilation versus temperature and (b) dilation versus time for the 40 °@Gig caid.

The curves show the linear extensions of the curves and points taken and used for the
CCT curve ).
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Figure A.13  (a) Dilation versus temperature and (b) dilation versus time for the 50 °@Gig caid.

The curves show the linear extensions of the curves and points taken and used for the
CCT curve ).
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Figure A.14  (a) Dilation versus temperature and (b) dilation versus time for the 200 °Gig caiali
The curves show the linear extensions of the curves and points taken and used for the
CCT curve ).
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APPENDIX B: Hole Expansion Test X-Ray Diffraction Results

XRD was performed on each hole-expansion specimen post test to determine the amount of
austenite left in the microstructure after the test. These tests were performed to helpnohtekstthe
TRIP effect affects the hole-expansion properties of the steels. This appendix shows thatdeRi3
collected from each heat treatment pre and post hole expansion test allowing for the change in XRD
pattern to be observed. Samples for XRD were prepared by first being flattened in tiye fosition
with a hydraulic press at loads of 20000 Ibs. They were then ground and polished down to a 6 um surface
finish. Samples were then thinned with a solution of 50 parts water, 50 parts hydrogen peroxide, and
1 part hydrofluoric acid for 10 min in order to remove the deformed layer of material [37]weREhen
conducted using a Cr-lsource with the burr up position being scanned. Scan range was between 40 and
140° ZLWK D VFDQ V/8i HRétaiRdd austenite measurements were then obtained from each
XRD pattern using a Rietveld refinement using all the present peaks. Refinement and measurements were
taken using the General Structure Analysis System (GSAS) program developed by Los Alamos National
Labs [32,33]. It is important to note that for each recorded XRD pattern for the post hole-@xpansi
samples, smaller than quantifiable amounts of austenite were found. This shows that a near complete
TRIP effect occurred during the hole-expansion test with only BCC phase being present in the patterns.
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Figure B.1 XRD pattern for the 370 °C, 60 s isothermal hold heat treatment samplehzefore t
hole-expansion test was performed.
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Figure B.2 XRD pattern for the 370 °C, 60 s isothermal hold heat treatment sample post
hole-expansion test.
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Figure B.5 XRD pattern for the 370 °C, 120 s isothermal hold heat treatment sample lgefore th
hole-expansion test.
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Figure B.6 XRD pattern for the 370 °C, 120 s isothermal hold heat treatment sample post
hole-expansion test.
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XRD pattern for the 400 °C, 30 s isothermal hold heat treatment sample before the
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Figure B.9 XRD pattern for the 400 °C, 60 s isothermal hold heat treatment sample before the
hole-expansion test was performed.
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Figure B.10  XRD pattern for the 400 °C, 60 s isothermal hold heat treatment sample post
hole-expansion test.
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Figure B.11 XRD pattern for the 400 °C, 90 s isothermal hold heat treatment sample before the
hole-expansion test was performed.
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Figure B.12  XRD pattern for the 400 °C, 90 s isothermal hold heat treatment sample post
hole-expansion test.
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Figure B.13  XRD pattern for the 425 °C, 60 s isothermal hold heat treatment sample before the
hole-expansion test was performed.
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Figure B.14  XRD pattern for the 425 °C, 60 s isothermal hold heat treatment sample post
hole-expansion test.
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Figure B.15 XRD pattern for the 425 °C, 90 s isothermal hold heat treatment sample before the
hole-expansion test was performed.
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Figure B.16 =~ XRD pattern for the 425 °C, 90 s isothermal hold heat treatment sample post
hole-expansion test.
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