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ABSTRACT

A study was performed on the effect of heating rate on transformations during interanitiealing of
cold-rolled low-carbon sheet steels. Two sets of experiments were developed: 1) a series of alloys (1020,
1019M, 15B25) with two different cold reductions (nominally 40 and 60 pct) were heated at different
rates and transformation temperatures were determined using analysis of dilatometry dograpdtal

of intercritically annealed samples, allowing the study of the impact of composition andockldrw
transformation behavior with different heating rates. 2) A cold-rollédncNb steel was tested with
different heating rates selected for different degrees of recrystallizationg dwstenite formation to test

the impact of ferrite recrystallization on austenite formation. Heat treated sanspécanvalyzed with

SEM, EBSD, dilatometry, and microhardness to study the changes in transformation behavior. Bhe result
of this study were extended by adding step heating tests, heat treatments with an intercritimatihold,
secondary ion mass spectrometry (SIMS) measurements of Mn distribution. Austenite transformation
temperatures increased logarithmically with heating rate. Greater degrees of colddatorkeduced
transformation temperatures across all heating rates because the energy of cold work ihereais@tht
force for austenite formation. The relative effects of alloying additions on transformetiperatures
remained with increasing heating rate. Rapid heating minimized ferrite recrystallizatipaatict
spheroidization. Austenite formation occurred preferentially in recovered fegitms as opposed to
recrystallized ferrite boundaries. Martensite was evenly distributed in slowly heatedstarise

austenite formed on recrystallized, equiaxed, ferrite boundaries. With rapid heating, afstapitiein
directionally-oriented recovered ferrite which increased the degree of banding. Tlestgtegtee of
banding was found with intermediate heating rates leading to partial recrystallizatiorsebaasienite
formed preferentially in the remaining recovered ferrite which was located in bands alooigrige r
direction. Holding at the intercritical annealing temperature led to somewhat reduced martedsitg ban
vs directly quenched specimens due to austenite growth along recrystallized ferrite boundaries. Ferrit
spheroidized carbide microstructures had somewhat reduced martensite banding when compared with
ferrite-pearlite steel because austenite nucleation was not restricted to formes pelarties elongated

in the rolling direction.
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CHAPTER 1
INTRODUCTION

Advanced High Strength Steels (AHSS) offer a combination of high strength and formability for
a variety of applications, particularly the automotive industry [1.1]. The increasing requireanents f
passenger safety and fuel economy in the automotive industry have led to the need for new steels with
higher strengths and improved formability. As a result, developments of significant nevhateels
evolved. Competition from low density metals in the automotive industry has further accelerated
development of AHSS [1.2].

Many types of AHSS are reliant on intercritical annealing to develop microstructunes wit
combination of ferrite and other phases including martensite, bainite, retained austenitejidad car
[1.3]. These steels include Dual-Phase (DP), TRansformation Induced Plasticity (TRIP), Quenched and
Partitioned (Q&P), and Medium-Manganese (Medium-Mn) steels. Because of these different
intercritically annealed AHSS, an understanding of the transformation behavior dueiagtical
annealing is important to alloy and heat treatment design.

High heating rates are becoming more common because they can reduce the cost of annealing
advanced high strength steels (AHSS) by reducing heat treating time. Heating rates in excess of 1000 °C/s
can be achieved through a variety of methods such as induction, direct resistance, or highfiateasity
heating [1.4]. Furthermore, there is potential for improved mechanical properties from rdiid hea
because of a reduction in grain size.

While the effect of heating rate has been studied previously, research on austenite transformation
kinetics with multiple alloys, each with different degrees of cold-work has not been performegpareom
the change in austenite transformation temperatures with heating rate. Also, questions remain about the
changes in austenite transformation behavior in rapidly heated, intercritically annealedlledisteels.
Banded martensite in the quenched steel has been observed in rapidly heated intercriticadly eoideal
rolled steels, and is the result of the formation of austenite bands during annealing [1.8§ultireyr
martensite bands can negatively affect formability. The development of distinct austenite bargls occur
from differences in the microstructure prior to austenite formation, such as the degreestdlieetyon,
with different heating rates. In previously reported research [1.5], heating rates wetedsfist and
recrystallization kinetics were measured afterward, making a comparison between differesd dég
recrystallization difficult. Because the microstructure prior to austenite trameion was different
between studies, conclusions were often different, or even contradictory. Thus, the focusvofplaig t

thesis is to systematically evaluate the effects of chemical composition, prior microstraod degree



of cold work on austenite transformation in a series of low carbon steels of interest éssprg®©P
steels.

The first part of this thesis evaluates austenite transformation temperatures with diketerg
rates, steel composition, and degree of cold reduction. Results of these tests are presentest hh Chapt
Low carbon steels 1020, 1019M, and 15B25 with nominal cold reductions of 40 and 60 pct were analyzed
with dilatometry and metallography to measure the change in austenite transformation kitietics wi
heating rate. Heating rates of 1, 10, 100, and 1000 °C/s were utilized to study a range of heating
parameters. Dilatometry was performed by heating with each rate to well above the finalnvatisfior
temperature, and A@andAc; transformation temperatures were determined through analysis of the
resulting dilatometry data. Heat treatments were performed on each condition by heatearivitate to
just above Agor just below Ag and direct quenching. The resulting samples were analyzed with
metallography to compare microstructures at the point of transformation.

The second part of this thesis was to analyze the martensite distribution in intercaticegled
cold-rolled steels after heating with different rates. The research presentedtirglisought to use a
systematic selection of heating rates based on the degree of ferrite recrystallizatitmthbe onset of
austenite formation so that the effect of ferrite recrystallization on banded martensiteectadtbt.

A low-carbon ferrite-pearlite steel with a Nb addition, designatdheNb, was heat treated to
two different conditions prior to cold-rolling: ferrite-pearlite and ferrite-spiukized carbide. In the
ferrite-pearlite condition, ferrite recrystallization kinetics were measured, atidghesies were selected
to achieve different degrees of recrystallization at the onset of austenite formation: 0.99, 0.85, 0.66, 0.33,
0.12, and 0. Metallographic analysis was then performed on samples which were continuously heated and
directly quenched from a range of intercritical temperatures to study the continuous heating
transformation behavior. The results of this research are found in Chapter 5.

A series of tests were designed for th&16-Nb steel to measure the effect of different
microstructure and heat treatment variables on the final martensite distribution. The rabeke tésts
are found in Chapter 6. First, secondary ion mass spectrometry (SIMS) analysis was used to test if an
inhomogeneous Mn distribution contributed to the formation of martensite banding. Second, step heating
tests were completed so that the effect of heating rate could be isolated from the effects of prior
microstructure. A slow initial heating rate allowed recrystallization of ferrite and sgtzertoon of
pearlite to occur prior to austenite transformation. A fast initial heating rate was edstousinimize the
changes in microstructure prior to austenite transformation. A change to the fiirad hei@ was made
prior to Ac so that differences in martensite distribution could be compared between samples quenched
from the intercritical temperature. Therefore, the microstructure prior to austangétmation was

constant but the heating rate was different for each sample. Third, heat treatments were performed with a



hold at the intercritical annealing temperature to determine if the degree of martensite baridibg cou
reduced through an extended hold during austenite formation. Fourth, the effects of carbon distribution
were studied by using the ferrite-spheroidized carbide condition so that pearlite sphévoididatot
affect the austenite transformation behavior. The final heat treated microstruateahen compared to
the ferrite-pearlite condition to observe the differences between a ferritagstmiting microstructure
and a ferrite-spheroidized carbide starting microstructure.

A summary is included which seeks to collate the results and discussion included in Chapters 4,
5, and 6. Trends and general observations of different behaviors were systematized and described,
including: the effects of heating rate, cold work, and composition on austenite transformetas ki
changes in austenite nucleation and growth behavior with different heating rates; the irfgraite of
recrystallization and pearlite spheroidization on austenite formation; and the mechaading fo a
banded martensite microstructure in rapidly heated, intercritically annealed cold-rolled stee
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CHAPTER 2
LITERATURE REVIEW

This chapter discusses the driving force for, and mechanisms of, austenite formation [2.1],
pearlite spheroidization, ferrite recrystallization, and their interactionsatuterresults on the effect of
heating rate on these transformations, particularly austenite formation, are related. Theinhanges
mechanical properties with rapidly heated steels are described. Finally, the interpretatetorokdic
curves upon heating of ferrite-pearlite steels is shown, along with research on the impathofrage
on transformation temperatures measured with dilatometry.

2.1 Austenite Formation in Ferrite-Pearlite and Ferrite-Spheroidized Carbide Microstructures

In ferrite-spheroidized carbide steels, austenite nucleates at ferrite-fernitdouaidaries, grain
boundary edges [2.2], triple points [2.3], and carbides located on the boundaries. The austenite envelopes
the carbides and grain boundaries and grows into the surrounding ferrite by carbon diffusion b&ough t
austenite. Nucleation at carbides along boundaries was found to occur 3-8 times more frequently than
nucleation at carbides away from boundaries [2.3].

In ferrite-pearlite steels, austenite nucleates preferentially at fpadtdite boundaries rather than
at the interface between ferrite and cementite within pearlite because of the geeag@efigy reduction
provided by nucleation at ferrite-pearlite interfaces [2.4]. Austenite rapidly cesspearlite, and then
grows into the surrounding ferrite by diffusion of carbon through austenite.

2.1.1 Heterogeneous Nucleation

The areas of preferential austenite nucleation can be explained through nucleation theory.
Nucleation occurs preferentially at heterogeneous sites because the interfacial energy isfloweei
than for homogeneous nucleation. The activation energy for nucleation is reduced by the shape factor,
6 DV VKRZQ LQ (T
s>l . (2.1)

PN Ubs:a;

where is the interfacial free energy, &V WKH IUHH HQHUJ\ SHU XQLW YROXPH DQC

¢ )L

shown in Eq. 2.2.

‘tE?KOa;:sF9%KO (2.2)
t
is the contact angle between the nucleus and the nucleation site as shown in Figure 2.1, where a nucleus

5:a; L

on a grain boundary is shown in Fig. 2.1a and a nucleus on a grain boundary triple point is shown in
Fig. 2.1b.



a radius r*
volume V*
(a) (b)

Figure 2.1 Schematic representations of a nucleus formed on a grain boundary (a) or on a grair
boundary triple point (b) [2.1].

+HWHURJHQHRXV VLWHV LQFOXGH LQ RUGHU RI GHFUHDVLQJ
grain boundaries and interphase boundaries, and free surfaces [2.1]. Therefore, grain boundaries or
ferrite-pearlite interfaces decrease the activation energy of the transformation aredesiestial
nucleation sites for austenite.

Austenite nucleates preferentially on boundaries with carbides or on ferrite-pearlfacager
[2.2-2.4]. Austenite nucleation occurs preferentially near carbon sources such as carbides or pearlite
because the equilibrium carbon concentration of austenite is much higher than ferrite [2.1] ity a ferr
cementite microstructure, austenite nucleates at and consumes cementite so that carbalvlesfanthike
transformation [2.2-2.3].

Austenite formation occurs in low-carbon steels when the temperature reaches the ferrite-
austenite intercritical region (above)AOnce the austenite region is reached, the difference in free
energy between ferrite and austenite increases with temperature. Also, the atomig motghses with
temperature. Therefore, the rate of nucleation and growth of austenite increases with tem@ethtur
2.1.2 Intercritical Annealing of Ferrite-Pearlite Steels

During intercritical annealing of dual-phase C-Mn steels, austenite formation occurs through
three stages [2.4], as summarized in Fig. 2.2: The first step is growth of austenite inie, prearate of
which is controlled primarily by carbon diffusion, with the diffusion path along the m=artstenite
interface. The second step is austenite growth into ferrite to achieve the equiibhiume fraction of
austenite, controlled by carbon diffusion through austenite. At low intercritical tempsratuoager
annealing times, austenite growth is controlled by manganese diffusion in ferrith,aglburs much
more slowly than carbon diffusion through austenite. The third step is final equilibrati@anganese in
austenite and ferrite, which is controlled by manganese diffusion in austenite, which is muchhslower t

manganese diffusion in ferrite.
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Figure 2.2 Schematic representation of the process of intercritical annealing of low-carbon stee!
Adapted from [2.4].

2.1.3 Intercritically Annealed Advanced High Strength Steels

There are a variety of low-carbon sheet steels which are intercritically annealed to for
multiphase microstructures for superior combinations of strength and ductility. Tieetedasformations
in the intercritical region can affect the final microstructure of any of these sbelkst Figure 2.3 shows
schematic representations of the heat treatments performed on three different AHSS. DustePlsase
(Fig. 2.3a), are annealed and directly quenched from the intercritical region to, ideally, form a
microstructure of ferrite and martensite [2.5]. Transformation induced plasticitlP TR5] steels are
cooled to above the Memperature and held isothermally and air cooled to form a microstructure of
ferrite, bainite, and retained austenite (Fig. 2.3b). Quenched and partitioned (Q&P) [2.6] stederan ei
be intercritically annealed or austenitized, but in either case the steel is quenched thdéliow t
temperature, but above thg Mmperature, and held at the quench temperature or reheated to a slightly
higher temperature and held to allow carbon to partition from the martensite to the austenigngtabil
the austenite, followed by air cooling to room temperature (Fig. 2.3c). The resulting microstructure
consists of martensite, bainite, and austenite, or martensite, ferrite, bainite, and austettit ease of
intercritically annealed Q&P steels.
2.2 Ferrite Recovery and Recrystallization

Cold working [2.7] imparts energy into the steel which is stored as defects such as digdocati
and vacancies. Energy is released through the annihilation of these defects. The processes of energy
reduction are recovery and recrystallization [2.7], which occur through the movemearhsfa
vacancies so both processes are temperature dependent. Recovery occurs through the annihilation of

dislocations by the coming together of opposite sign dislocations, or through the process of



polygonization. Polygonization is the process by which dislocations realign to form ldev-ang
boundaries. The low-angle boundary grains are called subgrains. Recovery continues through the
coalescence of subgrain boundaries which reduces the strain energy. The rate of recovery bégins rapid

and slows as more energy is released.
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Figure 2.3 Schematic representations of heat treatments performed to develop dual-phase
microstructures (a) [2.5], TRIP steel (b) [2.5], and Q&P (c) [2.6].

Recrystallization is similar to a nucleation and growth process, both in terms of behavior an
NLQHWLFY > @ 7KH WUDQVIRUPDWLREF®K EX VPR HGBHG KXW DQD
typically occurs following recovery though the two processes often overlap. The rdizatabal rate
increases with an increase in initial cold work and with temperature. Recrystallization ocoug titwe
formation of a new set of grains of the same phase [2.7]. New crystals form at points of high strai
energy, and then grow and consume the surrounding deformed matrix [2.7]. Preferential regions for
recrystallized nuclei to form include grain boundaries and triple points [2.7].
There are many theories which describe potential mechanisms for recrystallized monaé&ofo
One mechanism is subgrain coalescence to the point that a sufficiently large stragifreésrformed
that it can grow and consume surrounding dislocations [2.8]. Another theory is the bulge mechanism
[2.9], where two neighboring grains have different levels of strain, and the more perfegrgvasrinto
the less perfect grain and the grain boundary consumes dislocations. If the growing bulge reaches a
critical size then a nuclei is formed.
2.3 Pearlite Spheroidization
In pearlitic steels, spheroidization can occur which affects austenite formation bechosdasar
necessary for austenite formation. Pearlite spheroidizes to reduce interfacial energgietithuffigh
temperatures. In hot-rolled or normalized pearlitic steels, complete spheroidizati@mlioé pgeslow, on
the order of hundreds of hours at 700 °C in a 0.74C steel [2.10]. However, in cold-rolled steels,
spheroidization of pearlite is much more rapid, with complete spheroidization after 20 minuteS@t 700
DQG 3VLJQLILFDQW’ ™ VSKHURLG L] pd\cblg-lleal 0/ 0oL @ASMNn-O02HFt Re@IGY LQ D

[2.11]. It is thought that the much more rapid spheroidization in cold-rolled steels occurs from
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fragmentation of the cementite with enhanced diffusion from the high dislocation densigteener

during cold reduction [2.11]. A bright field TEM image of interactions between ferritestatiization

and pearlite spheroidization is shown in Fig. 2.4 for an 80 pct CR 0.17C-0.74Mn steel heated to 730 °C at
1 °C/s and quenched [2.12]. The arrows point to a recrystallization front which was travétliag in

pearlite colony and leaving behind spheroidized carbides, which demonstrates that reatistdbiads

to rapid spheroidization of pearlite in cold-rolled steels.

Figure 2.4 Bright field TEM image showing the interaction between ferrite recrystallization and
pearlite spheroidization in an 80 pct CR 0.17C-0.74Mn steel. Arrows point to the recrygialfizait
which was travelling into the pearlite, leaving behind spheroidized carbides [2.12].

2.3.1 Austenite Formation in Spheroidized Pearlite Microstructures

The process of austenite formation at low intercritical temperatures in the presence of
spheroidized pearlite is shown schematically in Fig. 2.5 [2.13]. Before heating, the microststantisr
as pearlite with alternating ferrite and cementite (Fig. 2.5a). With heating cementite spbsraiutl
carbides along ferrite boundaries coarsen (Fig. 2.5b). Following spheroidization, austeniter$bmearffi
carbides on ferrite boundaries and consumes them (Fig. 2.5¢). Later austenite forms on carbides within
the former pearlite colony (Fig. 2.5d).
24 Effect of Heating Rate on Austenite Formation

The transformations described above were analyzed with relatively low heating rates. However,
in recent years studies have been conducted with different heating rates to study how the &taosform
differ with heating rate. A variety of papers have been published on the effect of heating rate die austeni
formation in low-carbon sheet steels. The following sections describe differences in austeleiation
density (Section 2.4.1), austenite nucleation sites (Section 2.4.2-2.4.3), austenite format kinet

(Section 2.4.4), and the formation of martensite bands (Section 2.4.5).
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Figure 2.5 A schematic representation of the process of pearlite spheroidization and austetitnf
in the presence of spheroidized pearlite. Starting microstructure is shown in (a), on theapiearlite
spheroidized and carbides on grain boundaries coarsened (b), followed by austenite formation i
boundaries next to carbides (c), and austenite formation on carbides within the grain (d) [2.13]

2.4.1 Effect of Heating Rate on Austenite Nucleation Density

In cold-rolled low carbon steels, austenite nucleation density has been observed to indnease wit
an increase in heating rate [2.12, 2.14-2.17]. Reasons for an increase in nucleation density have been
attributed to an increased driving force due to superheat [2.12], lower activation energy from cold
deformation [2.14], and/or higher density of potential nucleation sites [2.14-2.16]. A combination of
increased austenite nucleation density and less time for ferrite recrystallization and grolwtddda
grain refinement with high heating rates. In contrast, a decrease in nucleation with rapid heaisg has
been reported. Mohanstal. [2.17] reported a lower density of austenite nuclei with an increase in
heating rate from 10 to 50 °C/s in a cold-rolled 0.08C-1.9Mn-0.01Nb steel. They attributed the reduction
in austenite nuclei density to austenite growth dominating at higher heating rates, whiléamucleat
dominated at lower heating rates [2.17]eLial. [2.15] reported a decrease in austenite nuclei with an
increase in heating rate from 5 to 50 °C/s but an increase in nuclei with an increase in hedtiog rat
50 °C/s to 500 °C/s. With a heating rate of 5 °C/s, ferrite recrystallization wastalomplete before
austenite formation. However, after heating at 500 °C/s, ferrite recrystallization hazt staried when
austenite formation began, and after heating at 50 °C/s, ferrite recrystallization wasertveitin
austenite formation. The change in nucleation density was interpreted to occur because ofrchanges
potential nucleation sites. After heating at 5 °C/s, austenite could nucleate at boté aedrlit

recrystallized ferrite boundaries. At 50 °C/s, the moving ferrite recrystallizabundaries were not



available for nucleation. At 500 °C/s, austenite could nucleate at pearlite and at ualteegderrite
boundaries.

Table 2.1 summarizes the differences observed in nucleation density of austenite with heating
rate, to show both differences in behavior (increase or decrease) and differences in mechanistic
explanations for an increase or decrease in nucleation density. An arrow up indicates the meggarch g
found an increase in nucleation density, and an arrow down indicates a decretsaé[2i15] are listed
WZLFH EHFDXVH DQ LQFUHDVH RU D GHFUHDVH ZDV IRXQG GHSHQG
explanation given for the observed behavior. In summary, there may be some heating rates where
austenite nuclei density is decreased, but in general it appears that the density of nucles inidteas
increased heating rate. In the future more research could be conducted to study this variation irf density. |
the research of Let al.[2.15] is correct, then the characterization of recrystallization along with austenite
formation is important. In this thesis, experiments were performed with heating rates to acfeesetdif
degrees of recrystallization to study the effect of the degree of recrystallizatiorcleation density.

Table 2.1+Summary of Explanations for Differences in Nucleation Density with Heating Rate.
The arrows indicate whether nucleation density was observed to increase or decrease.

Researchegt al. Superheat Less CR Energy/Dislocations
Spheroidization
Azizi-Alizamini [2.12]4 X X X
Kulakov [2.14} X X
Andrade-Carozzo [2.18] X
Moving Growth Carbides Along Deformed Boundarie
Boundaries Dominates
Li [2.15]% X
Li [2.15]], X
Mohanty [2.17§ X

2.4.2 Effect of Heating Rate on Austenite Nucleation Sites

Different austenite nucleation sites with increasing heating rate have been reported [2.11-2.12,
2.14-2.24]. In ferrite-pearlite steels, austenite typically nucleates at pearlite fetritdaries, consumes
pearlite, and then grows to replace ferrite [2.4].

Nucleation at ferrite-ferrite boundaries has also been reported in ferrite-peadite[2t22-2.24].
There are two periods at which austenite can nucleate at ferrite boundaries: duringiteedjgsalution
period, and following complete pearlite dissolution. San Mattial.[2.22] and Savraet al.[2.23]
reported austenite nucleation at ferrite-ferrite boundaries simultaneously with iounciegtearlite at
relatively low temperatures in hot-rolled ferrite-pearlite steels. In both studiesniéestas observed to

nucleate on ferrite-ferrite boundaries when using very low heating rates, 0.5 °C/s or less, though their
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explanations for this behavior differed. Savedral. stated that no carbides were found along the ferrite
boundaries in the as-hot rolled condition, and explained that the source of carbon was the decreasing
equilibrium carbon content of the ferrite with increasing temperature abog\Z28]. San Martiret al.

did find carbides at ferrite boundaries and attributed the nucleation at ferrite{ieuitdaries to these
carbon sources [2.22].

Several researchers report that austenite formation occurs at ferrite-ferrite boundianwes a
heating rates [2.15, 2.17-2.18, 2.20], but is essentially absent at high heating rate in coldeetied st
[2.12, 2.15, 2.17-2.19]. Some researchers stated that they only observed austenite to nucleate at ferrite
boundaries after pearlite dissolution even with low heating rates [2.14-2.15, 2.20]. All reported that
austenite forms at pearlite colonies regardless of heating rate.

With steels containing retained austenite [2.25], observed increases in austenite content on
heating occur through growth of existing austenite rather than by nucleation of new austeuiteg avoi
the nucleation barrier and incubation period. With the case of growth from retained auséatite),
must be rapid enough so that decomposition of retained austenite to ferrite and carbides does not occur
prior to reaching A
2.4.3 Nucleation of Austenite within Unrecrystallized Ferrite

Several researchers have attributed the increased formation of austenite at higiteraiea to
nucleation within unrecrystallized ferrite grains [2.11-2.12, 2.14, 2.16, 2.21, 2.26-2.27], and this
nucleation hinders ferrite recrystallization. Some reported that austenite nucleation aefenentally
in deformed ferrite [2.14, 2.16, 2.21, 2.26-2.27], while others reported a low density of isolated nuclei,
with the majority of austenite nucleating at other sites such as ferrite-@daadindaries [2.11-2.12].
Petrovet al.[2.27] reported that with a heating rate of 3000 °C/s, austenite nucleated on subgrain
boundaries of recovered ferrite near pearlite colonies, the carbon source provided by diffasigin t
subgrain cells.

Andrade-Carozzo and Jaques [2.16] found that ferrite recrystallization is hindered bitewusten
formation, which nucleates more extensively in a recovered ferrite matrix. They postulated that
deformation defects became potent sites for austenite nucleation at the expense adestalization.
Fine austenite precipitates then stabilized the deformation structure and hindered ferritelizigstal

Chbihiet al.[2.26] found austenite transformation to occur primarily within deformed ferrite
grains. With energy-dispersive x-ray spectroscopy (EDS) analysis, it was found that the dedoriteed f
grains were Mn-rich, indicating that solute drag of Mn suppressed recrystallization in thiose Tney
attributed preferential austenite formation within deformed ferrite to severaldaEicst, defects within
deformed ferrite stimulated cementite spheroidization leading to more austenite ondges. Second,

highly deformed grains provided areas for growth. And third, austenite formation ocorefeckntially
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in areas of higher Mn concentration, which was in the deformed ferrite grains. They also found that
recrystallization was hindered by austenite formation and that the increase in voluioe tfct
recrystallized ferrite occurred primarily through growth rather than by nucleatiich wieans austenite
formation lowered the driving force for recrystallization nucleation. They atiéila reduction in the
driving force for recrystallization to two explanations. First, the austenite trarsformelaxes the
elastic energy stored in deformed ferrite. Second, growth of austenite occurs through carbon
redistribution, and carbon diffusion along defects stabilizes them.

Kulakov et al.[2.14] found austenite nucleation to occur preferentially in unrecrystallized
regions, and they explained this behavior through nucleation theory: the activation barueidation,

a* 6HFWLRQ LV ORZHUHG EHFDXVH RI WKH VWRUHG HQHUJ\ |
6 R1 WKH KHWtlealithkie® ptévidad [§y e defects generated through cold work, as seen
in Eqg. 2.3:
- 5:a; (2.3)
; \U
BT E

However, it has also been reported that ferrite recrystallization can hinder austenite formation
[2.15, 2.18-2.19, 2.20, 2.28]. This was first observed by Hatiaf [2.18], stating that pearlite-nucleated
austenite grew without significant competition from grain boundary-nucleated austenite beeause t
moving ferrite grain boundaries did not provide suitable nucleation sites. A cellwaraah modelling
study by Zheng and Raabe [2.20] and a phase-field modelling study k&t Zh[2.28] were performed
to compare austenite formation between slowly and rapidly heated cold-rolled steels usisgrtipian
that moving, recrystallizing ferrite boundaries were not suitable for austemtation. They found
agreement between experimentally developed microstructures and the models if moving ferrite
boundaries were unavailable as austenite nucleation sites, leaving only pearlite available for austenite
nucleation.

Reduced austenite nucleation at ferrite-ferrite boundaries was also observed by Mohanty
[2.17] and Azizi Alizaminiet al.[2.12], but the reduction was attributed to diffusion differences. Mohanty
etal. stated that with a high heating rate there is less time available for carbon diffusion and e reduce
number of recrystallized ferrite grains, so austenite nucleation takes place primarnilyoin-dah areas.
Then the shorter time available for diffusion limits austenite growth to sistandes, mostly between
blocks of pearlite. Aziz-Alizamingt al. proposed a similar theory, stating that growth of austenite grains
nucleated at ferrite grain boundaries is hampered from limited carbon supply because of the nucleation at
interfaces of pearlite colonies. The austenite then grows along the rolling direction ety stallized

ferrite regions.
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Li et al.[2.15] found that austenite nucleation within unrecrystallized ferrite depended on heating
rate: at medium heating rates recrystallizing ferrite boundaries reduced nucleatioresitte, and at
high heating rates austenite nucleated within recovered ferrite, indicating thatéhendds in ferrite
recrystallization-austenite formation interactions were from different degreesrgétallization. If ferrite
was patrtially recrystallized during austenite formation, then recrystallization andigufstemation
occurred simultaneously and moving ferrite boundaries were unavailable for austenite nucledtion. Wit
rapid heating, ferrite recrystallization had only partially completed, or had not yet steaténl line
subgrain boundaries within recovered ferrite as nucleation sites for austenite.

2.4.4 Effect of Heating Rate on Austenite Formation Kinetics

Growth rate of austenite is faster with higher heating rates. Figure 2.6 shows austenite growth at
750 °C after heating at rates of 1 and 100 °C/s for a Mex®Ao steel in both the hot rolled and cold
rolled conditions [2.18]. The rate of austenite growth increased for both conditions, but¢asenor
growth rate was greater for the cold-rolled condition. The increase in austenite growthsrapeadated
to be from a variety of factors, most of which were related to diffusion differences [2.12, 2.12,1B16-
2.26, 2.29-2.30]. The greater superheat of rapidly heated steel means austenite transformation occurs at
higher temperatures where diffusion is faster [2.12]. In rapidly heated steel, the mean disteaee be
cementite is smaller from the lack of spheroidization and ripening of cementite leading tea sho
diffusion distance, and the greater surface area of cementite within pearlitoleamt® nucleation sites,
both of which can accelerate austenite formation [2.19]. Higher heating rates result in lowetsaof
ferrite-nucleated austenite which grows more slowly than pearlite-nucleated austenite becaagerof g
carbon concentration [2.18]. In rapidly heated cold-rolled steels, dislocations and subgrain boundaries of
recovered ferrite provide many diffusion paths [2.14, 2.19, 2.26]. Solutes exert less pressures on
boundaries moving rapidly, so the rapid growth from diffusion through subgrain boundaries would also
mean less effect from solute drag [2.14].

Mohantyet al.,[2.17] who found lower nuclei density with increased heating rate, stated that
austenite growth increased because nucleation dominated at lower heating rates but growtaddaiminat
higher heating rates.

Rapid austenite growth after rapid heating has also been proposed to be from a shift from
austenite formation under local equilibrium to paraequilibrium conditions. Andrade-Carozzo and Jacques
[2.16] observed rapid austenite formation when a cold-rolled 0.16C-1.4Mn steel was rapidly heated to
800 °C, subsequdmgt at a constant 800 °C, they observed a slow decline in austenite fraction. They
postulated that rapid austenite formation occurred under paraequilibrium conditions, buthttiatevi
manganese and silicon segregated progressively at the interface so that local equililznmen bec

predominant, thus decreasing the austenite content. With slow heating, however, localwequilibri

13



conditions prevailed from the beginning. Chhehal.[2.26] performed austenite growth rate studies

with heating rates of 1 and 100 °C/s with 75 pct CR Fe-C-Mn and Fe-C steels. With the Fe-C-Mn steel
austenite growth was much faster with the high heating rate, but austenite growth was not changed by
heating rate with the Fe-C steel. The researchers wrote that with the Fe-C-Mn stegbharsufficient

time for Mn redistribution to obtain local equilibrium. The growth rate was much faster under
paraequilibrium than local equilibrium. With the Fe-C steel there was sufficient time foetpdgabrium
because carbon diffuses much more quickly. A comparison between measured austenite growth and
calculated paraequilibrium and local equilibrium is in Fig. 2.7. However, subsequently [2.29], the
researchers found austenitization kinetics which were too rapid for even paraequilibrium conditions, and

attributed the rapid austenite formation to a partitionless transformation.
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Figure 2.6 Austenite volume fraction vs holding time for hot and cold-rolled M&-Gho steel at
heating rates of 1 and 100 °C/s held at 750 °C. The rate of austenite growth was gtetterhigher
heating rate. The cold-rolled steel has a greater volume fraction of austentite at boghrhaiss
[2.16].

A transition from diffusional to partitionless transformation to austenite witlingeate has also
been observed in hot-rolled steel. Schreidal.[2.30], in observations of a 4118 ferrite-pearlite steel with
in-situ laser confocal imaging, determined that there is a shift from diffusion-controlieérfade-
controlled massive austenite formation at temperatures alydhe Temperature at which ferrite and
austenite have the same free energy. The massive transformation occurred much more rapidly than the
diffusion-controlled transformation. The transition to a massive transformation wasne=zhby several
experiments. First, comparisons with massive transformations in pure iron yielded similar behavior
Second, the calculated distance for possible diffusion of carbon was 5 pm for the short time at
temperature, while the growth distance of the migrating fronts was 25-40 um. And third, the massivel
transformed austenite transformed to ferrite upon cooling, indicating minimal carbon hmassively

transformed austenite.
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A summary of the different proposed mechanisms for rapid austenite growth after rapid Beating i
shown in Table 2.2. The majority of the proposed mechanisms are explanations for more rapid diffusion
[2.12, 2.14, 2.17-2.19]. Alternative explanations include paraequilibrium growth [2.16, 2.26], or a shift

from a diffusional transformation to a diffusionless transformation [2.29-2.30].
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Figure 2.7 Comparison between measured austenite interface velocity after rapid heating (100 °C/s) of
Fe-C-Mn steel vs calculated paraequilibrium and local equilibrium conditions during inteityit
annealing. Measured values coincide with paraequilibrium until approximately 10 s [2.26].
2.4.5 Effect of Heating Rate on Martensite Banding

Rapidly heated cold-rolled steels are reported to exhibit martensite banding, while ragielly hea
hot-rolled steels were not [2.18]. Figure 2.8 shows micrographs of ¥R-Me steel, in both hot-rolled
and cold-rolled conditions, heated at 1 or 100 °C/s to 750 °C and held for 10 min before quenching [2.18].
All four microstructures contain martensite (dark grey) and recrystallized fdigitedrey). The
martensite was relatively evenly distributed in the hot-rolled condition when either slovgy l(Eay.
2.8a) or rapidly heated (Fig. 2.8c). The slowly heated cold-rolled steel exhibited an even distabuti
martensite (Fig. 2.8b), but has distinct martensite bands when rapidly heated (Fig. 2.8d). The reasons for
martensite banding in rapidly heated cold-rolled dual-phase steels is the primary questiputseiad
in this thesis.

The appearance of extensive banding after intercritical annealing in cold-rodedisigenerally
attributed to lack of nucleation and growth at ferrite-ferrite boundaries [2.12, 2.15, 2.17-2.20, 2.26, 2.29].
Figure 2.9 shows a schematic representation of the differences in austenite formation when rectystalliz
ferrite boundaries are unavailable for austenite nucleation. The initial cold rolled nichaigris

composed of deformed ferrite and elongated pearlite (Fig. 2.9a). With slow heating to the intercritical
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region (Fig. 2.9b), austenite nucleation occurs both in pearlite and on ferrite-ferrite lhesjridading to
a relatively equiaxed martensite. With rapid heating (Fig. 2.9¢), however, austenite nucleatesonly wit

elongated pearlite and then grows along the rolling direction leading to bands of martensite.

Table 2.2+Summary of Explanations for More Rapid Austenite Growth with More Rapid Heating.

Researcherst. al. Less Nucleation Diffusion paths Solute  More carbont  More
in recovered pressure less carbon
ferrite spheroidization in
pearlite
than
ferrite
Mohanty [2.17] X
Kulakov [2.14] X X
Mumford [2.19] X X
Huang [2.18] X
Paraequilibrium Massive
Transformation

Andrade-Carozzo [2.16]
Chbihi [2.26]

Barbier [2.29]
Schmidt [2.30]

“\
T A
ga: Hot-rolled, 1 °C/s
g PEMAEN

.ic: H;—rolle-d, 00 ”{s ‘, .
Figure 2.8 Hot-rolled (a, c) and cold-rolled (b, d) F&G-Mo steel intercritically annealed at 750 °C for
10 min after heating at 1 °C/s (a, b) or 100 °C/s (c, d). The rapidly heated hot-rolled staitd arhi
martensite banding while the rapidly heated cold-rolled steel does. Neither slowly heeltedtsbited
significant martensite banding [2.18].
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@ Pearlite o Austenite

(a)
Figure 2.9 Schematic representation of austenite formation in cold-rolled steels, where the priot
microstructure is shown in (a), the slowly heated condition is shown in (b), and the rapidly heate
condtion is shown in (c). Adapted from [2.18].

The proposed causes for the suppression of austenite nucleation on recrystallized ferrite
boundaries are in two primary areas: diffusion and recrystallization. The explanatitifigsidn
differences are varied [2.12, 2.17, 2.19-2.20]. Mohahiyl. stated that because of shorter time available
for diffusion, the diffusion distance was limited to the shortest distance possible, which wesrbetw
blocks of pearlite-nucleated austenite [2.17]. Zheng and Raatesl that ferrite-nucleated austenite must
grow by carbon diffusion from carbon-rich areas, which results in a greater distance than simiplg grow
from pearlite-nucleated austenite [2.20]. Azizi-Alizamébial. proposed that because only isolated
austenite grains form on ferrite boundaries, austenite growth occurred by short-range diffudiuet, and
because pearlite-nucleated austenite grains grew into unrecrystallized ferrite graors saaply to
ferrite boundaries was limited [2.12]. Mumfoetial. stated that there is less carbon in solution in ferrite
with high heating rates resulting in nucleation at pearlite [2.19].

One proposed mechanism for the suppression of austenite formation on recrystallized ferrit
boundaries is that with concurrent austenite formation and ferrite recrystallizationgmestipstallizing
ferrite boundaries are unsuitable for austenite nucleation [2.15, 2.18, 2.20, 2.28], as discussed in Sections
2.4.2-2.4.3. Another proposed mechanism for the suppression of austenite formation on recrystallized
ferrite boundaries is the preferential formation of austenite within deformed or recovetted derri
discussed in Section 2.4.3. Chbitial.[2.26] observed that austenite grew preferentially within bands of
recovered ferrite which coincided with Mieh bands detected with EDS. The Mn concentration in these
bands both slowed ferrite recrystallization as well as created areas of preferentidtieafiasteation. The
austenite then pinned ferrite, slowing recrystallization and maintaining the banded micrastructur
However with slow heating, the deformed ferrite regions were not present, leaving austanitleate
and grow along equiaxed ferrite boundaries, limiting the influence of Mn-rich bands. The gfowth
austenite in recovered ferrite bands led to martensite bands in the final microstructurdyoh esgbéti
steel.

Some researchers have observed martensite banding regardless of heating rate [2.14, 2.31].

Kulakov et al.[2.14] studied steels with ferrite-pearlite, ferrite-pearlite-bainite, and martesisitting
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microstructures. The as-hot rolled condition had a ferrite-pearlite-bainite mimtose. The other two
conditions were created by reaustenitizing at 900 °C for 1800 seconds followed by water quenching
(martensitic), or furnace cooled (ferrite-pearlite). All three conditions wereroliddi prior to analysis.
The researchers found martensite banding with the ferrite-pearlite starting mitrosts regardless of
heating rate, but not with ferrite-pearlite-bainite or martensitic startingpatiactures, even with high

heating rates. Therefore, prior microstructure affected banding independent of heating rate.

Table 2.3+Summary of Explanations for Martensite Banding Formation in Rapidly Heated Cold-Rolled

Steel.
Lack of ferrite-  Lack of ferrite-
boundary boundary Preferential
nucleated nucleated austenite growth
austenite - austenite - Prior within Mn-rich
Researcherst al. diffusion recrystallization Microstructure deformed ferrite
Mohanty [2.17] X
Azizi-Alizamini
[2.12] X
Mumford [2.19] X X
Zheng, Raabe [2.20 X X
Li [2.15] X
Zhu, Militzer [2.28] X
Huang [2.18] X
Kulakov [2.14] X
Bos [2.31] X
Chbihi [2.26] X
Barbier [2.29] X

2.4.6 Summary of Austenite Formation Observations

There are many differences in findings and explanations of mechanistic changes in austenite
formation with rapid heating, as summarized in Sections 2.4.1-2.4.4. These differences can be explained
in the following ways. First, different steel compositions were used which have a strong effect on
diffusion and recrystallization driving forces. Second, different degrees of cold-reduction wkre use
leading to changes in recrystallization behavior. Third, there were differences in mgspaod
fractions of pearlite, bainite, and martensite prior to heat treatment. Fourth, each groagedwdifferent
heating rate ranges, leading to comparisons with different degrees of recrystallizationaat tie st
austenite formation. Fifth, use of in-situ dilatometry and SEM imaging after cooling from iit¢eatcri
temperatures, the most common testing methods, do not give complete information on recrystallization.
Therefore, even when similar behaviors were observed, explanations speculated on recrystallizati

differences which were not measured. Selecting heating rates based on recrystallizatien &mktie
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use of EBSD to study both recrystallization and austenite formation, should answer more quastions a
heating rate effects on microstructural evolution in dual-phase steel.
2.5 Mechanical Properties of Rapidly Annealed Steels

Rapid annealing of AHSS has been utilized to improve mechanical properties, either by reduction
in grain size or by modifying the proportion of different phases, such as retained austenitee fnemt
of mechanical properties with rapid heating is described in Section 2.5.1. However, a potentialcdide effe
of rapid heating of cold-rolled AHSS is the formation of banded microstructures (Section 2.4.5). The
effect of banded microstructures on mechanical properties and formability is describetibim Z8¢2.

2.5.1 Improvement of Mechanical Properties with Rapid Annealing

Rapid annealing of DP steels has been found to affect the microstructure and the resulting
mechanical properties. Azizi-Alizamiet al.[2.32] reported that 300 °C/s heat treatments of an 80 pct
CR 0.17C-0.74Mn steel could be utilized to achieve ultra-fine grain (UFG) DP microstsucture
Figure 2.10 shows mechanical properties of slowly heated (triangles) and rapidly heates) (@Fcl
steels. The solid line indicates the upper limit of conventional DP steels, and the dotteddatesritie
upper limit of UFG DP steels. They found that by utilizing rapid heating an increase in tensilthsifeng
150 MPa could be achieved with ductility similar to coarse grain DP steels. The best gsoperé
achieved by holding for 10-30 s at 750 °C. Meng and Zheng [2.33] compared a commercially-produced
70 pctCR 0.07C-1.7Mn-0.43Si DP steel with the same steel heated at 500 °C/s, held for 2 s at 860 °C,
and quenched. The UTS increased from 625 to\&B&, and the total elongation increased from 23.3 to
26.6 pct by using rapid heating. The improved properties were interpreted to be from the decreased grain
size of the rapidly heated steel.dtial.[2.15] reported that using heating rates of 50 or 500 °C/s with a
70 pctCR 0.1C-1.6Mn-0.4Si steel and an immediate quench from the intercritical temperature would
increase the overall strength because of the higher strength ferrite from reduced|izatigstard
growth. No elongation values were reported.

Some studies did not find an improvement in mechanical properties of DP steels with rapid
heating. Mohantgt al.[2.17] found that increasing the heating rate from 10 to 50 °C/s resulted in steels
with reduced strength because of the reduced hardenability from inhomogeneous carbon distribution.

Rapid annealing has also been performed on other AHSS like TRIP and Q&P steels. In a 70 pct
CR 0.2C-1.8Mn-1.5Si TRIP steel [2.34], heat treatments were performed with heating rates of up to
500 °C/s. Figure 2.11 shows the effect of heating rate on tensile strength and total elongation (Fig. 2.11a)
and on retained austenite and the carbon concentration of retained austenite (Fig. 2.11b). Tenkile strengt
and retained austenite increased with heating rate, while total elongation decreased. In an 80 pct CR
0.25C-1.5Si-3Mn Q&P steel [2.35], heat treatments were compared using heating rates of 10, 500, and

1000 °C/s up to 850 °C followed by a quench and partitioning treatment. Because of the increase in
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transformation temperatures with heating rate, the 1000 °C/s condition was intdlg@dinealed with a
ferrite fraction of 0.25. With a heating rate of 10 °C/s, the researchers achieved a UTS of 1050 MPa and
total elongation of 6.1 pct. With a heating rate of 1000 °C/s, the mechanical properties prevedn

with a UTS of 1318 MPa and a total elongation of 14.3 pct. The improved properties were attributed to a
smaller grain size, and the replacement of fresh martensite with ferrite. A gredefriaction enhanced

ductility, while smaller grains led to higher strength.
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Figure 2.10 Comparisons of UTS and Uniform Elongation with conventional coarse grained Due
Phase steels and rapidly heated UFG grain Dual-Phase steels. An 80 pct CR 0.17C-0.74Mn ste
studied. Solid line is the upper limit of properties of conventional DP steels and the dettiedhie
upper limit of properties of UFG DP steels. Conventional DP steels (triangles) and UFG BP stet
(squares) were obtained from literature, while circles were results obtained in theAstunalyrease in
UTS of 150 MPa with similar ductility to coarse grained materials can be obtained [2.32].

2.5.2 Formability of Banded Microstructures

Rapid annealing of cold-rolled AHSS can result in a banded microstructure (see Section 2.4.5),
and banded microstructures in multiphase steels can deleteriously affect formability. Mezatani
[2.36] compared tensile properties of equiaxed and banded martensite microstructures, produced by
heating at 1 and 100 °C/s with a hold time of 60 s at different intercritical temperaturesrdhsbta
different microstructures in a 55 pct CR 0.06C-2Mn DP steel. They found that yield and tensité streng
were essentially unchanged, whether in the rolling direction or transverse to the rofiotgpairA
comparison of uniform and total elongation between slowly and rapidly heated steels is shown in
Fig. 2.12. They found that uniform elongation was lower for banded microstructures for rertensi
fractions up to 0.5. Figure 2.13 shows an SEM image of a deformed sample produced with the 100 °C/s
heating rate, showing that voids formed through the fracture of martensite bands along the rolling
direction [2.36].
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Figure 2.11 Mechanical properties of a TRIP steel heated at different rates to annealingtteespef
1073K and 1133K. Tensile strength and total elongation are shown in (a), and retained austenit
carbon concentration of retained austenite are shown in (b) [2.34].
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Figure 2.12 Comparison of uniform elongation (a) and total elongation (b) between slowly and r
heated steel. Both total and uniform elongation were lower for rapidly heated steel becagise of tl
banded microstructure [2.36].

Figure 2.13 SEM image of a d

efrmd saml of

5 pct CR 0.06C-2Mn DP steel heat treated w

rapid heating (100 °C/s). Voids formed through fracture of martensite bands along the rolling
direction [2.36].
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Martensite bands negatively affect local formability by acting as sites of créekidmi in
forming operations which occur parallel to the bands [2.36-2.40]. Deep drawing tests were performed on
a 0.1C-1.9Mn-0.25Si DP steel which were produced from two different casts [2.37]. The first casting
resulted in an equiaxed microstructure but the second casting resulted in banded microstruictuRi3 in t
microstructure. Reduced deep drawability was found in the banded microstructures. Void formation of the
banded microstructures was investigated and cracks were found to have formed along bands of
martensite, as shown in Fig. 2.14.

Figure 2.14 SEM SEI micoraph of a crack along a martensite band in a hot-rolled dual-phase
which formed during deep drawing [2.37].

Hole expansion tests were performed on a single hot-rolled steel (0.1C-1.4Mn-0.1Si), and
unknown variations in the processing resulted in widely different hole expansion values [2.38]. It was
discovered that the lowest hole expansion values resulted from a microstructure of bandedemartensit
medium level hole expansion value was found in a banded microstructure of ferrite and pearlite, and the
highest hole expansion value was found for a microstructure of uniformly distributed ferrite aitd.pearl

Formability tests were performed with three different DP steels, designated DP780A, DP780B,
and DP780C [2.39]. DP780A had a banded martensite-ferrite microstructure, the DP780B had a uniform
distribution of martensite and ferrite, and the DP780C steel had a fine grain size wifthrra un
distribution of martensite and ferrite. The martensite bands in the DP780A steel resloliezt imole
expansion with 13 pct, while DP780B had 28 pct and DP780C had 33 pct. In V-bend tests (for
bendability measurements), the DP780A again had the worst value with a 2.0 mm radius before cracking,
while DP780B reached 1.0 mm and DP780C reached 0.5 mm. In stamping tests with the DP780A steel
edge cracking was found which was consistent with the poor local formability exhibited in holsierpa

and bending tests.
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2.6 Dilatometry Measurements of Austenite Formation

Dilatometry can be used for in-situ measurement of austenite formation on heating [2.12, 2.22,
2.41-2.42]. Dilatometry measurements have been performed with a variety of prior microstructures,
compositions, and heating rates. The analysis of dilatometry to determine austenite formatan kinet
with different heating rates is summarized below.

San Martinet al.[2.22] studied the correlation between changes in dilation curves with different
stages of austenite transformation for heating rates of 0.05, 0.5, 5, and 10 °C/s in a hot-rolled 0.11C-
1.5Mn-0.3Si steel. A transition was found in the dilation curves between the peaditstenite and
ferriteto-austenite transformation, which was defined ast@&mperature by the investigators, though is
also referred to as AcTc, Ace, Af, Ac , or Ai[2.41]. A representative transition, Ads shown in
Fig. 2.15, which shows a dilatometric curve for the steel with a heating rate of 0.05 9CAx Aand
Acz were found to increase with heating rate. Table 2.3 summarizes fhcAand Ag temperatures
for heating rates of 0.05, 0.5, 5, and 10 °C/s.akd Ac increased by 20 °C between the lowest and
highest studied heating rates, ang icreased to a lesser extent (about 12°C).

Aziz-Alizamini et al.[2.12] studied the effect of heating rate on a hot-rolled and 80 pct cold-
rolled steel of composition 0.17 C and 0.74 Mn wt pct using dilatometry. Figure 2.16 shows dilatometry
curves for heating rates of 1 °C/s. In Regioalinear expansion is seen in both the hot-rolled and cold-
rolled steels, with strain in the top plot and the first derivative presented below. In Regiom2adhe li
expansion continued in the hatted sample but a change in slope is seen in the cold-rolled sample. This
change was attributed to recrystallization of ferrite by the investigators, though other fachod&dn
annihilation of dislocations, were considered. Region 3 is the pearbtestenite transformation while

Region 4 is the ferritéz-austenite transformation. Finally, Region 5 is linear austenite thermal expansion.

105

04\,

95 1 T Acs

90 1 Ac
85

(AL/Lo) x10"

80

75 T T T T
675 725 775 825 875 925

Temperature, °C

Figure 2.15 Dilatometric curve for a heating rate of 0.05°C/s ina 0.11 C, 1.5 Mn, 0.3 Si wt. pct. :
The transition from pearlites-austenite to ferritée-austenite Ac ) is clearly shown [2.22].
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Table 2.3 - Experimental Austenite Start (Aand Finish (Ag), and Pearlite Dissolution Finish
Temperature (Ag in a Hot-Rolled 0.11C-1.5Mn-0.3Si wt pct Steel [2.22].

Heating Rate (°C/s  Ac, (°C) Ac (°C) Ac; (°C)
0.05 732 756 893

0.5 736 756 889

5 742 763 897

10 752 776 905

Figure 2.17 shows the effect of increasing heating rate on the dilatometry curves for the hot-rolled
(Fig. 2.17a) and cold-rolled (Fig. 2.17b) samples [2.12]. For the hot-rolled material,;thecA@ndAc
are all raised with increasing heating rate; however, the shape of the curves and tlaiveeramain
similar. The cold-rolled steel, however, changed in several significant ways. A change in slope during
Region 2 was observed in the cold-rolled condition because of recrystallization of ferritep Arsipais
seen at Acin the derivative curves for both conditions which are all at the same slope, nearly on the same
line. For Ac, at least with the slope, both conditions exhibited similar behavior, butascessentially
constant with heating rate for the cold-rolled condition but increased for the hot-rolledannilii
increased with heating rate for both the cold-rolled and hot-rolled conditions.

In a 0.11C-0.5Mn ferrite-pearlite steel measured with heating rates from 0.05 to 100 °C/s [2.42],
a simple linear fit was found to represent the increase in transformation tengsevdthrheating rate, as
shown in Fig. 2.18. The line indicates a linear fit with heating rate (note the log scaleedllveast
tested in four conditions which are designated MIXT1-MIXT4. MIXT1 was as-hot rolled, MiKW2+e
reheated to 1000 °C, held for 60 s and cooled at 0.5 °C/s (MIXT2), 0.1 °C/s (MIXT3), or 0.05 °C/s
(MIXT4). Figure 2.19 shows the resulting distributions of ferrite and pearlite for MIgE), MIXT2 (b),
MIXT3 (c), and MIXT4 (d). As shown in the micrographs, the mean free distance between pearlite
colonies was different for each condition, with 36 um for MIXT1, 43 um for MIXT2, 47 um for MIXT3,
and 49 um for MIXT4. Regardless of the prior processing, there was a linear increagaril Ag with
heating rate.

To test whether the linear increase with heating rate fits all data sets, data fetatjhiy
Azizi-Alizamini et al.[2.12] were analyzed. The change in the,Ax;, and Ac temperatures with
heating rate are included in Table 2.4 [2.12]. The increase in transformation tempewxituteating
rate was less with the cold-rolled steel. Figure 2.20 is a graphical representation of thetediostor
temperatures given in Table 2.4 with heating rate for the hot-rolled condition (Fig. 2.20a-2.20b) and the
cold-rolled condition (Fig. 2.20c-2.20d). The investigators did not attempt a simple &t itactbase in
critical temperatures with heating rate, so linear and log fits are shown for eaet diatag with the
maximum R value for each fit. The maximunt Ralue for the log fit is 0.94 for the hot-rolled A©.97

for Acs, 0.85 for the cold-rolled Acand 0.91 for A¢ The maximum Rvalues for a linear fit, however,
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are lower with the exception of the cold-rolled; Awith 0.85 for hot-rolled Ag 0.74 for Ag, 0.95 for

cold-rolled Ag, and 0.76 for Ag Therefore, the increase in transformation temperatures with heating rate

may be better described by a logarithmic fit than a linear fit.

»

AL/Lg (x107)

0.8 1

0.6 1

0.4 1 = 1 K/s- HR
1 K/s- CR

0.2 4 4
wy . 3
A: 783 K (510 °C) B: 943 K (670 °C)

(d(AL/Lo)/dT)x10°%, K

673 773 8&3 973 10'73 1173 1273
Temperature, K

Figure 2.16 Steel of composition 0.17 C and 0.74 Mn wt. patrdied and cold-rolled, heated at
1 °C/s. The dilatometric curve is above and the first derivative is below [2.12].

2.7 Summary

A short review was given of austenite formation, ferrite recrystallization, and pearlite
spheroidization in slowly heated steels in Sections 2.1-2.3. Section 2.4 presented a review 0
differences in transformation behavior with rapid heating, including changes in austeniétionic
density (Section 2.4.1), austenite nucleation sites (Section 2.4.2-2.4.3), austenite formatizs k
(Section 2.4.4), and the formation of martensite bands (Section 2.4.5). Differences in mechai
explanations of heating rate effects were described. Mechanical properties of rapidly heated
were explored in Section 2.5. Section 2.6 reviewed dilatometry measurements of austenite
formation, as well as attempts to model the changes in transformation temperatures wigh hee

rate.
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Figure 2.17 Dilatometry curves for 0.17 C and 0.74 Mn wt. pct. steel HR (a) and CR (b) for
different heating rates. The top is strain and the lower curve represents the first de@vi2ive |
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Figure 2.18 Linear increase in transformation temperatures with heating rate deapieariite
steel heat treated to different distributions of pearlite [2.41].

Table 2.4 - Critical Transformation Temperatures with Different Heating Ratas0.17 C and
0.74 Mn wt pct steel in the Hot- and Cold-Rolled Condition [2.12].

Heating Rate

(°Cls) 1 10 100 900
HR sample Ac; (°C) 730 739 760 790
Ac (°C) 763 778 792 812
Ac; (°C) 854 870 915 950
CR sample Ac; (°C) 719 720 724 734
Ac (°C) 771 777 760 770
Ac; (°C) 852 854 887 910
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(c) (d)
Figure 2.19 Light Optical micrographs of a 0.11C-0.5Mn steel to show the different distribu
of ferrite-pearlite resulting from different processing histories, as-hotirdléXT1 (a), reheated
to 1000 °C and cooled at 0.5 °C/s MIXT2 (b), 0.1 °C/s MIXT3 (c), or 0.05 °C/s MIXT4 (d)
[2.41].
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Figure 2.20 Increase in transformation temperatures with heating rate for a 0.17C-0.74Mn steel in the hot-
rolled and 80 pct CR conditions. A log fit to the increase is also displayeterperatures are shown in

(a, ¢) and Agtemperatures are shown in (b, d). The hot-rolled condition is shown in (a, b) and the cold-
rolled condition is shown in (c, d). Adapted from [2.12].
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CHAPTER 3
EXPERIMENTAL METHODS

This chapter describes the materials studied and experimental procedures used in tttis resear
Two different groups of materials were used for two different research goals: 1) asgassaustenite
formation kinetics with different heating rates for steels with different degreesdofezhlction and alloy
additions; and 2) evaluation of the effects of prior microstructure and heating rate ornteusigration
and growth in relation to cementite morphology and distribution, recovered ferrite, and rezegstall
ferrite boundaries. The Gleeble® 3500 heat treatment setup is described. The procedure for modelling
ferrite recrystallization and austenite formation measurements using dilatometry edd&aihple
preparation and equipment parameters are described for metallography, Electron Backsitattéomif
(EBSD), and Secondary lon Mass Spectrometry (SIMS).
3.1. Materials

A series of cold-rolled (CR) low carbon steels was chosen for analysis for interenitiezgdling
experimentation. The compositions of these alloys are shown in Table 3.1, and the cold reductions are
shown in Table 3.2. The first group of steels included 1020, 1019M, and 15B25 steels and were evaluated
for the austenite formation kinetics study, which measured the change in austenite teditsform
temperatures with heating rate. Initially in the hot-rolled condition all three steels hteddearlite
microstructures, and each was given two different cold reductions. As outlined in Section 3.1.1 below,
this group of three steels was used to determine the effect of heating rate, different degtdes of co
reduction, and alloying additions on transformation temperatures.

The second study utilized one alloy, designatedrCENb, with two different microstructures
prior to cold-rolling: ferrite-pearlite and ferrite-spheroidized carbidés $teel was chosen because its
composition is characteristic of Dual-Phase steels. It was anticipated that the Nb addition tacdild re
ferrite recrystallization kinetics and thus enable accurate measurement of rezaggialkinetics. This
alloy is described in Section 3.1.2.
3.1.1 Materials for Austenite Formation Kinetics Study

Three nominal 0.2 wt pct carbon (C) steels: 1020, 1019M, and 15B25, were tested for the study
of the effects of cold work and heating rate on austenite transformation kinetics and the results are
summarized in Chapter 4. All steels were provided by Tube Investments of India. The compositions of
1019M, 1020, and the 15B25 were measured using Optical Emission Spectroscopy (OES) by AK Steel
Dearborn. The 1020 steel was a plain C-manganese (Mn) steel, the 1019M was a higher Mn (1.0 wt. pct.)

steel micro-alloyed with niobium (Nb), and 15B25 steel included higher Mn and Nb contents, 1.2 and
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0.027 wt pct respectively, and 0.0011 wt. pct. boron. Each steel was cold rolled, nominally 40 pct and 60

pct reduction in thickness by Tube Investments of India. The actual cold reductions for these steels were
39 and 59 pct for the 1020 steel, 41 and 53 pct for the 1019M steel, and 33 and 58 pct for the 15B25 steel.

The final sheet thicknesses after cold rolling are summarized in Table 3.2 along withlmate

designations. In this thesis each steel condition is referred to by cold reduction and alloy des&gation,
39 pct CR 1020 is SAE 1020 with 39 pct cold reduction.

Table 3.1+Nominal Composition Summary of Experimental Steel (wt pct).

Steel C Mn Si Ni Cr Mo Ti
1020 0.199 0.5 0.006 0.004 0.013 0.001 0.001
1019M 0.167 1 0.012 0.008 0.02 0.001 0.001
15B25 0.251 1.2 0.227 0.021 0.529 0.002 0.036
SRR T G5 g
Steel Nb \% Al N S P B
1020 0 0.001 0.031 0.0016 0.007 0.017 0.0001
1019M 0.008 0.001 0.044 0.0025 0.01 0.016 0.0001
15B25 0.027 0.004 0.034 0.005 0.002 0.021 0.0011
SRR 50 i G55 TR R
Table 3.2+Summary of Cold Reductions.
Steel Initial sheet thickness, Final sheet thickness, Cold Reduction, ,
Designation mm mm Pct True Strain

39 pct CR 1020 2.6 1.6 39 0.49

59 pct CR 1020 3.9 1.6 59 0.89

41 pct CR 1019M 3.4 2 41 0.53

59 pct CR 1019M 34 1.4 59 0.89

33 pct CR 15B25 24 1.6 33 0.41

58 pct CR 15B25 24 1 58 0.88

R 3 g
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3.1.2 Materials for Austenite Formation Behavior Study

The experimental steel designated/@-Nb was selected to provide the basis for the second
focus area of this research, i.e. austenite transformation behavior and the development ofemartensit
banding. The composition is shown in Table 3.1. The steel has 0.12 wt pct carbon, 1.4 wt pct Mn, and
additions of Cr, Mo, and Nb. These alloy additions were expected to retard ferrite recrystallizati
kinetics, and thus allow the use of slower heating rates for better control over theadegree
recrystallization during heat treatment.

The steel was received as 127 x 381 x 19 mm laboratory cast hot rolled plates. These plates were
sectioned into 76 x 127 mm coupons for hot rolling transverse to the original rolling direcsbioynas
in Figure 3.1. The coupons were heated in air at 1150 °C for up to 30 min prior to hot rolling to 3.2 mm.
The 3.2 mm hot rolled strips were pickled at Advanced Surface Technologies in Arvada, Colorado. The
pickling procedure included alkaline cleaning at 82 °C for 15 min, electrolytic cleaning atfé0 °C
10 min, and final cleaning in 50 pct hydrochloric acid at room temperature for approximately 120 min.
After drying the alkaline chemical cleaner was reapplied to prevent rusting.

Prior to cold rolling the steel was processed to reach two different conditiong-feaitlite and
ferrite-spheroidized carbide. The ferrite-pearlite condition was achieved by air cotdingatfrolling.
The ferrite-spheroidized carbide steel was achieved by performing a spheroidizimg mtegfter hot
rolling. Table 3.3 summarizes the processing histories for the two different condition<CafindNb
steel. The ferrite-spheroidized carbide condition was heat treated prior to coldtmbickjeve overaged
Nb precipitates and spheroidized cementite. Overaging consisted of heating to 700 °C and holding for 1 h.
Overaging parameters were obtained from data developed in a previous research program [3.1].
Spheroidizing was completed by first heating to 755 °C for 15 minutes and then quenching by clamping
between two 25 mm thick aluminum plates, initially at room temperature, to form a dual-phase
microstructure. The steel was then heated to 700 °C for 30 minutes so that carbides were pregipitated a
ripened to form a ferrite-spheroidized carbide microstructure. All coupons were cold-oall&dnhm (60
pct cold reduction).

Table 3.3+Processing of GAn-Nb Steel to Achieve Cold-Rolled Ferrite-Pearlite and
Ferrite-Spheroidized Carbide Microstructures.

Hot Cold
Condition Rolling Cooling Overaging Anneal Quench Spheroidization roll

Ferrite-

pearlite 1150°C Air - - - - 60 pct
Ferrite- 755 °C
carbide 1150°C Air 700°C1hr 10min Plate 700 °C 30 min 60 pct
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76>127x19 mm (width x lengthx thickness)
hot rolling coupons used by ASPPRC

Hot rolling direction | |
used by ASPPRC ‘

—=— [nitial Hot rolling direction

Figure 3.1 Sectioning and rolling procedure of hot-rolled plate.

3.2 Sample Geometry

Two sample geometries were utilized for analysis, one for dilatometry and one for heat
treatments. Both sample geometries were cut 75 mm in length along the final rolling directicedout u
two different sample widths. For intercritical heat treatments, the width was 12 mm, while dittom
samples were Bim wide. The wider heat treatment samples allowed the specimen to be cut in multiple
pieces for several different methods of analysis. The narrower specimens used in dilatopedry hel
minimize temperature deviations across the sample width, because the measured control temperature was
found to be constant within £ 3 mm of the thermocouple along the sample width [3.3]. Samples for
dilatometry analysis were machined as shown in Figure 3.2. Blanks were first sheared to 75 mm and
7 mm and then milled or ground to 6 mm width within 0.1 mm. Specimen thickness is shown in Table
3.2.

6 mmI Rolling Direction I]
I i H
75 mm Sheet thickness

(a) (®)

Figure 3.2 Schematic representation of samples used for both laser and contact dilatometry in t
Gleeble® 3500. Adapated from [3.2].

3.3 Gleeble® 3500 Experimental Setup

Specimens were clamped in smooth conductive copper grips in the Gleeble® 3500 and the
portion of the strip inserted into the grips differed, depending on test: 30 mm for dilatometry amd 25 m
for samples heat treated to produce controlled microstructures. Use of two diffgyensentions
resulted in two different free spans between grips: 15 mm for dilatometry samples and @5heat f
treated samples. The 25 mm free span for the heat treated samples was required to accommodate the
width of the quench apparatus. A thermocouple was welded at the center point between the two grips.

This center point was also the point of maximum temperature during heating. The Gleeble® 3500

35



adjusted heating and cooling parameters to match the user-controlled program using the temperature
readings given by the thermocouple.

Resistance heating utilized by the Gleeble® 3500 led to a temperature gradient along the free
span between the water cooled grips. Therefore all dilatometry, microscopy, and microhardness
measurements were obtained from the sample centerline where the thermocouple was located.

Deviation from programmed temperature during continuous heating is shown in Figure 3.3.
Heating parameters were adjusted to achieve the closest possible fit to the program whilg eajuili
oscillations in temperature or unacceptable lag in matching the programmed temperature. With low
heating rates, such as 13.1 °C/s in Fig. 3.3a, the temperatures measured by the thermocouple were within
0.1°C/s of the programmed temperature. With higher heating rates, such as 140 °C/s in Fig. 3.3b,
optimized program settings resulted in an approximately 1 °C lag between measured and programmed
temperature. However, as shown in Fig. 3.2b, the resulting actual heating rate corresponded to the
programmed rate. When intercritically annealing after heating at rapid rates, oversho&rshamid
(depending on heating parameters) is common at the maximum temperature prior to quenching. To
mitigate differences between set and actual temperature histories, heating parametersnwénedlete
using a sacrificial sample to determine an appropriate programmed temperature to reach @®itifin 5 °©

the intercritical temperature. The desired intercritical temperature was confirmgdheithermocouple

data.
415 T T T T T T T 415 ! | ! | ! | '
[ 13000 | 140°C/s

414 — 414 — —
3 B Thermocouple - ;L-)\ i Program .
‘2’ 413 — ‘é’ 413 = -
5] 5
=412 - E412 - o -
5 =
= B Program . B Thermocouple ]

411 — 411 —

410 1 I 1 410 1 1 I 1 I 1

35 35,1 352 353 354 355 871 872 873 874 875 876
Time (s) Time (s)
(a) (b)

Figure 3.3 Comparison between programmed temperature and thermocouple-measured tempe
during continuous heating in the Gleeble® 3500. Heating parameters are adjusted to match the
closely without rapid oscillations or unacceptable lag. With a low heating rate (a) fénerdié
between programmed and measured temperature is very small. With a rapid heating rate (b),
parameters were adjusted to match the program with a small lag, approximately 1 °C, from the
program. The heating rate is still similar, however.
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3.3.1 Intercritical Heat Treatment Setup

For intercritical heat treatments, a quench apparatus was utilized consisting of two prongs
positioned above and below the sample to spray the center of the sample with pressurized nitrogen or
helium gas. The gas flow rate was controlled by a quench box set to 80 psi (0.55 MPa). The cooling rate
was 200 °C/s with a nitrogen quench for heat treatments of 1020, 1019M, and 15B25, and the cooling rate
was 500 °C/s with a helium quench for heat treatments with tea-Glb steel. This cooling rate was
maintained for approximately the first 250 °C of cooling for both helium and nitrogen quenches.

After processing, three samples, positioned as shown in Fig. 3.4, were removed from the sample
center for subsequent analysis. It was found that the measured control temperature was cdmstant wit
+ 3 mm along the sample width [3.3], so each specimen was observed on a plane within 3 mm of the

thermocouple.

[ ]

I 3 mm
12 mm Observed planes < Q < Themmocouple

3 mm

75 mm

|
o= R oling Dircction

Figure 3.4 Schematic representation of sample geometry used with the Gleeble® 3500. The sa
were eventually cut into three specimens for analysis after heat treatment.

3.3.2 Dilatometry

Dilatometry measurements were performed with the Gleeble® 3500 where width changes were
measured transverse to the final rolling direction with either a non-contact laser eliEatoma contact
dilatometer. For both systems, measurements were obtained across the width which corresponded to the
position of the control thermocouple. Heating was continuous and linear from room temperature to
1100 °C with heating rates between 0.3 and 1000 °C/s. The cooling rate was not controlled as no analysis
was performed during cooling or on the final microstructure after dilatometry measurememised |
set of dilatometry measurements were repeated with an MMC dilatometer at Los Alamos National
Laboratory. The MMC dilatometer measured a 3 x 10 mm x sheet thickness specimen in the rolling
direction and heated with induction, so it served as a good comparison with the Gleeble® 3500. For both
the Gleeble® 3500 and MMC dilatometer, heating rates of 1, 10, and 100 °C/s were tested with 1020,
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1091M, and 15B25 with both cold reductions. One test/condition was performed with the MMC
dilatometer to compare how the two different methods measured dilation.

The Gleeble® 3500 contact dilatometer setup is shown in Figure 3.5. The quartz contact rods
were placed at the site of the thermocouple (Fig. 3.5a) so that the dilation could be compared with
measured temperature. As shown in Fig. 3.5b the contact dilatometer consists of one fixed end and one
moveable rod connectedadinear variable differential transform@cVDT) that measures dilation. The
rod connected to the LVDT was ground to a point to minimize surface area contact with the sample so
that the dilation measurements were unaffected by thermal gradients along the samples.

A schematic representation of the laser dilatometer setup is shown in Figure 3.6. The laser
dilatometer used a detector to measure the shadow from the steel sample and measured the change in siz
The laser measured the sample width at the point of the thermocouple.

[

Fixed To

End LVDT

Recorder

6mmI

Quartz Rods

15mm

(a) (®)
Figure 3.5 Schematic representation of contact dilatometer for the Gleeble® 3500.W of séenple (a) and sidt
view of sample (b). Adapted from [3.2].

Critical transformation temperatures, Amd Ag, were determined from analysis of the
continuous heating dilation curves. Figure 3.7 shows the analysis of dilation curves as measured on the
Gleeble 3500 with the laser dilatometer on samples heated at 1 (Fig. 3.7a) and 1000 °C/s (Fig.a3.7b) fo
59 pct CR 1020 sample. Awas determined as the point where the ferrite dilation line deviated from
linearity. Agis then determined when the new linearity (austenite) was reachgdhAgearliteo-
austenite finish temperatures, were only visible with low heating rates and thus were notdriedbige

study.
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Figure 3.6 Schematic representation of laser dilatometry in the Gleeble® 3500. Adapted from [3.2].

Sample dilation data were also analyzed to determine austenite formation kinetics. Thedever rul
was used to obtain the austenite fraction at each temperature [3.4]. This lever ruls aralysed for
either continuous heating, as shown in Fig. 3.8a for the ferrite-peaillibe-I8b steel heated at 13.1 °C/s,
or an isothermal hold at intercritcal temperature as shown in Fig. 3.8b for the ferriie @& n-Nb
steel heated at 13.1 °C/s and held at 760 °C for 1000 s. With an isothermal hold measurement (Fig. 3.8b),
austenite was only partially transformed at the end of a specified hold time. Thus, to obtain thd requi
austenite value for use in the lever rule, after the specified hold, the temperature was increasaeto ach
full austenite (at the same prior heating rate) before cooling so that all valuevaitigl@for the lever
rule calculation.
34 Experimental Matrix

For the first research goaheasurement of austenite transformation kinetidatometry was
performed at different heating rates, and the measured transformation temperatures werelestd to s
intercritical annealing temperatures to compare metallography with measured kinetibge. $&mmond
research goakvaluation of modifications to austenite formation behavior with heatingfextée
recrystallization and austenite transformation temperatures were measured using dylaodet
microhardness data. Heating rates were then selected to perform intercritical annealingsoomgari

different degrees of ferrite recrystallization at the start of austenite formation
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Figure 3.7 Laser dilation curves (strain vs temperature) for 59 pct CR 1020 at heating t1&€sdh)

and 1000 °C/s (b). Ag(the pearliteto-austenite finish temperature) is visible at low heating rates but not
discernible at high heating rates.,Acthe point where the line deviates from linearity, andig\the

point at which the curve returns to linearity.
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Figure 3.8 Use of the lever rule with the ferrite-pearlitllGNb steel heated at 13.1 °C/s to measu
austenite fraction at temperature with continuous heating (a) or isothermal hold at 760 °Ct{bh P
a is the value of 100 pct ferrite, position b is 100 pct austenite, and position c is the measured v
With isothermal hold, the position of c can be moved to different times to determine the austenit
fraction at that time.
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3.4.1 Research Goal One: Austenite Transformation Kinetics

The results of research goal one are presented in Chapter 4. For the 1020, 1019M, and 15B25
steels, selected heating rates were 1, 10, 100, and 1000 °C/s. Laser dilatometry was performed with
continuous heating from room temperature to 1100 °C with each heating rate. The redatonuetty
curves were analyzed to determine the austenite transformation temperatures, as described in Secti
3.3.2. Three tests were performed for each condition and heating rate except for tests ashBOreC/
seven tests were performed. Tests were also performed at 1, 10, and 100 °C/s using an MMC dilatometer
with one test for each condition. The comparison between Gleeble® 3500 and MMC dilatometry is in
Appendix A.

Intercritical heat treatments with heating rates of 1, 10, 100, and 1000 °C/s were performed to
compare metallography with transformation temperature data. Therefore, intercritical tanegesh
Ac; + 20°C and Ag +20°C were selected. The samples were held for O s and directly cooled using
nitrogen quenching. These samples were used for SEM observations.
3.4.2 Research Goal Two: Evaluation of Modifications to Austenite Formation Behavior

The results of research goal two are in Chapters 5 and 6. Chapter 5 contains the results of
experiments with the ferrite-pearlite A-Nb steel. Ferrite recrystallization and austenite transformation
kinetics were measured and modeled to select heating rates to reach different degrees tizedargsta
at the start of austenite formation (AcThe steel was then heat treated with continuous heating to
different intercritical annealing temperatures to compare the formation of austehitéffeitent heating
rates. Chapter 6 contains tests using different heating parameters and microstructuregghobse
these different conditions affect the change in austenite formation behavior. These inclugehéasng
experiments to isolate the effect of heating rate from prior microstructure, 2) isotherdhat hol
intercritical temperatures to study if austenite growth along newly recrystallizéd BBundaries during
a hold at temperature reduces martensite banding, 3) SIMS and EDS analysis of Mn distribution to
measure if Mn-banding could contribute to martensite banding, and 4) the use of a ferrite-spheroidized
carbide microstructure to separate the effects of pearlite spheroidization and NbC distfibutiferrite
recrystallization, because in the ferrite-pearlité1@-Nb steel, pearlite spheroidization and ferrite
recrystallization occurred simultaneously.

For the CMn-Nb ferrite-pearlite and ferrite-spheroidized carbide steels, ferritestadligation
heat treatments were performed at isothermal hold temperatures of 650 °C and 700 °C iafjextheat
50 °C/s. Hold times of 1, 3, 10, 30, 100, 300, and 1000 s were used. These samples were then quenched
using helium. The degree of recrystallization was determined using microhardness data &sidescrib
Section 3.7.
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For the ferrite-pearlite condition, recrystallization stad{J and austenite transformation start
(Ac,) temperatures were determined using analysis of dilation data with continuous heating rates of 1, 10,
100, and 1000 °C/s, with three tests per heating rate. Austenite transformation tempeestures w
determined using the analysis method described in Section 3.3.2. Recrystallization startusssperat
were determined using the analysis method described in Appendix B: contact dilatometry can be used to
measure recrystallization because of transformation-induced plasticity.

Using the measured austenite transformation and ferrite recrystallization kinetics ofitée fer
pearlite condition, heating rates were selected to achieve different degrees of feystaltieation at the
start of austenite formation. The degrees of ferrite recrystallization chosen were 1, 0.85, 0.68,2).33, 0
and 0.01. The heating rates calculated to achieve degrees of ferrite recrystallizagostat ©f austenite
transformation were 0.3, 1, 2.4, 13.1, 140, and 693 °C/s, respectively. The process of modelling the
kinetics to determine these heating rates is discussed in Section 3.5. These heatingeratdeciext
based on the ferrite-pearlite steel, and heating rates of 0.3, 2.4, 13.1, and 140 °C/s were selected for the
ferrite-spheroidized carbide steel for direct comparisons between the two conditions.

Dilatometry was repeated for both the ferrite-pearlite and ferrite-spheroidizedecaonditions
for the selected heating rates of 0.3, 1, 2.4, 13.1, 140, and 693 °C/s. The measured transformation
temperatures were then compared to those predicted. Three tests for each condition and heatiag rate we
performed for analysis.

Continuous heating treatments were performed to different peak temperatures for bothtahe ferr
pearlite and ferrite-spheroidized carbide condition. Temperatures,of X °C, Ag + 10°C,
Ac;+ 30 °C, Ag + 50 °C, and Ac+ 70 °C were utilized for the ferrite-pearlite steel. For the ferrite-
spheroidized carbide steel, temperatures qf A0 °C, Ag + 10 °C, and Ac+ 50 °C were selected for
comparison with the ferrite-pearlite condition. Predicded values were used to determine intercritical
temperatures (see Section 3.5 below), though actual values were later determined through dilatometry.
Intercritical temperatures were chosen based aricAcompensate for the change in kinetics with heating
rate. Samples were held for O s and directly cooled from the annealing temperature. EBSD analysis was
performed on the Act 10°C and A¢+ 50°C heat treated ferrite-carbide and ferrite-pearlite steels to
study the distribution of martensite and unrecrystallized ferrite, and the processes of randvery
recrystallization. SEM and microhardness analyses were performed on all heat treatmehé&xidesc
above.

For step heat treatments performed with the ferrite-pearlite condition, both slow-fast and fast
slow step heat treatments were performed. These tests allowed the isolation of heating tsafeoeffec
prior microstructure effects. Slow heating led to a fully recrystallized and spheroidizestmnicture

prior to rapid heating, and initial rapid heating led to a microstructure of recovetitgldad elongated
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pearlite (remaining from the cold-rolled microstructure) prior to slow heating.-falstwsed an initial

heating rate of 0.3 °C/s to 715 °C followed by heating at rates of 2.4, 13.1, 140, or 693 °C/s to
temperatures of 776 °C, 780 °C, 794 °C, and 809 °C, respectively, for metallography analysis, or to
1100 °C for dilatometry measurements. One test per heating rate was performed for dilatometry. Fast-
slow heating used an initial heating rate of 140 °C/s to 734 °C followed by 0.3 °C/s to 775 “C/std

776 °C. The intercritically annealed steels were held for O s and directly quenched with helium. Sample
microstructures produced by all of these heat treatments were analyzed using SEM.

For isothermal hold heat treatments performed with the ferrite-pearlite condition, dilgtamet
annealing heat treatments were completed to study whether martensite banding could be reduced through
the use of a hold at an intercritical annealing temperature from the growth of austeniteeaipng
recrystallized ferrite boundaries. Dilatometry was measured for 0.3 °C/s at 735 and 755°@Zs &4
736 and 756 °C, 13.1 °C/s to 740 and 760 °C, 140 °C/s to 734 and 754 °C, and 693 °C/s to 734 °C, with
one test per condition. Each sample was held for 1000 s, and the fraction of austenite was calculated using
the method described in Section 3.3.2. Intercritical annealing was performed to achieve 30 pct austenite
prior to quenching. These heat treatments were 2.4 °C/s to 756 °C for 1000 s, 13.1 °C/s to 740 °C for
768 s, 140 °C/s to 734 °C for 399 s, and 140 °C/s to 754 °C for 86 s. Sample microstructures produced by
all of these heat treatments were analyzed using SEM.

SIMS (Section 3.10) analysis was performed to measure the effect of Mn distribution on the
formation of martensite bands. Because Mn localization can lead to areas of preferentiaéausteni
formation, and Mn solute drag can lead to areas of preferential ferrite recrystallitagidistribution of
Mn is important. Mn distribution measurements were performed on the ferrite-pedviteND- steel
with the 2.4 °C/s to 736 °C and 13.1 °C/s to 780 °C continuous heating treatments because the
microstructure of these conditions contained bands of martensite and unrecrystallized fechitajend
expected to have a higher concentration of Mn.

3.5 JMAK Modeling of Ferrite Recrystallization

The use of microhardness and dilatometry to model ferrite recrystallization is desctdved be
These kinetics were then combined with measured austenite transformation temperatures to sedect heat
rates to achieve a chosen degree of ferrite recrystallization at the start of austewitiof.

The recrystallized volume fractions of Gleeble®-processed samples were calculated using

microhardness data with Eq. 3.1:

L —*9 (3.1)
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Hois the initial microhardness in the as cold-rolled stegk the microhardness after holding at
temperature for a specified time, ang.tis the fully recrystallized hardness. Recrystallization kinetics
were modeled using the JIMAK equation:

:LsF1§ :FsP (3.2)

X is the recrystallized volume fraction of ferrite as a function of annealing time t, n is antpasthb is

temperature dependent as shown in Eq. 3.3:

F3
X . . 3-3
> L 4>¢s—46, (3.3)

where 3 is a constant, Q is the activation energy, R is the gas constant, and T is temperature.

The procedure to calculate n in Eq. 3.2 is shown in Fig. 3.9a and Fig. 3.9b for samples
isothermally transformed at 600 and 700 °C, respectively. Eq. 3.2 is graphed linearly by rearranging and
taking the In of both sides twice. In Eqg. 3.2 n was assumed to be temperature independent and thus the

parameter, n, was found to be 0.75 by averaging the two calculated values.
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Figure 3.9 Calculation of nin Eqg. 3.2 from recrystallization data for (a) 650 °C and (b) 700 °C.

The activation energy, Q, was found to be 315 kJ/mol by using Eq. 3.3. This is higher than the
251 kJ/mol for self-diffusion in bcc-iron [3.5]. The higher activation energy is irEgto reflect the
effect of solute drag and precipitation pinning of ferrite grain boundaries in the selémyetlsing these
parameters, the JMAK fits to measured values of isothermal annealing are shown in Fig. 3.10. There are

some deviations between the model and experimentally measured values. At 650 °C, the model fits
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measured values at short and long times with under-prediction between approximately 10 and 1000 s. At
700 °C, the model fits the measured values at holding times from 1-30 s, and over-predicts the degree of
recrystallization between 30-1000 s.
Continuous heating ferrite recrystallization kinetics were calculated from istdhkinetics
using the additivity principle [3.6]. Soaking time was related to the heating rate according to Eq. 3.4:
P LES':%“ (3.4)
where T is the heating temperaturge/LV WKH VWDUW WHPSHUDWXUH RI UHFU\VWD

By differentiating Eq. 3.2 with time, the following equation is obtained:

@@}5 s F>P?5 (3.5)
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Figure 3.10 JMAK curves fitted using calculations with experimental data at (a) 650 °C and (b)
700 °C.

Eq. 3.5 was then numerically integrated to calculate the volume fraction of recrystallited ferr

¢ )
P LsFATL>FJ&P?’°@P (3.6)
4

By combining Eqgs. 3.6 and 3.4, an equation for volume fraction of ferrite recrystallized during
continuous heating was obtained:
FJ !

16;LsF S>>+
6 S isuai

>:656 F foas’ @B (3.7)
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Transformation start temperatures for recrystallization and austenite formatidnvgke used in
Eq. 3.7 to find the degree of ferrite recrystallization at the start of austenite forméwgvafdre the
recrystallization start temperature was used for thg Variable and Acwas used for T.

The evolution of Ag¢with heating rate was estimated using a polynomial fit to experimental
values, Eg. 3.8, between 1 and 100 °C/s, and logarithmic extrapolations for heating rates above and below
this range. The experimental values and fit to values are showg. 8. Fl.

#2:1%; Ytxaw Etzd) F mastxp (3.8)

Recrystallization start temperaturesgl) was estimated using a logarithmic fit to experimental

values (Eq. 3.9) between 1 and 1000 °C/s and below 1 ¥/sv@s assumed to be constant. The fit and

experimental values are shown in Figure 3.12.

6coadt%; L{ax DU Ewxv (3.9
Using these modelledsE;and Ag temperatures combined with Eq. 3.7, heating rates were
selected to achieve recrystallized ferrite fractions of 1, 12, 33, 66, 85, and 99 pgtsaidated to
observe a range of recrystallized ferrite fractions. These selected heating rates are Sladlen3rt.
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Figure 3.11 Experimentally measured, Adth different heating rates (squares), and predictaddkc
chosen heating rates (circles).

3.6 Sample preparation for Microstructure Analysis

For microhardness, microscopy, SIMS, and EBSD, each sample was sectioned in the longitudinal
cross section to view the normal direction-rolling direction plane (see Fig. 3.4), mounted ite bakd|
mechanically polished to 1 pm for microhardness. Samples were further polished to 0.05 um and etched
in 2 pct nital for 15 s for microscopy. Samples were polished in a Buehler Vibromet with 0.05 pm silica

for 4 hours for EBSD analysis.
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3.7 Microhardness

Vickers microhardness data were used to calculate the degree of recrystallization and te compar
the hardness values for different heat treated samples. Vickers microhardness was performed in the
normal direction-rolling direction plane with a 500 g load for 10 s. At least seven tests wermedtin
each condition. Indentation measurements were made for both the length and width of the indent and
averaged. Hardness test locations were positioned within 1 mm of the thermocouple and grouped in a
4 x 2 (y * z) array, spaced three indents apatrt.
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Figure 3.12 Experimentally measureg,fwith different heating rates (squares), and predictgg for
chosen heating rates (circles).

Table 3.4+Calculated Heating Rates and Transformation Temperatures for the FerriteePearlit
C-Mn-Nb Steel.

Heating Rate 0.3°C/s 1 24°C/s 13.1°C/s 140°C/s 693 °Cls

X (predicted) 099 085 066 0.33 0.12 0

Tear(predicted) 566 566 590 640 710 758

Aci (predicted) 725 726 726 730 744 759
729

Ac; (measured) 731+4 +2 7322 731%2 7432 7583

3.8 Microscopy

Scanning Electron Microscopy (SEM) with secondary electron imaging (SEI) was used to

observe the microstructure of the heat treated samples. Micrographs were obtained with aEOL JS
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7000F-FESEM microscope using an accelerating voltage of 5 kV and a working distance of 15 mm. All
images were taken at 1/4-1/3 sheet thickness, to avoid surface and centerline effects on the
microstructure.
3.8.1 Quantitative Metallography

The Anisotropy Index (Al) of the martensite was measured as defined in ASTM E1268-01 [3.7],
using SEM SEI micrographs and EBSD IQ maps with a magnification of 2000X. For conditions analyzed
with both SEM and EBSD, the calculated Al value was an average between one Al measurement with
each method. For conditions analyzed only with SEM, the Al value was determined from one SEM
micrograph. The Al is determined using the following equation:

0
Iy YAD (6.1)
04

where N cis the mean number of intercepts with test lines perpendicular to the rolling direction,and N
is the mean number of intercepts with test lines parallel to the rolling direction. A microstruatuteds
not exhibit banding has an Al of 1.0, and Al increases with banding. To determine the standard deviation
of Al measurements, five measurements, three from SEM SEI micrographs and two from EBSD IQ maps,
were taken of the ferrite-pearlite @A-Nb steel heated at 13.1 °C/s to 780 °C and directly cooled. The Al
was determined to be 3.50 + 0.09. The lowest value was 3.38 and the highest was 3.62. Therefore, Al
measurements are represented with two significant digits (i.e. 3.5) and the standard deviation is
approximately 0.1.

The volume fraction of phases was determined with the manual point count method defined in
ASTM E562-11, using 2000x SEM SEI micrographs with 180 points counted [3.8]. For carbide size, 30
carbides were measured from 5000x SEM SEI micrographs, and the average and standard deviation were
calculated.
3.9 Electron Backscattered Diffraction Collection and Cleanup

EBSD was used to study the process of recrystallization and austenite formation, as well as the
distribution of recrystallized ferrite, unrecrystallized ferrite, and martensiteantreated samples. EBSD
was performed using an FEI Focused lon Beam (FIB) microscope with an accelerating voltage of 20 kV
and a working distance of 12 mm with the sample at 70° to the beam. EBSD scans were performed on a
50 x 50 pm area with a step size of 100 nm. Phases assessed were ferrite and austenite. Martensite was
present in the microstructure but EBSD was not able to distinguish between ferrite and m§B:&hsit
Ferrite and martensite were distinguished using image quality with scans that were evaluated using
EDAX TSL Data Analysis software. Data were analyzed and cleaned using grain dilation, which removes
small features falsely identified as grains, and phase cleanup, which removes small areas of phas

misidentification due to poor confidence index. The software-specific parameters for izom avere
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grain tolerance angle of 2, minimum grain sikd DQG WKH SDUDPHWHUY 3PXVW FRQV
DQG 3VLQJOH LWHUDWLRQ" ZHUH VHOHFWHG 3KDVH FOHDQXS ZDV
3.9.1 Electron Backscattered Diffraction Quantitative Analysis

EBSD data were analyzed to calculate values for quantitative phase fractions, grain sizes, and
grain boundary misorientations. The method for calculating this information is given below.
Recrystallized ferrite fractions were determined using image quality data. The rezsdtiliite graia
have much higher image quality than martensite and recovered ferrite or deformed ferrite. An example of
the image quality distribution of a partially recrystallized steel is shown in Figure 3.13edkemthe
right is representative of the high image quality produced by recrystallized ferrite,grad the peak on
the left is produced by recovered ferrite, deformed ferrite, and martensite. As defined by Wilson and
Spanos [3.9], thresholding can be used to calculate the fraction of recrystallized ferritee$held was
determined by finding the local minimum between peaks for each distribution to separate the different
microstructural features, which is done by taking the area under the curve above or belowhblel thres
Therefore, the threshold value was different for each condition because the local minimum changed for
different degrees of recrystallization. Martensite and recovered ferrite are not easilyeseypsiray
image quality [3.10]. The poorest image quality features are martensite, but theréais betwveen poor
image quality recovered ferrite and high image quality martensite. When the microstisichade up
solely of martensite and recrystallized ferrite the same thresholding method can be usrdhinaltie
ferrite and martensite fraction.

Retained austenite contents were calculated using the phase information from the EBSD scans.
Retained austenite was below 2 pct in all conditions so further analysis was not performed. Boundary
maps were created using red for boundaries between 2 and 5 degrees, green for 5-15 degrees, and blue for
high angle boundaries greater than 15 degrees. Grain size diamteter was determined for fully
UHFU\WVWDOOL]JHG VDPSOHV ZLWK OHVV WKDQ SFWLEDWWHQVLWH
amalysis to avoid features that were misidentified as grains.
3.10 SIMS

SIMS measurements were performed to study the distribution of Mn within the microstructure.
SIMS was performed with an IONTOF TOF.SIMS5 on samples prepared for EBSD by Pacific Northwest
National Laboratory using scan areas of 200 x 200 um and 50 x 50 um. A 25 keV Bi+ 200 nm beam was
used for SIMS scans of Mn and Fe. SIMS works by sputtering the surface with an ion beam and
analyzing the ejected ions. A scan of the Fe+ ions was performed because the ion yield changed with
different crystal orientation. The Mn+ scans were then normalized to Fe+ to compensate for thénchang

detector counts in different crystals [3.11].
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Figure 3.13 Example image quality distribution from an EBSD scan. The peak on the right comes from t
image quality recrystallized ferrite, and the left peak is from low image qualityésaso thresholding can be
used to separate them.
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CHAPTER 4
EFFECT OF COLD WORK AND HEATING RATE ON AUSTENITE FORMATION KINETICS

High heating rates are of interest for annealing dual-phase (DP) steels in some apglidati
rapid annealing lines become more common, effects of heating rate on microstructural development in DP
steels are more important. Reports of testing at heating rates above 100 °C/s in DP stdkls are sti
relatively recent. Comparisons between steels with different alloy contents and processetevétit di
heating rates are also rare for this class of steel [4.1]. While microstructural cmnmpdrétween hot-
rolled (HR) and cold-rolled (CR) steels heat treated with different heating ratebdan performed [4.1,

4.2], complete comparisons as a function of extent of cold reduction have not previously been reported.
4.1 Prior Microstructure

Three nominal 0.2 wt pct (C) steels, 1020, 1019M, and 15B25, were tested. The steel
compositions are summarized in Table 3.1. Table 3.2 summarizes the cold reductions (CR) performed on
each of the steels, which included a low cold reduction of nominally 40 pct and a high cold reduction of
nominally 60 pct in thickness by rolling. The actual cold reductions for these steels were 39 an@59 pct f
the 1020 steel, 41 and 53 pct for the 1019M steel, and 33 and 58 pct for the 15B25 steel.

Figure 4.1 shows SEM SEI micrographs of the as-cold-rolled microstructure of the three alloys
each processed with two cold reductions. In these images deformed ferrite is grey and cementite is white.
Cementite is found primarily within pearlite colonies, and these colonies are more elongfagpeaier
cold reduction. No evidence of voids or internal cracking was observed in any of the micrographs. In the
15B25 steel, Figs. 4.1e and 4.1f, carbides located between pearlite colonies are also evident.

Figure 4.2 shows higher magnifications of each of the images in Fig. 4.1, selected to reveal
details of the carbides and other transformation products and structures present irebdoleatsh of
these images relatively large carbides are identified by arrows, which are identified by treithiog-
nature and were confirmed to be carbides through EBSD.

4.2 Change in Transformation Temperatures with Heating Rate

Analysis of continuous heating dilatometry data was performed to measure the change in
transformation temperatures (Aand Ag) with heating rate. Table 4.1 summarizes experimentally
measured Acand Ag temperatures for each steel at heating rates of 1, 10, 100, 1000 °C/s. Also included
are standard deviation values. Figures 4.3-4.4 plot the critical temperatures from Table 4.hesdisg
rate as well as linear (Fig. 4.3) and logarithmic (Fig. 4.4) fits to the increase in tnasisbo
temperatures. In general, transformation temperatures increased with heating rate, thoaugleas=d
more than A¢ The nominally 40 pct CR conditions had a greater increase in transformation temperatures
than the 60 pct CR condition.
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(@) (b)

(©) _(d)

(e) U
Figure 4.1 SEM SEI micrographs of the initial cold-rolled microstructures of 1020 (a-bM1049),
and 15B25 (e-f) The nominally 40 pct CR condition is on the left, and the nominally 60 pct CR
condition is on the right. More cold reduction led to more elongated pearlite. Etched in 2 pct Nite
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Figure 4.2 High magnification SEM SEI micrographs of the same alloys and conditions shown ir
Figure 4.1. 1020 is shown in (a-b), 1019M is shown in (c-d), and 15B25 (e-f). The nominally 40

condition is on the left and the nominally 60 pct CR condition is on the right. Relativedyclargides
are indicated by arrows.
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Table 4.1 +Transformation Temperatures for Each Steel and Cold Reduction.

Steel Transformation 1°Cls 10°C/s 100 -°C/s 1000 °C/s

39 pct CR 1020 Ac,y 732+ 4 733+3 739+5 747 £ 6
Acs 853+ 4 861+5 878+5 882+2

59 pct CR 1020 Acy 730+ 1 730+2 7414 741+ 3
Acs 856 + 2 866+4 8805 883+ 4

41 pct CR 1019M Acy 730+ 4 735+3 7373 740+ 5
Acs 860 + 4 860+1 873+4 881+8

53 pct CR 1019M Ac, 728 £ 2 729+4 737+3 740+ 3
Acs 859 + 4 860+1 87214 875+ 9

33 pct CR 15B25 Ac, 742+ 3 754+4 7713 768 + 3
Acs 836 + 2 857+5 872+5 860 + 4

58 pct CR 15B25 Ac, 743 £ 4 751+4 T754+4 752 + 3
Acs 839+4 851+5 85714 855+ 6

Ac; and Ag both had a greater increase with heating rate for the lesser cold worked samples. Ac
increased between 1 and 1000 °C/s by an average of 17 °C for the nominally 40 pct CR samples and
11 °C for the nominally 60 pct CR samples. The greatest increase walavith the 33 pct CR 15B25
condition which increased by 26 °C, which is also the condition with the least cold work, while the 58 pct
CR 15B25 had the smallest increase in With heating rate of any condition, indicating that the greatest
contributing factor was the degree of cold work.

Both Ac, and Ag increased with increasing heating rate, thoughh@ss a greater increase.;Ac
increased an average of 14 °C for all tested conditions between 1 and 1000 °C/s winibeeased an
average of 22 °C. As with Acthe increase in Aavith heating rate was greater for the nominally 40 pct
CR samples, 25 °C, while there was a 20 °C increase for the nominally 60 pct CR samples. For the alloys
tested, the average increaseAoi was 5 °C between 1 and 10 °C/s, 8 °C between 10 and 100 °C/s, and
1.5 °C between 100 and 1000 °C/s. The average increasesfaa8® °C between 1 and 10 °C/s, 13 °C
between 10 and 100 °C/s, and 1 °C between 100 and 1000 °C/s.
4.2.1 Modelling of Increase in Transformation Temperatures with a Linear or Logarithmic Fit

In previous research [4.3], linear increases in transformation temperatures were found with
increasing heating rate in a 0.11C-0.5Mn ferrite-pearlite steel measured with heatingna@95 to
100 °C/s (see Section 2.6). As such the smallest increase in transformation temperature would be between
1 and 10 °C/s and the greatest increase between 100 and 1000 °C/s. However, through analysis of the data

published by Azizi-Alizaminket al.[4.2] with a 0.17C-0.74Mn steel tested with heating rates from 1 to
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Figure 4.3 Change in austenite transformation temperatures with heating rate for 1020 (a-b),
1019M(c-d), and 15B25 (e-f). A linear fit to the increase is also shown. The nominally 40 pct CF
are on the left and the nominally 60 pct CR data are on the right. Transformation temperatures
generally increase with heating rate, i.e. lower transformation time.
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Figure 4.4 Change in austenite transformation temperatures with heating rate for 1020 (a-b),
1019M(c-d), and 15B2%e-f). A log fit to the increase is also shown. The nominally 40 pct CR dat
are on the left and the nominally 60 pct CR data are on the right. Transformation temperatures
generally increase with heating rate, i.e. lower transformation time.
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900 °C/s in either the hot-rolled or 80 pct CR conditions (see Section 2.6), the increase in traosformat
temperatures was not linear. Indeed, in the tests performed by Aziz-Alizstrainithe increase was

better modelled by a logarithmic fit. Therefore, the research in this thesis was completed to compare
different alloys with two different degrees of cold work, and to determine if the increase cfittiebe

with a simple model.

Table 4.2 shows the maximuni Ralues for both linear and logarithm fits of the increase in
transformation temperatures with heating rate for all three alloys with both cold reduthiensg fits
have a higher Rvalue for every condition for both Aand Ag, with an average %of 0.84 + 0.13, while
the average Ror linear fit was 0.45 + 0.25. Therefore a log fit was found to more accurately represent
the increase in transformation temperature with heating rate than a linear fit. Because thecisedarc
[4.3] which found a linear fit to increasing transformation temperatures utilizeddeates up to
100 °C/s, both linear and log fits were also calculated for the heating rates of 1, 10, and 100 ¥/s. Tabl
4.3 shows Rvalues for each fit between 1 and 100 °CfsfaRthe log fit was found to be 0.90 + 0.09
and R for the linear fit was 0.86 + 0.17. So while the log fit was still slightly better, the fiheas a
much better approximation without the highest heating rate. The better approximatiotinefahfit is
due in part to there only being three points to fit, but could also indicate that a lineapfiticable at
lower heating rates, but not with more rapid heating.

The increase in transformation temperatures was greatest between 10 and 100 °C/s, and the
smallest between 100 and 1000 °C/s, indicating that these steels did not exhibit a linear mcrease i
transformation temperatures with heating rate. In fact, both 15B25 conditions exhibited an apparent
decrease in transformation temperatures between 100 and 1000 °C/s. However, the decrease in
transformation temperatures was 3 °C or less, which is within standard deviation for the exadrim
measurements, which may indicate that the transformation temperatures were very similar wigh heati
rates of 100 and 1000 °C/s, rather than there being a decrease between the two heating rates.

The increase in Adbetween 1 and 10 °C/s was very small as would be predicted by a linear increase with
the 39 and 59 pct CR 1020 and 53 pct CR 1019M conditions, with either no increase or a 1 °C increase.
However, the 41 pct CR 1019M exhibited a 5 °C increase and both 15B25 conditions exhibited an
increase in Acbetween 1 and 10 °C/s; 12 °C for the 33 pct CR condition, and 8 °C for the 58 pct CR
condition. Because the 15B25 conditions exhibited somewhat different behavior than the 1019M and
1020 steels with increasing heating rate, the differences may be attributable tayadligitions.

For a logarithmic, rather than linear, increase in transformation temperatures with regating r
austenite transformation kinetics must increase with heating rate. Mechanistic expldoaaons
increase in transformation kinetics with heating rate were summarized in Section 2.4.4. Observed

differences in microstructural evolution with heating rate are discussed below.
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Table 4.2 +Maximum R Values for Linear and Log Fits to Increase in Transformation
Temperature Between 1 and 1000 °C/s.

Steel Transformation R%*log R?linear

39 pct CR 1020 Ac, 0.91 0.87
ACs 0.95 0.52

59 pct CR 1020 Ac, 0.80 0.42
ACs 0.95 0.47

41 pct CR 1019M Ac, 0.97 0.58
ACs 0.90 0.73

53 pct CR 1019M Ac; 0.92 0.63
ACs 0.90 0.57

33 pct CR 15B25 Ac, 0.84 0.29
ACs 0.56 0.06

58 pct CR 15B25 Ac, 0.64 0.12
ACs 0.75 0.19

Table 4.3+Maximum R Values for Linear and Log Fits to Increase in Transformation
Temperatures Between 1 and 100 °C/s.

Steel Transformation R?log  R?lin
39 pct CR 1020 Ac, 0.85 1.00
Acs 0.96 0.95
59 pct CR 1020 Ac, 0.75 0.99
Acs 0.99 0.89
41 pct CR 1019M Ac;, 0.94 0.60
ACs 0.75 0.99
53 pct CR 1019M Ac;, 0.83 1.00
Acs 0.81 1.00
33 pct CR 15B25 Ac; 0.99 0.89
Acs 0.99 0.74
58 pct CR 15B25 Ac, 0.94 0.59
Acs 0.96 0.65

4.2.2 Mechanisms for Changes in Transformation Temperatures with Heating Rate
The observed higher sensitivity of Ao heating rate than exhibited for As explained by two

primary possibilities. First, the start of austenite nucleation is controlled by shoetd#éiugion [4.4],
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which is largely independent of heating rate. Second, at high heating rates there is |legtizjifoar
prior to austenite nucleation and therefore potentially more sites for austenite nucleatiailavkea
because of the greater surface area of cementite [4.5], mitigating the increase intémep&cature.

The observed decreased sensitivity to heating rate with an increase in degree of catd work i
because of two primary possibilities. First, there was more stored energy to reduce theegrneyy for
austenite formation. With higher heating rates more of this stored energy is retained to edwtribut
austenite formation (Section 2.4.3). Second, more cold work led to an increased dislocation density for
subgrain boundary formation, and subgrain boundaries potentially act as nucleation sites.

Metallurgical explanations can be proposed for whywaeuld increase very little between
heating rates of 100 and 1000 °C/s. The small increase;im&g be related to recrystallization; at higher
heating rates recrystallization is completed at higher temperatures during continuimgs edhe stored
energy in the unrecrystallized ferrite is available to help drive austenite formation, egteubgrain
boundaries are available for diffusion, and the recrystallized ferrite grains are smélleighvér heating
rates because the grains have had little time for growth. Therefore, there is a gnaatefaloe for
austenite growth, and the greater grain boundary area (due to smaller grain size) prowdatiplef
sites for austenite formation in the final period of austenitization, leading tbaagienite formation.

With rapid austenite formation, austenite transformation completes at similar temperaturegtetarhwi
heating rates. To assess these possible interpretations, metallographic analysisavbgticture prior
to Acz is presented in Section 4.3.2.

4.3 Metallography Comparisons with Kinetics Measurements

SEM SEI micrographs of each steel and cold work condition after heating to20c°C and
immediately cooling are shown in Figures 4.5-4.10. 39 pct CR 1020 is shown in Fig. 4.5, 59 pct CR 1020
in Fig. 4.6, 41 pct CR 1019M in Fig. 4.7, 53 pct CR 1019M in Fig. 4.8, 33 pct CR 15B25 in Fig. 4.9, and
58 pct CR 15B25 in Fig. 4.10. In each figure, micrographs for 1 °C/s are shown in (a), 10 °C/s in (b),
100 °C/s in (c), and 1000 °C/s in (d). Also, higher magnification micrographs are shown for 1(&}/s in
and 1000 °C/s in (f). In each micrograph, the location of austenite prior to quenching correlated to the
location of martensite and austenite decomposition products, which are white in the microstructure.
Ferrite is grey, and recovered ferrite is grey with visible substructure within the grains. €areide
small, round, white particles. Some micrographs have black spots at interfaces, such as aroundrcarbides
at ferrite-martensite interfaces, which are stains from etching, but the stains do not iblescure
microstructure. Selected microstructural features are highlighted with arrows as discussed el
degree of recrystallization is also described below which was determined through quantitative

metallography (see Section 3.8.1).
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Figure 4.5 shows micrographs of the 39 pct CR 1020. The austenite nucleation density increased
with increasing heating rate, as can be seen by the shift from large martensite conistitnertsC/s
condition (Figs. 4.5a, 4.5e), to a higher density of small and dispersed martensite constituents in the
1000 °C/s sample (Figs. 4.5d, 4.5f). The ferrite is completely recrystallized in the 1 and 10 i@gs heat
rates (Figs. 4.5a-4.5b) as can be seen by the lack of substructure in the ferrite, and part&Hylizecty
in the 100 and 1000 °C/s heating rates (Figs. 4.5c-4.5d), with 33 pct recrystallized in the 100 °C/s
condition and 22 pct recrystallized in the 1000 °C/s condition. Carbides were observed within the
recrystallized ferrite grains at heating rates of 1 °C/s (Fig. 4.5a) and 10 °C/s %Big b&it were not
found at higher heating rates. The presence of the carbides suggests that significant sjiteraitliz
pearlite occurred at slower heating rates, and that insufficient time for spheroidizat available at the
higher rates. Martensite was present along grain boundaries in the slowly heated sample (see Figs. 4.5a,
4.5e), indicating that austenite nucleated and grew along grain boundaries. However, afterihigh heat
rates (Figs. 4.5b, 4.5f), martensite was observed along subgrain boundaries within recovered ferrite,
indicating that austenite nucleated and grew along these subgrain boundaries. Austenite nucleation
density was greatest with high heating rates likely because of the recovered helideting that the
subgrain boundaries provided many potent nucleation sites.

Figure 4.6 shows SEM SEI micrographs for the 59 pct CR 1020 condition. At heating rates of
1 °C/s (Fig. 4.6a) and 10 °C/s (Fig. 4.6b) the microstructure is fully recrystallized. With a hasdiog r
100 °C/s (Fig. 4.6c¢) there is a small fraction of recovered ferrite (86 pct recrystallized) tlaadheating
rate of 1000 °C/s (Fig. 4.6d) there is a mixture of recrystallized and recovered ferrise(§dapct
recrystallized). For sample heated at 100 and 1000 °C/s, in comparison with the microstructure shown in
Fig. 4.5c and Fig. 4.5d for the 39 &R 1020 steel, Fig. 4.6 shows that for the higher degree of cold
work in the 59 pcCR 1020 steel, the fraction of recovered grains is less at equivalent heating rate, e.g.
33 pct at 100 °C/s and 22 pct at 1000 °C/s. The decrease in fraction of recovered ferritedjcabes in
that there was a greater driving force for recrystallization with more cold eading to more
recrystallized ferrite grains free of substructure. Carbides formed within the aditzgsitferrite grains at
heating rates of 1 °C/s (Fig. 4.6a) and 10 °C/s (Fig. 4.6b), but not at higher heating ratastcsthel 39
pct CR condition. Similar to the observations for the 3901020 steel, the size of martensite
constituents decreased with an increase in heating rate, indicating that austenit@nuiseatty
increased with heating rate. This increase in austenite nucleation density is ieticigpie from an
increased number of heterogeneous nucleation sites. With a heating rate of 100 °C/s (Fig. fefdk the
grain size is smaller than for the 1 °C/s heating rate (Fig. 4.6a), resulting in more hetarsgene

nucleation sites and therefore an increase in austenite nucleation density. In the 1000 °C/sateeating
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Figure 4.5 SEM micrographs of 39 pct CR 1020 steel heated at 1 °C/s (a, €), 10 °C/s (b), 100 °(
and 1000 °C/s (d, f) to Ac+ 20 °C and directly quenched. Austenite nucleation density increased

heating rate. Recovered ferrite is present in the 100 and 1000 °C/s conditions. Etched in 2 pct N

62



Carbides /

ND

Recovered ferrite /

\ Recrystallized ferrite
ND
[Ro

(a) (b)

(©) (d)

Martensite + austenite
decomposition product

N

(ho
ED
(€) (f)

Figure 4.6 SEM SEI micrographs of 59 pct CR 1020 steel heated at 1 °C/s (a, €), 10 °C/s (b), 1
(c), and 1000 °C/s (d, f) to Ae 20 °C and directly quenched. Austenite nucleation density increa
with heating rate. Recovered ferrite is present in the 100 and 1000 °C/s conditions. Etched in 2

Nital.
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Figure 4.7 SEM SEI micrographs of 41 pct CR 1019M steel heated at 1 °C/s (a, €), 10 °C/s (b),
100 °C/s (c), and 1000 °C/s (d, f) to&c 20 °C and directly quenched. Austenite nucleation densi
increased with heating rate. Recovered ferrite is present in the 10, 100, and 1000 °C/s conditior

Etched in 2 pct Nital.
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Figure 4.8 SEM SEI micrographs of 53 pct CR 1019M steel heated at 1 °C/s (a, €), 10 °C/s (b),
100 °C/s (c), and 1000 °C/s (d, f) toAc20 °C and directly quenched. Austenite nucleation densi
increased with heating rate. Recovered ferrite is present in the 10, 100, and 1000 °C/s conditior

Etched in 2 pct Nital.
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Figure 4.9 SEM SEI micrographs of 33 pct CR 15B25 steel heated at 1 °C/s (a, €), 10 °C/s (b),
100 °C/s (c), and 1000 °C/s (d, f) to,A€20 °C and directly quenched. Austenite nucleation locati
are indicated by arrows, and occurred in spheroidized pearlite at low heating rates andeén pearli
lamellae and recovered ferrite at high heating rates. Etched in 2 pct Nital.
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Figure 4.10 SEM SEI micrographs of 58 pct CR 15B25 steel heated at 1 °C/s (a, e), 10 °C/s (b)
100 °C/s (c), and 1000 °C/s (d, f) to,A£ 20 °C and directly quenched. Austenite nucleation densii
increased with heating rate. Austenite nucleation occurred at spheroidized carbides and grain
boundaries at low heating rates and in partially spheroidized pearlite and recovereditfeigie
heating rates. Etched in 2 pct Nital.

Austenite nucleation in recovered ferrit
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samples (Figs. 4.6d, 4.6f), austenite nucleated within the recovered ferrite on subgrain boundaries
resulting in a further increase in austenite nucleation density.

Figure 4.7 shows SEM micrographs of the 41 pct CR 1019M condition. The 1 °C/s heating rate
condition (Fig. 4.7a) is fully recrystallized, while there are only a few recrystallizétd fgrains visible
in the 10 °C/s condition (Fig. 4.7b), which was 17 pct recrystallized. The high heating ratensndit
(Figs. 4.7c-4.7d) have no visible recrystallized ferrite grains. The 41 pct CR 1019M condition has much
less recrystallization than the 39 pct CR 1020 condition for heating rates of 10, 100, and 1000 °C/s, as
evident by comparing Figs. 4.6b-4.6¢ with Figs. 4.7b-4.7¢c, where more recrystallized ferrite is found in
Figs. 4.6b-4.6¢. Both the 41 pct CR 1019M and 39 pct CR 1020 steel are fully recrystallized with a
heating rate of 1 °C/s, while the 1020 is fully recrystallized at 10 °C/s but the 1019} ik7qmtt
recrystallized. For heating rates of 100 and 1000 °C/s, the 41 pct CR 1019M steel has no visible
recrystallized ferrite, where the 39 pct CR 1020 condition is 33 pct recrystallized withray mate of
100 °C/s and 22 pct recrystallized with a heating rate of 1000 °C/s. The slower recrystallizatios k
in the 41 pct CR 1019M is interpreted to be due to the Nb addition amd fadd Mn whereas 1020 had
no microalloying additions and Ovi pctMn. There are carbides visible within the recrystallized ferrite
after heating with a rate of 1 °C/s (Fig. 4.7a), but carbides are not visible with any of the higimgr he
rates (Figs. 4.7b-4.7d). In contrast, the Nb-free 39 pct CR 1020 steel had visible carbides and was fully
recrystallized at 10 °C/s (Fig. 4.5b), indicating that ferrite recrystallizatidrmpeatrlite spheroidization
occurred simultaneously, or that increased cold work increased the kinetics of sphayoidiiet
average martensite constituent size decreased with heating rate from 1 °C/s (Fig. 4.7a) to 100 °C/s
(Fig. 4.7¢), indicating that up to 100 °C/s the number of austenite nucleation sites increasedinith hea
rate. However, the austenite nucleation density remained constant between 100 °C/s (Fig. 4.7¢) and
1000 °C/s (Fig. 4.7d), where both microstructures contain no recrystallized ferrite. The dasa in7kig
4.7d suggest that for conditions where samples are partially recrystallized, the degreestailization
controls the rate of austenite nucleation which increases with a decrease in volume fraction of
recrystallized grains, i.e. an increase in volume fraction of recovered grains. The ciffeetnween
austenite nucleation behavior with low and high heating rates is more clearly seen in the high
magnification comparison between 1 °C/s (Fig. 4.7e) and 1000 °C/s (4.7f). At the low heating rate,
martensite constituents are large and located along grain boundaries. At the high heatingeatitenar
constituents are small and dispersed, and are found along subgrain boundaries within the recovered
ferrite, as well as at grain boundaries.

Figure 4.8 shows SEM micrographs of the 53 pct CR 1019M condition. At the lowest heating rate
of 1 °C/s (Fig. 4.8a) the ferrite is fully recrystallized, with a heating rate of 10 °iQ/s4(Bb) there is a

mixture of recrystallized and recovered ferrite grains (41 pct recrystallized), hdhtiag rate of
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100 °C/s (Fig. 4.8c) there are a few isolated recrystallized ferrite grains (4 pct reegd}talind with a
heating rate of 1000 °C/s (Fig. 4.8d) there are no visible recrystallized ferrite griawsnaagnification.
There are more recrystallized ferrite grains at 10 °C/s with the 53 pct CR 1019M coridgioh&b)
than the 41 pct CR condition (Fig. 4.7b), which is interpreted to be from the increased driving force for
recrystallization from the greater amount of cold deformation in the 53 pct CR conditiotoghreating.
The degree of recrystallization is similar between the 41 and 53 pct CR for heating fat&8Gfand
1000 °C/s, however. More recrystallization was found in the lower Mn, Nb-free 59 pct CR 1020 than the
53 pct CR 1019M, due to the suppression of recrystallization by Nb and Mn. At the lowest heating rat
1 °C/s (Fig. 4.8a), carbides were present within recrystallized grains, indicating thiataangni
spheroidization occurred. A few carbides are visible within the recrystallized ferrite¢ @sL(~ig. 4.8b).
In the 41 pct CR 1019M condition, there are more carbides visible at a heating rate of 10 *@/3lfFig
than in the 53 pct CR condition (Fig. 4.8b), showing either that recrystallization and spheowidizati
occurred simultaneously, or that increased cold work increased the kinetics of sphgooidihie
martensite constituents are smaller with higher heating rates, showing that austenit®nusdaaity
increased with heating rate. The size and distribution of martensite constituents in the 53 pE9/@R 10
condition are similar to the 41 pct CR 1019M condition across all heating rates (compare Figs. 4.7a-d and
4.8a-d).

Figure 4.9 shows SEM micrographs of the 33 pct CR 15B25 condition for the four heating rates.
Ferrite is fully recrystallized for heating rates of 1 °C/s (Fig. 4.9a) and 10Fi@/s4(9b), there is a
mixture of recovered ferrite and recrystallized (28 pct) ferrite with a heatingfra®® 6C/s (Fig. 4.9¢),
and there are no visible recrystallized ferrite grains with a heating rate of 1000 °C/s (Fig. 4.9d) e@ompar
to the 39 pct CR 1020 and 41 pct CR 1019M, the recovered ferrite of the 33 pct CR 15B25 has a lower
density of subgrain boundaries, interpreted to reflect the effects of the lower cold work) (@3ipet
15B25. With low heating rates of 1 °C/s (Fig. 4.9a) or 10 °C/s (Fig. 4.9b) both pearlite anddipberoi
carbides were observed, while with heating rates of 100 °C/s (Fig. 4.9c) or 1000 °C/s (Fig. 4.9dyprimaril
pearlite was observed. Pearlite colonies are visible at all heating rates in the 33 pc2GRt&E&Bwhile
pearlite colonies were not visible at any heating rates for the 1019M and 1020 steels, which may be
because of the higher carbon in the 15B25 which meant it had a higher initial fraction of pedflae, s
similar fraction of austenite formed there would be more remaining pearlite with 15B25.

Figure 4.9e shows a high magnification micrograph of the 1 °C/s sample and Fig. 4.9f shows the
1000 °C/s sample of the 33 geR 15B25 condition. With the low heating rate, austenite formed within
the spheroidized pearlite and grew into the surrounding ferrite. With the high heating ratéeausten
nucleated and consumed the pearlite lamellae. Somewhat surprisingly, however, is that austenite also

nucleated and grew within recovered ferrite during the beginning of austenite formation aialiigip he
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rates (Fig. 4.9f) despite all of the remaining pearlite which is conventionally thought of asf¢heriad
location of austenite formation due to the available carbon. Austenite nucleation at subgrain &®undari
may indicate that a significant amount of carbon diffused along these subgrain boundariggi¢o prov
carbon for austenite formation.

Figure 4.10 shows SEM SEI micrographs for the 58 pct CR 15B25 condition. The pearlite is
significantly more elongated after cold rolling than the 33 pct CR 15B25 as seen in Fig. 4.1eHelf. In t
1 °C/s heating rate condition (Fig. 4.10a), the pearlite is significantly spheroidizednbestly located in
bands along the rolling direction. The degree of spheroidization decreases with increasiggdteatAt
heating rates of 1 °C/s (Fig. 4.10a) and 10 °C/s (Fig. 4.10b), all ferrite grains appear tgdteliized,
at a heating rate of 100 °C/s (Fig. 4.10c) there are a few recrystallized ferrite grainge¢rystallized),
and at a heating rate of 1000 °C/s (Fig. 4.10d) there are no visible recrystallized ferrieAgraih
heating rates, austenite nucleation and growth occurred primarily in the carbon-ricls@thas
elongated pearlite significantly affected the distribution of the martensite in comparib@n33 pct CR
15B25. At high heating rates (100 and 1000 °C/s), isolated martensite constituents were observed withi
the recovered ferrite (Figs. 4.7c-4.7d), which may have nucleated near carbides. A higher magnification
comparison of heating rates of 1 °C/s and 1000 °C/s can be seen in Figs. 4.10e and 4.10f, respectively. At
1 °Cl/s, austenite nucleation and growth occurred around spheroidized carbides. With a heating rate of
1000 °C/s, austenite nucleated primarily within the partially spheroidized pearlite, whemtitem
lamellae and small spheroidized carbides acted as the primary sites of austenite formiticonveh
austenite nucleated within the recovered ferrite.
4.3.1 Summary of Transformation Behavior at the Start of Austenite Formation

In general the observed microstructures are consistent with the proposed mechanismsctor kinet
differences with different heating rates (see Section 4.2.2). More ferrite reagsitadl occurred with
slower heating, leading to fewer subgrain boundaries which act as austenite nucleation sites. The
nucleation density of austenite increased with faster heating, because there were moremsitésati
available, and because energy from cold work drove the transformation. Nucleation sites shifted from
carbides or grain boundaries at low heating rates to subgrain boundaries of recovereddgudtelde
at high heating rates. This shift in nucleation behavior and nucleation density between low and high
heating rates may indicate why a non-linear increase imas found with increasing heating rate; when
a heating rate is used where limited ferrite recrystallization occurs, nusleatiaccur rapidly within
recovered ferrite, and increasing the heating rate further has little impact ontausieleation, leading

to a smaller increase in Athan Ag
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4.3.2 Microstructure at the End of Austenite Formation

All alloys and cold work conditions exhibited a smaller increase in transformation tennpsrat
between 100 °C/s and 1000 °C/s than would be predicted by a linear increase in transformation
temperature with heating rate. With 15B25 a small decrease was found in transformation temperatures
between 100 °C/s and 1000 °C/s for both conditions (33 and 58 pct CR), though this was within one
standard deviation, so heat treatments were also performed ngartide 15B25 steels to observe any
differences between transformation behaviors at the end of austenite formation. This comparison was
performed on the 58 pct CR 15B25 condition because it had sufficient hardenability to transform
austenite to martensite upon quenching, but is applicable to any condition where different heating rate
led to different degrees of recrystallization.

Figure 4.11 compares SEM micrographs of the 58 pct CR 15B25 steel after heatipg 2 AL
at rates of 1 and 1000 °C/s. With a heating rate of 1 °C/s (Fig. 4.11a), there is a mixture oftmartensi
undissolved cementite, and recrystallized ferrite. With a heating rate of 1000 °C/4.1Elg), there is a
mixture of martensite, undissolved cementite, and recovered ferrite, as indicated by the subgrain
boundaries within the ferrite, with martensite also located along subgrain boundaries in the recovered
ferrite. In both cases, prior to quenching, austenite grew into the remaining ferrite, and austenite
transformed to martensite upon quenching. Therefore, with a low heating rate the austeniteogrew int
recrystallized ferrite and with a high heating rate the austenite grew into recovetedifeng subgrain
boundaries within the recovered ferrite. The subgrain boundaries within the recovered fertitedorovi
carbon diffusion paths for more rapid growth at the end of austenite formation, decreasimgage av
distance between austenite growth fronts, increasing the effective austenite gtewth r
4.4 Calculation of Transformation Temperatures

Alloying effects on A¢ and Aghave been studied [4.7-4.8], so comparisons were made between
experimental values of transformation temperatures determined using dilatometry and predicted
transformation temperatures from empirical models based on alloying additions. Comparisees betw
experimentally measured values with empirical models allows a determination of the accuracy of the
experimentally measured values. Based on these comparisons, a determination can then be made of the
impact of alloying elements on transformation temperatures with increasing heating rate.

Predictions of transformation temperatures based on compositions are complex, and many
different models are available. The simplest method for modelling alloying effects on traatsform
temperatures is a linear regression in transformation temperature with each compositierironapgre
iron. The classic example of a linear regression is the Andrews equation, shown in Egs. 4.1-4.2 [4.7],
where the wt. pct. of each element is used. Linear models assume that changes in transformation

temperatures are additive, and do not account for interactions between elements or pricuotigest
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effects. Furthermore, the Andrews equation is limited to a small number of elements; boron, for example,

is not included.

[
ED

(a) (b)
Figure 4.11 SEM SEI micrographs of 58 pct CR 15B25 steel heated at 1 °C/s (a) and 1000 °C/s
Acz - 20 °C and directly quenched. At the low heating rate austenite grew into recrystallizedAerr
the high heating rate the austenite grew into recovered ferrite where there are diffusgnmqadted
by the subgrain boundaries. Etched in 2 pct Nital.

Ac;=723 °C -10.7Mn - 16.9Ni + 29.1Si + 16.9Cr + 290As + 6.38W (4.2)
Ac3z=910 °C - ¥ &15.2Ni + 44.7Si + 104V + 31.5Mo + 13.1W 4.2)

In general, Mn lowers Ac C lowers the Agtemperature, Si increaseszend Ag, and Ni
increases Acand decreases AcSee Table 3.1 for complete composition of alloys. The 1020 steel
studied has 0.5 wt pct Mn, 1019M 1 wt pct Mn, and 15B25 1.2 wt pct Mn. 15B25 has the most C and Mn.
1019M has more Mn and less C than 1020. 15B25 also has additions of Si, B, Cr, and Ni.

An example of a more complex model is due to Kasatkin and Vinokur shown in Egs. 4.3-4.4
[4.8], where the wt. pct. of each element is used. This model takes into account nonlinearityipimteract

of elements, and nonadditive character of elements.

Ac,= 723 °C - 7.8Mn + 37.7Si + 18.1Cr + 44.2Mo + 8.95Ni + 50.1V + 21.7Al + 3.18W (4.3)
297S - 830N - 11.5CSi -14MnSi - 3.1Si@&67.9CMo - 15.5MnMo - 5.28CNi - 27.4CV +
30.8MoV - 0.84CT- 3.46Md - 0.46Nf - 28\2
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Ac;= 912 °C - 370C - 27.4Mn + 27.3Si - 6.35Cr - 32.7Ni + 95.2V + 190Ti + 72Al + (4.4)
64.5Nb + 5.57W + 332S + 276P + 485N - 900B + 16.2CMn + 32.3CSi + 15.4CCr + 4

+ 4.32SiCr - 7.3SiMo + 18.6SiNi + 4.8MnNi + 40.5MoV + 174€2.46Mrf - 6.865F +

0.322Cf + 9.9MJ + 1.24NF - 60.2\/

A summary of values calculated using both the Andrews and Kasatkin-Vinokur models is
provided in Table 4.3. Neither of these models includes prior microstructure, cold work, or hegating
The Andrews equation was determined using a heating rate of 0.125 °C/min. Kasatkin and Vinokur did
not state what heating rate was used. Measured values from the nominally 40 pct CR conditions of each
alloy are compared to the calculations. The lowest heating rate, 1 °C/s, was used because ttt¢s closes
equilibrium. Predictions based on the more complex model from Kasatkin and Vinokur are closer to
measured values. On average the Andrews model predicts values that are 16 degrees lowendd26Ac
degrees lower for Aghan for the experimental measurements. The Kasatkin and Vinokur model
predictions are, on average, 14 degrees lower fpaAd 8 degrees lower for Adf the models
incorporated heating rate, or if even lower heating rates were tested for the experimental dil&omet
this thesis, the measured values would likely be closer to the models. The 1019M and 1020 steels have
similar Ag transformation temperatures to each other at 1 °C/s. The 15B25 steel has the lgwest Ac

temperature and the highest,Awhich was also predicted by the models.

Table 4.3+Summary of Measured and Calculated Transformation Temperatures.

Test/Calculation Ac; (°C) Acz (°C)
39 pct CR 1020 1 °C/s 732 853
1020 Andrews 718 820
1020 Kasatkin and Vinokur 721 844
41 pct CR 1019M 1 °C/s 730 856
1019M Andrews 713 827
1019M Kasatkin and Vinokur 717 845
33 pct CR 15B25 1 °C/s 742 836
15B25 Andrews 725 819
15B25 Kasatkin and Vinokur 724 831

At low heating rates, the models predicted similay &ud Ag temperatures for 1020 and 1019M,
and higher A¢and lower Ag for 15B25, which were all confirmed through experimental measurements.
The primary alloying addition affecting Afor 1020 and 1019M was Mn, with 0.5 wt. pct. for 1020 and
1.0 wt. pct. for 1019M which means the model predicted lowef@dkcl019M, though Acfor both were
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similar in experimental measurements. Fog 8c1019M and 1020, the Andrews equation predicted a
7 °C higher Ag for 1019M because of its lower carbon content, but the Kasatkin and Vinokur model
included the impact of Mn, which predicted a 1 °C difference betwegtefperatures. With
experimentally measured values,;Aas 3 °C higher for the 1019M steel vs the 1020 steel. Both models
predicted higher Acfor 15B25 than the 1020 and 1019M steels, because of its higher Mn, Ni, and Si
content. Experimentally measured values confirmed the highelbAt5B25. Both models predicted
lower Ag; for 15B25 than the 1020 and 1019M steels, because of its higher C, Ni, and Mn. The higher Si
content of the 15B25 raises Alout this was offset by the C, Ni, and Mn. Experimentally measured values
confirmed that Agis lower for 15B25 than 1020 and 1019M.

As shown in Table 4.1 and Figs. 4.3-4.4, the alloy effects on transformation temperatures
generally remained with higher heating rates, with a few exceptionsinicAg of 1019M and 1020
were similar for both cold worked conditioasl °C/s and 1000 °C/s experiments despite all increasing
with heating rate. The 39 pct CR 1020 had a somewhat highext AG00 °C/s than the 41 pct CR
1019M, but the Acof the 39 pct CR 1020 also had a larger standard deviation. When comparing 1019M
and 1020 at a heating rate of 100 °C/s, theisjssomewhat higher for the 39 and 59 pct CR 1020 (2-
4 °C), which may be because the 1019M had more recovered ferrite for more rapid austenite growth. At a
heating rate of 1000 °C/s the Aemperatures were within 1 °C for 59 pct CR 1020 and 41 and 53 pct
CR 1019M because the heating rate was sufficiently rapid for a recovered ferrite miarostasading to
rapid austenite growth. The 39 pct CR 1020 condition, however, was 6 °C higher than the other 1020 and
1019M conditions when heated at 1000 °C/s. Figure 4.12 shows the change in transformation
temperatures with heating rate for 59 @& 1020 and 58 pct CR 15B25. Both the 33 pct CR and 58 pct
CR 15B25 had higher Aand lower Agthan the 1020 and 1019M steels across all heating rates, as
predicted by the empirical equations at low heating rates.
4.5 Summay

" Transformation temperatures increased as heating rate increased. The increase was

smaller between 100 and 1000 °C/s than would be predicted by a linear increase. A log
increase better fit the measured data.
" The Ag increase was much less thars Adth increasing heating rate, because i&c
controlled by austenite nucleation which occurs through largely time-independent short-
range carbon diffusion, while Aés controlled by long-range diffusion.
Cold work minimized the increase in fand Agacross all heating rates measured, likely
because energy from cold work was retained to promote austenite formation at subgrain

boundaries within recovered ferrite.
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Basic alloying effects (such as C, Mn, Si) on &d Agwere found to affect the relative
transformation temperatures between alloys with changing heating rate, though
deviations occurred due to the degree of cold work and the amount of recrystallization-

retarding alloying additions, which do not affect,At low heating rates.
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Figure 4.12 Increase in A¢a) and Ag (b) for 58 pct CR 15B25 and 59 pct CR 1020, along wi
logarithmic fit. The 58 pct CR 15B25 had higher,Aaad lower Ag at all heating rates.
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CHAPTER 5
EFFECT OF FERRITE RECRYSTALLIZATION AND HEATING RATE ON AUSTENITE
FORMATION BEHAVIOR

This chapter explores the change in martensite distribution with rapidly heated csdd-roll
intercritically annealed ferrite-pearlite steels. Prior research has proposeal déferent mechanisms
for the increase in martensite banding with higher heating rates (Section 2.4.5). Tisisxpleses
interactions between austenite formation and ferrite recrystallization by selectimgy matds for specific
degrees of recrystallization at the start of austenite formation. In addition, the degreeitef pearl
spheroidization prior to austenite formation depends on heating rate. These differeregsdaed to
explain the increase in martensite banding at high heating rates. Extent of recrystalliaatiofemwed
from microhardness measurements after isothermal holding at different times. Thétwygditiviple
was used to model continuous heating kinetics, and predictions based on the model were combined with
austenite transformation dilatometry data to identify specific heating rates foeniftlegrees of
recrystallization. The steel was heated to intercritical temperatures and imnyeglistethed (i.e. a0 s
hold time) to study the continuous heating recrystallization and austenite formagmpatatures
selected relative to AcSpecific intercritical temperatures were referenced t0a8AAg increased with
heating rate. Ferrite recrystallization and austenite formation were evaluated using EBSD and SEM
analysis. Microhardness data were also compared to assess strength differences betweearthkatdiffer
treatments.
5.1 Prior Microstructure

The research described in this chapter was completed with the ferrite-pediiteNG-steel
specified in Section 3.2. Figure 5.1 shows SEM micrographs of the 60 pct cold-rolled microstructure.
Figure 5.1a is a relatively low magnification image where the shape and size of the pearlitsae
visible. Figure 5.1b is a high magnification image, with a closeup view of deformed ferrite ani pearli
5.2 Ferrite Recrystallization

Ferrite recrystallization kinetics were experimentally measured and modelled for continuous
heating using the additivity principle as described in Section 3.5. Based on the exteryistdilfizetion
measurements, heating rates were selected to achieve different degrees of recrystallizat&iarabf
austenite formation (Af which in turn facilitated a study of the impact of ferrite recrystallization on
austenite formation. The selected heating rates were 0.3, 1, 2.4, 13.1, 140, and 693 °C/s to achieve
degrees of recrystallization of 1, 0.85, 0.66, 0.33, 0.12, and 0, respectively. The selection of these heating

rates is described in Section 3.5. Figure 5.2 shows a schematic representation of the heiatstreatm
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performed. Table 5.1 shows peak temperatures for each heating rate, which were selected relative to Ac
from Ac; 10 °C and in 20 °C increments up to;Ac70 °C. Because of the difficulty in achieving a

specific peak temperature with rapid heating, both programmed and measured temperatared e li

the 693 °C/s heating condition. The,Aemperatures utilized were based on the values calculated in
Section 3.5, though the actual Aemperatures were later experimentally determined with dilatometry.

Each sample was immediately quenched after reaching the peak temperature, with no hold.

Pearlite | ———

/ Ferrite \
E
RD

(a) (b)
Figure 5.1 SEM micrographs at low (a) and high (b) magnification showing the cold-rolled
microstructure of the ferrite-pearlite @A-Nb steel. The microstructure contains defedferrite and

pearlite. 2 pct Nital etch.
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Figure 5.2 Schematic representations of heat treatments performed. The arrows represent a qu
from temperature. Low heating rates are shown in (a) and high heating rates are shown in (b).
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Table 5.1 +Summary of Selected Peak Temperatures for Heat Treatments.
Heating Rate (°C/s)

Temperature 0.3 1 2.4 13.1 140 693 693 (measured
Ac; - 10 °C 715 716 716 720 734 749 47
Ac; 725 726 726 730 744 759

Ac; + 10 °C 735 736 736 740 754 769 769
Ac; + 30 °C 755 756 756 760 774 789 796
Ac; + 50 °C 775 776 776 780 794 809 807
Ac; + 70 °C 795 796 796 800 814 829 836

The progress of recrystallization can be observed using EBSD 1Q maps. The recrystatlieed fer
DSSHDUV ZLWK JRRG LPDJH TXDOLW\ DV 3FOHDQ ‘rezdvergdiferiRd) OLIKW
appears as grey. Martensite is dark grey or black. When boundary maps were added on top of EBSD IQ
maps, boundary misorientation angles are represented as follows: red is 2-5°, green is 5-15°, and blue is
greater than 15°.

Figure 5.3 shows EBSD images of fine features of recovery and recrystallization from the ferrit
pearlite CMn-Nb steel heated at 140 °C/s to 754 °C and directly quenched. Different degrees of recovery
and recrystallization are present at different points within the microstructure, and thedbserv
microstructures are consistent with proposed mechanisms for the process of recrystallization
(Section 2.2). Deformed ferrite has poor image quality and scattered low-angle grain boundaries, as
shown in the ferrite grain in the center of Fig. 5.3a. During recovery, dislocations coalesced and formed
subgrains, as shown in Fig. 5.3b. These subgrain boundaries start as low-angle (red and green) boundaries
and with time during annealing become increasingly misoriented as subgrain growth evolves. These
increasingly misoriented subgrains are seen as high-angle blue boundaries that still hewag®oor
quality (grey) ferrite. The increase in misorientation increases the mobilitg bbtimdaries until a new

strain-free grain is formed, as shown in Fig. 5.3c.

Deformed ferrite Recrystallized

I

Subgrain boundarie /

(a) (b) (€)
Figure 5.3 The process of recovery and recrystallization in a steel heated at 140 °C/s to 754 °C
directly quenched. EBSD image quality map with overlaid boundaries. Red boundaries are 2-5°
are 5-15°, and blue are greater than 15°. Micrograph (a) shows a deformed grain prior to recove
shows a recovered ferrite grain with low angle subgrain boundaries, and (c) shows a newly
recrystallized grain.
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The process for determining the degree of recrystallization from microhardneswriisedem
Section 3.5 and from EBSD IQ maps is described in Section 3.9.1. EBSD image quality maps with
different degrees of recrystallization at;Ac€10 °C are shown in Figure 5.4. Figure 5.4a is for a sample
heated to 0.3 °C/s to 735 °C and directly quenched, Fig. 5.4b is 2.4 °C/s to 736 °C, Fig. 5.3c is 13.1 °C/s
to 740 °C, and Fig. 5.4d is 140 °C/sto 7p& 5HFU\VWDOOL]JHG IHUULWH LV VHHQ DV
white or light grey grains. The degree of recrystallization was determined by dalgtitet area fraction
of the high image quality recrystallized ferrite, through the thresholding method describetian Se
3.9.1. The sample heated at 0.3 °C/s (Fig. 5.4a) was 100 pct recrystallized, the sample heated at 2.4 °C/s
(Fig. 5.4b) was 61 pct recrystallized, the sample heated at 13.1 °C/s (Fig. 5.4c) was 27 pct rextystalliz
and the sample heated at 140 °C/s (Fig. 5.4d) was 8 pct recrystallized.

(a) (b)

ND
RD

(c) (d)
Figure 5.4 Representative EBSD 1Q maps for samples with different degrees of rezatistal
achieved by heating at different rates and directly quenching from the intercritical temgeratu
Recrystallized ferrite is visible as high image quality white or light grey grains. plsdmaated at
0.3 °C/s to 735 °C (a) was 100 pct recrystallized, 2.4 °C/s to 736 °C (b) was 61 pct reasgistalliz
13.1 °C/s to 740 °C (b) was 27 pct recrystallized, and 140 °C/s to 794 °C (d) was 7 pct reeqystal
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A comparison between modelled ferrite recrystallization kinetics and experimentally measured
recrystallization is shown in Fig. 5.5, and a summary of the recrystallization V®lo€kable 5.2. Values
below Ag are from microhardness and values aboveaike from EBSD measurements. It can be seen
from measurements taken with a heating rate of 0.3 °C/s that most recrystallization odmweed a
678 °C. The recrystallization measurements are generally close to the predicted model ngar the A
temperature. For heating rates of 0.3, 1, and 2.4 °C/s, the measured ferrite recrystallizaitgn kine
followed the modelled recrystallization (lines) even in the intercritical region. At higdeging rates,
recrystallization was suppressed during austenite formation. This is interpreted tausehef
competition between austenite nucleation and ferrite recrystallization. Both austem#ergathllized
ferrite nucleated within the recovered ferrite, so the number of potential nucleation sites/kiallemsd
ferrite was reduced during austenite nucleation. Furthermore, austenite growth occurred within the
recovered ferrite, consuming potential nucleation sites for recrystallized ferritesufficiently slow
austenite formation (low heating rates), ferrite recrystallization was allowedun @¢ith more rapid
austenite formation (high heating rates), ferrite recrystallization was suppressedtriiituca analysis

of the suppression of ferrite recrystallization is discussed in Sections 5.5 and 5.6.

e
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i Heating Rate, °C/s

e
oy

® 0.3°C/s
X 1°C/s —
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Recrystallized Ferrite Fraction

e
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0 :F 1 I
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Figure 5.5 Modelled continuous heating ferrite recrystallization (lines) compared with expetymer
measured values (shapes). Values beloywcame from microhardness and values abovecAme
from EBSD measurements. Circles represent measurements frofr®R0.¥ ; T VCIR &huares for
2.4 °CJs, diamonds for 13.1 °C/s, triangles for 140 °C/s, and crosses for 693 °C/s.
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Table 5.2Recrystallization Volume Fractions (Rx) for Peak Temperatures ptA0 °C,
Ac; + 10 °C, and Ac+ 50 °C for Each Heating Rate. Three Extra Temperatures Were Measured for the
Lowest Heating Rate.

0.3°C/s Rx 1°C/s  Rx 2.4°C/s  Rx
603°C 0.14

640°C  0.19

678°C 0.23

715°C  0.97| 716°C  0.84| 716°C  0.26
735°C 1|736°C 0.88]| 736°C 0.61
775°C 1] 776°C 1| 776°C 1

13.1°C/s Rx 140°C/s Rx 693°C/s Rx

720°C 0.22| 734°C 0.06| 747°C 0
740°C 0.27| 754°C 0.08| 769°C 0.06
780°C 0.48| 794°C 0.13| 806°C 0.16

5.3 Pearlite Spheroidization

On heating, pearlite spheroidization occurs simultaneously with ferrite recrytaiiin cold-
rolled dual-phase steels [5.1]. Spheroidization of pearlite is important to the study oftadstemtion
because austenite forms in carbon-rich areas, and the majority of carbon is found in pearliteidesl ca
[5.2]. Large spheroidal carbides can lead to slower austenite formation kinetics because ofethe grea
distance required for carbon diffusion.

Figure 5.6 shows SEM micrographs of samples heated at rates of 0.3 (Fig. 5.6a), 1 (Fig. 5.6b),
13.1 (Fig. 5.6¢), and 140 °C/s (Fig. 5.6d) to, Ad.0 °C and directly cooled. The 13.1 °C/s and 140 °C/s
conditions are also shown at higher magnification in Figs. 5.6e and 5.5f, respectively. The 0.3 °C/s
condition appears to be fully spheroidized. With an increase in heating rate the degree of spheroidization
decreases. At 1 °C/s (Fig. 5.6b), the cementite is largely spheroidized but the carbides exist in bands in
the rolling direction, whereas in the 0.3 °C/s condition the carbides are relatively ewtrilbytéd. The
13.1°C/s and 140 °C/s conditions have patrtially spheroidized pearlite in the location of thel origi
pearlite colonies. Therefore, the higher heating rates generally have more concentratedatagreas
related to the original pearlite, while slow heating rates led to more dispersed and spheraidides. ca
54 Austenite Formation Kinetics

Ac, temperatures were determined through analysis of dilatometry with the selected heating rates
and the measured Atemperatures were compared with those predicted and used for peak temperature
selection. Table 5.3 compares measuregtémperatures with predicted Ai'emperatures. The

predictions were based on a mathematical fit to the change iterAperature with heating rate
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Figure 5.6 SEM SEI micrographs of the steel heated {0140 °C at heating rates of 0.3 °C/s (a),

1 °C/s (b), 13.1 °C/s (c and e) and 140 °C/s (d and f) and directly cooled. The 13.1 °C/s and 14(
conditions are also shown at higher magnification (e and f). The degree of spheroidization \was
with lower heating rates. Etched in 2 pct Nital.
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determined with dilatometry with heating rates of 1, 10, 100, and 1000 °C/s, see Section 3.5. The
measured temperatures are very similar to the predicted values except experimentally measwasd Ac
unchanged from 0.3 to 13.1 °C/s. Heat treatments were performed relative to the originabdafalat

Acs temperatures were also determined from analysis of dilatometry data, and the temperatures
were compared for different heating rates. Table 5.4 showteAwperatures for each heating rate. While
Ac; increased with increasing heating rate (Table 5.3) was essentially unchanged with increasing
heating rate, indicating that the nucleation and growth rate of austenite was greater aitleatipg, as
discussed in Sections 5.5 and 5.6.

Estimated martensite fractions from lever rule analysis of dilatometry data are shown in
Table 5.5. All austenite was assumed to have transformed to martensite. Table 5.6 shows comparisons
with martensite fractions determined with quantitative metallography for heatingf&&sand
140 °C/s. The lever rule underpredicted the martensite fraction for both heating ratesuébeveaé
closest at the highest predicted austenite fractions, indicating the lever rule is leash ulsefaarly
period of austenite formation. Previous research [5.3] proposed that dilatometry undeopréddiie to
non-isotropic volume change or redistribution of carbon during transformation. At low peak tengseratu
the carbon did not have time to redistribute, but at higher peak temperatures the carbon was well
distributed, leading to better prediction of the final martensite fraction by the leveromleifatometry.
5.5 Interaction between Austenite Nucleation and Ferrite Recrystallization

At temperatures above A@ustenite nucleation occurs. With low heating rates, austenite
nucleation occurs in a microstructure of recrystallized ferrite. With rapid heating, aaistecl#ation
occurs in a microstructure of deformed or recovered ferrite. With intermediate heating rates,ahere i
combination of recrystallized and recovered or deformed ferrite. Therefore, heat treatient
performed 10 °C above Ato analyze the interactions between ferrite recrystallization and austenite

nucleation by utilizing different heating rates.

Table 5.3+Comparisons of Eq. 3.8 and Measured Acansformation Temperatures as a
Function of Heating Rate.

Heating Rate 0.3 °C/s 1 2.4°C/s 13.1°C/s 140°C/s 693 °C/s

Ac; (measured) 731+4 729+2 732+2 731+2 743+2 758+3
Ac; (predicted) 725 726 726 730 744 759
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Table 5.4+Ac; Temperature for Different Heating Rates Determined from Dilatometry Analysis.
Heating Rate Ac3
0.3°C/s 893+ 2
1°Cl/s 898+ 1
2.4°C/s 896 + 4
13.1°C/s 896 + 2
140°C/s 902+ 4
693°C/s 894 + 2

Table 5.5+Austenite Fraction Before Quenching Estimated from Lever Rule Analysis of
Dilatometric Data. Values for the 693 °C/s Heating Rate Are Listed Separately Because detieaDif
Measured Peak Temperatures.

Heating rate Ac; + 10°C Ac; + 30°C Ac; + 50°C Ac, + 70°C

0.3°C/s 0.01 0.06 0.16 0.27
1°Cl/s 0.01 0.07 0.16 0.28
2.4°Cls 0.01 0.1 0.2 0.32
13.1°C/s 0.02 0.12 0.25 0.43
140°C/s 0.03 0.15 0.33 0.54
Ac, + 10°C Ac, + 37°C Ac, +48°C Ac, + 77°C

693°C/s 0.11 0.4 0.52 0.8

Table 5.6 tComparison Between Martensite Fraction Estimated from Lever Rule Analysis of
Dilatometric Data with Martensite Fraction Determined with Quantitative Metallography.

Heating Rate Ac; + 10°C Ac, + 30°C Ac; + 50°C Ac, + 70°C
0.3 °C/s lever 0.01 0.06 0.16 0.27
0.3 °C/s count 0.01 0.15 0.23 0.39
140 °Cl/s lever 0.03 0.15 0.33 0.54

140 °C/s count 0.12 0.22 0.38 0.55

Figures 5.7-5.9 show SEM micrographs and EBSD grain boundary scans of the ferrite-pearlite C-
Mn-Nb steel heated to Ae- 10 °C, which from 0.3 °C/s was 735°C (Fig. 5.7), 1 °C/s was 736 °C
(Fig. 5.8), and for 2.4 °C/s was 736 °C (Fig. 5.9). For higher heating rates, only SEM micrographs are
shown because it is difficult to distinguish small martensite constituents within the micrastafctu
primarily recovered ferrite. Figure 5.10 shows SEM micrographs of samples heated at 13.1 °C/€to 740 °
(Ac; + 10 °C), Fig. 5.11a, and 760 °C (A€ 30 °C), Fig. 5.10b. Figure 5.11 shows SEM micrographs of
samples heated at 140 °C/s to 754 °C,(A&0 °C), Fig. 5.11a, and 693 °C/s 897C (Ac;, + 10 °C),
Fig. 5.11b. In each micrograph the martensite locations are assumed to identify the austenite locations

prior to transformation.
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Martensite /

(a) (b)
Figure 5.7 SEM SEI micrograph (a) and EBSD grain boundary scan (b) for the ferrite-pe#thte C
Nb steel heated at 0.3 °C/s to 735 °C. Martensite is indicated by arrows. Austenite nucleaiad at
boundaries and triple points. SEM sample etched in 2 pct Nital.

Austenite nucleated
in recovered ferrite

'

Austenite nucleated Austenite —

. ) nucleated at G.B
in recovered ferrite \

ND
RD
(a) (b)
Figure 5.8 SEM micrograph (a) and EBSD grain boundary scan (b) for the ferrite-peiiteNG-
steel heated at 1 °C/s to 736 °C. Martensite is indicated by arrows. Austenite nucleatid at gr
boundaries and recovered ferrite. SEM sample etched in 2 pct Nital.

For the 0.3 °C/s heating rate (Fig. 5.7b), the microstructure is equivalent to;tha AEC heat
treatment (Fig. 5.6a) except for the presence of martensite from austenite nucleatieris fethjt

recrystallized (Fig. 5.3) and pearlite is spheroidized (Fig. 5.6a). Figure 5.7 shows that austeniednucleat

at grain boundaries and triple points near carbides.
The 1 °C/s heating rate was chosen to achieve 85 pct recrystallizationaatda sample heated
at 1 °C/s to 736 °C (Fig. 5.8) was found to be 88 pct recrystallized through EBSD IQ anaiysis. Pr

Ac; the pearlite was spheroidized but the carbides remained in bands (Fig. 5.6b). Figure 5.8 shows an

SEM micrograph (Fig. 5.8a) and an EBSD 1Q map with overlaid boundaries (Fig. 5.8b) for a sample
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heated at 1 °C/s to 736 °C. Martensite is found in two locations: along grain boundaries and within

recovered ferrite.

Martensite

7/ \‘\
ND
RD
(a) (b)
Figure 5.9 SEM micrograph (a) and EBSD grain boundary scan (b) for the ferrite-pediiiteNG-

steel heated at 2.4 °C/s to 736 °C. Martensite is indicated by arrows. Austenite nucleated withir
recovered ferrite. SEM sample etched in 2 pct Nital.

N
\

(a) (b)

Figure 5.10 SEM SEI micrographs for the ferrite-pearlitellGNb steel heated at 13.1 °C/s to 740 °
(a) and 760 °C (b). Martensite is indicated by arrows. At 740 °C, austenite nucleated alongémur
within recovered ferrite, but by 760 °C austenite nucleated within former pearlite and nest of t
carbides have been consumed by austenite. Etched in 2 pct Nital.

Micrographs for the 2.4 °C/s heating rate to 736 °C are shown in Figure 5.9. This heating rate was
chosen to achieve 66 pct recrystallization af. Ate actual recrystallized volume fraction, based on
EBSD IQ map analysis, was 61 pct. After quenching, the SEM micrograph (Fig. 5.9a) shows martensite
which developed from austenite within recovered ferrite. Based on a comparison of micrographs, the

number of discrete austenite grains was greater for the 2.4 °C/s heated sample in comparison to the
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structure developed after heating at 0.3 and 1 °C/s heating rates (Fig. 5.7-5.8). The larger number of
austenite grains indicate that the austenite nucleation rate was higher for the saraglattz4t°C/s.

The EBSD grain boundary map (Fig. 5.9b) shows martensite along subgrain boundaries within the
recovered ferrite, indicating that austenite nucleated at these boundaries. Martensite isyibidl
clusters of high angle boundaries in the EBSD map. The majority of martensite is within the tecovere

ferrite rather than along recrystallized ferrite boundaries.

/

Martensite

ND
ED

(a) (b)
Figure 5.11 SEM SEI micrographs for the ferrite-pearlitel&Nb steel heated at 140 °C/s to 754 °(
(a) and 693 °C/s to 769 °C (b). Martensite is indicated by arrows. For both of these rapl fated,
austenite nucleated both within recovered ferrite and within pearlite. Etched in 2 pct Nital.

SEM SEI micrographs for the 13.1 °C/s heating rate are shown for intercritical annealing
temperatures of 740 °C (Fig. 5.10a) and 760 °C (5.10b). Both intercritical temperatures are stiugn fo
heating rate because limited nucleation that had occurred at 740 °C, and the process of continued
nucleation and growth can be inferred through observations of the 760 °C condition. The ferrite was
determined to be 27 pct recrystallized at 740 °C through analysis of EBSD IQ data. With atidatercri
annealing temperature of 740 °C, austenite nucleated at subgrain boundaries, or boundaries between
recovered ferrite grains, away from the former pearlite, which was partially spheroidized. &ustenit
nucleation along boundaries was somewhat unexpected at this annealing temperature because pearlite and
carbides are typically thought of as preferential austenite nucleation sites because cadhoredsfor
austenite nucleation. When heat treated with an intercritical temperature of 760 °C, hovegypeais
that austenite nucleated within former pearlite and most of the carbides have been consumed leading to
bands of austenite along the rolling direction because of the elongated shape of the forneer pearlit

Figure 5.11 shows SEM micrographs selected to illustrate locations where austenite nucleated

during rapid heating, where Fig. 5.11a was a sample heated at 140 °C/s to 754 °C and Fig. 5.11b shows a
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sample heated at 693 °C/s to 769 °C. The degree of recrystallization was determined th&DdQ EB
data analysis as 8 pct recrystallized for the 140 °C/s heating rate (Fig. 5.11a) and 6 stellizedyfor
the 693 °C/s heating rate (Fig. 5.11b). For the 140 °C/s heating rate (Fig. 5.11a), martas#ite is v
within former pearlite and also at boundaries within recovered ferrite, indicating thaistbaite
nucleated at those two locations. Carbides are located around the martensite, whether the austenite
nucleated at the former pearlite or within the recovered ferrite. For the 693 °C/s heat{Rigpr&d 1b),
no pearlite or carbides are visible despite only being 10 °C abavd s shows that austenite nucleated
very rapidly with a heating rate of 693 °C/s.
5.5.1 Location of Recrystallized and Recovered Ferrite

Figure 5.12 shows EBSD IQ maps selected to show the locations of recrystallized and recovered
ferrite within the microstructure. Heating rates of 0.3 °C/s (Fig. 5.12a), 1 °C/s (Fig. 5.12b)/2.4 °C
(Fig. 5.12c), 13.1 °C/s (Fig. 5.12d), 140 °C/s (Fig. 5.12e), and 693 °C/s (Fig. 5.12f) are shown. All
samples were heated to &€ 10 °C, which is 735 °C for 0.3 °C/s, 736 °C for 1 and 2.4 °C/s, 740 °C for
13.1 °Cl/s, 754 °C for 140 °C/s, and 769 °C for 693 °C/s. Recrystallized ferrite appears as lighite or
grey grains, recovered ferrite is dark grey, and martensite is black. Because austenite was found to
nucleate preferentially within the recovered ferrite regions, the locations of the recoveredderaffect
the distribution of austenite nuclei. Ferrite was fully recrystallized with the 0.3 °C/s hestng
(Fig. 5.12a). With the intermediate heating rates of 1, 2.4 and 13.1 °C/s, 88, 61, and 27 pct recrystallized
respectively, the remaining recovered ferrite is present in bands along the rolling dif€iggos.12b-
5.12d). With rapid heating rates of 140 °C/s (Fig. 5.12e) and 693 °C/s (Fig. 5.12f), there are small
recrystallized ferrite grains dispersed within the microstructure.
5.5.2 Summary and Discussion of Austenite Nucleation and Ferrite Recrystallization

For a microstructure consisting of carbides and recrystallized ferrite, as produced by heating at
0.3 °C/s to Ag+ 10 °C (Fig. 5.7), austenite nucleated along recrystallized ferrite grain boundaries.
Recrystallized ferrite boundaries were relatively equiaxed, and the spheroidized carbidesive
distributed, which led to an even distribution of austenite nuclei. For a microstructure consisting of
carbides and a small fraction of recovered ferrite (1 °C/s), austenite nucleated withinee¢errée and
along recrystallized ferrite boundaries. The spheroidized carbides in the 1 °C/s conditioataieed in
thin bands, which led to increased nucleation of austenite along the rolling direction ratheetitan ev
distributed throughout the microstructure. The remaining recovered ferrite was present im bla@ds i
microstructure, which also promoted austenite nucleation within localized regions whin th
microstructure.

For a microstructure consisting of carbides and approximately 30 pct recovered ferritdgp.4 °C

austenite nucleation occurred primarily around carbides within recovered ferrite, even though #ere wer
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many recrystallized ferrite boundaries available, indicating that austenite nucledezdrrally within
recovered ferrite. The preferential nucleation of austenite within recovered ferrite isetaterorbe due

to the energy of cold work driving the transformation, as well as the many subgrain boundariessacting
heterogeneous nucleation sites. Because recovered ferrite was retained in bands, austenite nucleation
occurred preferentially within bands along the rolling direction.

With a microstructure of partially spheroidized pearlite and a small amount of recrystallized
ferrite (13.1, 140, and 693 °C/s), austenite nucleated within former pearlite and along boundaress betwe
recovered ferrite or subgrain boundaries within the recovered ferrite. Because partially sgteroidiz
pearlite was retained in bands along the rolling direction, austenite nucleation occurreshfiaédfein
bands that coincided with the shape of the former pearlite colonies.

5.6 Interaction between Austenite Formation and Ferrite Recrystallization

The progress of recrystallization and austenite formation can be observed using EBSD IQ maps
and SEM micrographs which are shown in Figs. 5.13 (0.3 °C/s), 5.14 (1 °C/s), 5.15 (2.4 °C/s), 5.16
(13.1 °C/s), and 5.17 (140 and 693 °C/s). For the indicated heating rate in each Figure, part a shows a
high magnification SEM SEI image of a sample heated to+/AR0 °C and part b shows a lower
magnification EBSD IQ map for a sample heated t9+AB0 °C. All samples were immediately cooled
after reaching the peak temperatures. Table 5.1 summarizes the specific peak temperatures cised for ea
condition. Peak temperatures were selected in 20 °C increments to observe the effect of peakreemperatu
on austenite nucleation and growth. High magnification SEM micrographs are used for +h@0AwC
intercritical temperature because fine carbides were present at this temperature which aily not ea
observed in EBSD IQ maps and because the boundaries between recovered ferrite and martensite are
more clearly visible. Low magnification EBSD IQ maps are shown for the+&AO °C intercritical
temperature because of the good contrast between ferrite and martensite to clearly shovbthieuistri
of martensite in the heat treated microstructure. Samples were directly cooled after réachaakt
WHPSHUDWXUH 7KH UHFU\WWDOOL]J]HG IHUULWH DSEHMWD UV H\LWK JRI
grains. The deformed and recovered ferrite appears as dark grey and martensite is black. Tdpmyanisotr
index (Al) of the martensite within the microstructure was determined for the B@ °C conditions to
determine the degree of banding of the martensite (see Section 3.8.1).

Figure 5.13 shows an SEM SEI micrograph of a sample heated at 0.3 °C/s to755 °C (Fig. 5.13a)
and an EBSD IQ map for a sample heated to 775 °C (Fig. 5.13b). At 755 °C, martensite is present along
grain boundaries, and carbides are present within the recrystallized ferrite. At 775 °C, thes @abid
absent, and there is a greater fraction of martensite. The distribution of martereddévely equiaxed;
with an Al of 1.5. These images suggest that the carbides dissolved between 755 and 775 °C to feed

carbon to austenite which formed by growing along equiaxed, recrystallized ferrite boundaries.
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Figure 5.12 EBSD IQ maps after heating at rates of 0.3 °C/s (a), 1 °C/s (b), 2.4 °C/s (c),dd}, °C
140 °C/s (e), and 693 °C/s (f). All were heatedtg A0 f & DQG GLUHFWO\ FRROH
grains are recrystallized ferrite, grey features are recovered ferrite, and blackesite.
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Martensite

P

ND
ED
() (b)
Figure 5.13 SEM micrograph (etched in 2 pct Nital) for the 0.3 °C/s heated to 755 °C (a), and E
IQ map for 0.3 °C/s heated to 775 °C (b). The austenite grew along equiaxed grain boundaries
to an even distribution of martensite.

An SEM SEI micrograph (756 °C) and EBSD IQ map (776 °C) for samples heated at 1 °C/s are
shown in Fig. 5.14. At the 756 °C peak temperature (Fig. 5.14a), martensite is present alongizectystall
ferrite boundaries, and carbides remained within the recrystallized ferrite graifigs AT (Fig. 5.14b)
thin martensite bands were well-developed along ferrite boundaries, and carbides were absenty indicati
that heating to 776 °C resulted in complete carbide dissolution. The anisotropy index was found to be 2.0.
These thin bands of martensite are interpreted to be the result of austenite thabryeyveaih
boundaries with the thin carbide bands seen in Fig. 5.6b and Fig. 5.14a.

An SEM SEI micrograph (756 °C) and EBSD 1Q map (776 °C) for samples heated at 2.4 °C/s are
shown in Fig. 5.15. At 756 °C, martensite is present within the recovered ferrite regionsualith m
smaller martensite constituents at recrystallized ferrite grain boundaries. Carbigessant within the
recrystallized ferrite. At 776 °C (Fig. 5.15b), recovered ferrite is absent and theendseolh martensite
along the rolling direction; with an Al of 3.1 for the martensite. Austenite grew prefdisendithin the
bands of recovered ferrite which were elongated in the rolling direction. This led to Hnilngite
bands in the final ferrite-martensite microstructure.

An SEM SEI micrograph (760 °C) and EBSD IQ map (780 °C) for samples heated at 13.1 °C/s
are shown in Fig. 5.16. At the annealing temperature of 760 °C (Fig. 5.16a), martensite is present in bands
along the rolling direction. There is a small number of very fine carbides present. InSBel@Bnap of
the 780 °C condition (Fig. 5.16b) there is a mixture of martensite, recovered ferrite, rgathlier=d
ferrite. The Al of the martensite is 3.5, meaning the martensite is banded in the microstructure. Martensit

is present within recovered ferrite but is not found along recrystallized ferrite basdadicating either
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that (1) austenite grew preferentially in the recovered ferrite regions, and/or )\tmeltess time for
austenite to grow along the recrystallized ferrite boundaries because recrystalbizatirred
simultaneously with austenite formation. It is also apparent that austenite pinned rexrgdeiltite,

preventing ferrite from growing to the preferred equiaxed shape, maintaining the banded miarestruct

Thin martensite bandg

N

ND
RD
(a) (b)
Figure 5.14 SEM SEI micrograph (etched in 2 pct Nital) for the 1 °C/s condition heated to 756 °
and EBSD IQ map for 1 °C/s heated to 776 °C (b). The austenite grew along carbide bands loc:
grain boundaries elongated in the rolling direction leading to thin martensite bands.

Austenite grew 2 4
2 Martensite bands

N

\ Austenite grew within

recovered ferrite

ND
RD
(a) (b)
Figure 5.15 SEM micrograph (etched in 2 pct Nital) for the 2.4 °C/s condition heated to 756 fd |

EBSD IQ map for 2.4 °C/s heated to 776 °C (b). The austenite grew within recovered ferrite bar
leading to thick martensite bands.
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SEM micrographs (Ac+ 30°C) and EBSD IQ scans (Ae 50 °C) for 140 °C/s and 693 °C/s are
shown in Fig. 5.17. The 140 °C/s heating rate was used with intercritical temperatures of 774 °C
(Fig. 5.17a) and 794 °C (Fig. 5.17b). The 693 °C/s heating rate was used with intererteabtures of
769 °C (Fig. 5.17c) and 796 °C (Fig. 5.17d). These micrographs show a microstructure of recovered
ferrite with martensite present in bands along the rolling direction. The Al of the marfendioth
heating rates was found to be 2.8. In this case austenite growth along subgrain boundaries mgthe rolli
direction occurred after austenite nucleated at and consumed elongated pearlite, leadiegsaenar
bands.

—t Recovered ferrite
W

Pinned ferrite| ____

\

<+ Martensite T—»
ND
RD
@ (b)

Figure 5.16 SEM micrograph (etched in 2 pct Nital) for the 13.1 °C/s condition heated to 760 °C
and EBSD IQ map for 13.1 °C/s heated to 780 °C (b). The austenite grew in the rolling directior
recovered ferrite. Austenite pinned the recrystallized ferrite maintaining the banded ninituost

5.6.1 Summary of Austenite Growth Behavior and Martensite Distribution

A summary of the degree of martensite banding is shown in Table 5.5. The slowest heating rate,
0.3 °C/s, has the lowest Al at 1.5. The Al increased with heating rate to a peak of 3.5 with a heating rate
of 13.1 °C/s, then decreased to an Al of 2.8 at rapid heating rates of 140 °C/s and 693 °C/s. The change in
martensite banding with heating rate can be correlated to microstructural défeceming austenite
formation with the different heating rates. In a fully recrystallized microstrudBe’C/s), austenite
growth occurred along recrystallized ferrite grain boundaries at the equiaxed ferrite gealimgy to a
microstructure of evenly distributed martensite. With a heating rate of 1 °C/s, the 12locigaited
recovered ferrite and elongated carbide bands led to an increase in martensite banding for an Al of 2.0.
With intermediate heating rates of 2.4 and 13.1 °C/s, austenite grew preferentially within bands of
recovered ferrite which led to martensite bands for an Al of 3.1 and 3.5, respectively. With rapid heating

rates of 140 and 693 °C/s, austenite nucleated and consumed the elongated pearlite, and further growth
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occurred in a microstructure of recovered ferrite along subgrain boundaries in the rollitigrdatter
nucleation within former pearlite, for an Al of 2.8. The Al is likely lower for rapidihgattes than
intermediate heating rates because for intermediate heating rates the austeriteaigreacovered

ferrite bands, whereas with rapid heating the recovered ferrite was present throughout thelotizeostr
Growth still occurred preferentially in the rolling direction because of the dinadlty oriented recovered
ferrite with rapidly heated steels, but martensite banding was somewhat reduced because aostbnite g
was not functionally restricted to recovered ferrite bands.

Table 5.7 +Summary of Anisotropy Index (Al) for the Ferrite-Pearlitd/@-Nb Steel Heated at
Different Rates to Ac+ 50 °C and Directly Quenched.

Heating Rate, °C/s AC1 +50 °C A

0.3 775°C 15
1 776 °C 2
2.4 776 °C 31
13.1 780°C 35
140 794°C 238
693 806°C 28

5.7 Discussion of Interaction between Austenite Formation and Ferrite Recrystallization

There are two primary possibilities for the preferential nucleation and growmtisteinéte in
recovered ferrite rather than recrystallized ferrite grain boundaries. First, allaggon is slower in
Mn-rich areas because of solute drag, and austenite formation also occurs preferentiallycim dfeas.
Therefore, SIMS measurements of Mn were performed to test for Mn segregation to determine if Mn
segregation is the cause of recovered ferrite bands. The results of this analysis are shoien iB.&ect
Second, stored energy from cold work reduces the activation energy for austenite nucleation and provides
a greater density of favorable nucleation sites in the recovered ferrite because of the manyalsoundari
(Sections 2.4.2-2.4.3).

The elongated carbide bands or partially spheroidized pearlite in rapidly heated steel#helped
contributing to the formation of banded austenite leading to martensite bands in the quenched
microstructure. The preferential nucleation and growth of austenite within both elongated padrlit
recovered ferrite makes it difficult to separate the effects of elongated peatigéecold-rolled
microstructure from the effects of recovered ferrite. Heat treatments with steel syzeerpidor to cold-
rolling are explored in Section 6.4. The spheroidized microstructure allowed the study of lizetysta

effects on austenite nucleation independent of pearlite spheroidization.
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The banded austenite microstructure in the intercritical region was maintained in part through
austenite pinning ferrite boundaries (Fig. 5.16b), which led to ferrite grains with a rdatasttape,

elongated in the rolling direction.
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/ Martensite/
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Figure 5.17 SEM micrograph (etched in 2 pct Nital) for the 140 °C/s condition heated to 774 °C
and for the 693 °C/s heated to 769 °C (b). EBSD IQ map for 140 °C/s heated to 794 °C (b) and
693 °C/s heated to 806 °C (d). The austenite grew in the rolling direction within recoveted fer

5.8 Microhardness
Vickers microhardness data of the ferrite-pearlit!l&Nb processed with different heating rates
and intercritical temperatures are shown in Figure 5.18 and Table 5.8. Microhardness dabdaivexé
to study the effect of heating rate and microstructure on the resulting strength oflthdsstkeess data
as a function of peak temperature obtained at heating rates of 1, 2.4, and 140 °C/s are shown in Fig. 5.18a

and heating rates of 0.3, 13.1, and 693 °C/s are shown in Fig. 5.18b. Ferrite is the lowest strength phase,
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martensite has the highest strength, and deformed ferrite or recovered ferrite has an ateestnedgth.

Therefore Vickers microhardness is the result of the combination of these phases.
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Figure 5.18 Vickers microhardness evolution with increasing peak temperature. At medium hea
rates there was a drop in hardness from recrystallization. At low and high heating rates whemdit
recrystallization occurred, hardness increased with increasing martensite fraction.

Table 5.8 +tMicrohardness (Hv) Values for each Heating Rate and Intercritical Temperature.
Ac; + X°C 0.3°C/s 1°Cls 2.4°Cls
-10 167 %2 198 + 2 274 £ 2
10 1714 179+ 2 251+£5
30 235+8 203 +5 214 +5
50 2702 242 + 4 238+ 6
70 2767 264 + 4 255+ 6

Ac;+ X°C 13.1°C/s 140 °C/s Ac, + X °C 693 °C/s
-10 280+ 2 301+2 -10 327 %5
10 257%4 3075 10 326+4
30 270+6 320+ 4 40 3575
50 275%4 350+ 2 50 327 +5
70 2875 321+7 80 320+6

For the lowest heating rate, 0.3 °C/s, there was a small increase in hardness betwéd@r&c
(715 °C) and Agc+ 10 °C (735 °C) from the small fraction of martensite at#&0 °C, then a strong

increase in hardness to A€ 30 °C (755 °C) as the martensite fraction increased, followed by smaller
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increases in microhardness leading to the final intercritical annealing temperahgietof0 °C
(795 °C).

For 1 °Cl/s, there was a small decrease in hardness from1&c °C (716 °C) to Ac+ 10 °C
(736 °C) from ferrite recrystallization, followed by an increase in hardness as annelpeydture
increased due to the increasing martensite fraction. For 2.4 °C/s, hardness decreased over a larger
temperature range than the 1 °C/s heating rate, between 716,°@1@EC) and 756 °C (Act 30 °C),
because of recrystallization (only 26 pct recrystallized at 2 °C), and an insufficient amount of
martensite was present to make up for the hardness lost due to ferrite recrystallization: <1,p€t at Ac
10 °C and 7 pct at Ac+ 30 °C. Hardness increased between#80 °C and Ac+ 70 °C (796 °C)
because of increasing martensite fraction, from 7 pct to 28 pct. For 13.1 °C/s, there was a ssaa# decr
in hardness due to ferrite recrystallization between 0 °C (720 °C) and Act 10 °C (740 °C),
between 22 and 27 pct recrystallized, then hardness increased slowly with increasing annealing
temperature. For this heating rate, austenite formation was rapid enough that recrigstaliast
suppressed, and the martensite fraction increased enough to increase hardness despite the small amount of
recrystallization that occurred with increasing temperature. The degree of réizatgialincreased to 48
pct by Ag + 50 °C, while the fraction of martensite was 12 pct at+A80 °C, 25 pct at Ac+ 50 °C, and
43 pct at Ag+ 70 °C.

For samples heated at 140 °C/s, the hardness increased with annealing temperature from the
increase in martensite fraction, but decreased at the highest annealing temperature (804y°C), likel
because of ferrite recrystallization. For 693 °C/s, the hardness changed little with inceyagiegature
because both martensite and recrystallized ferrite increased with peak temperatureatEndrgction of
martensite increased the strength, but the greater fraction of recrystallizeddecreased the strength.
5.8.1 Microhardness Summary

At the lowest temperature, Act10 °C, the hardness was greatest at the highest heating rates due
to there being less time for ferrite recrystallization and pearlite spheroidization. Fommeghiting rates,
there was a decrease in hardness with increasing peak temperature from ferrite reatigstédilowed
by an increase in hardness as the martensite fraction increased. For heating rates of 0.8/8C/s, 1 °
2.4 °Cl/s, and 13.1 °C/s, the hardness of each condition converged at higher peak temperatures because
they all are largely recrystallized and have similar fractions of martensite. For high hatsgire
hardness increased from increasing martensite fraction, while little ferrite adiczgibn occurred to
decrease the strength of the steel.

5.9 Summary
The change in austenite formation behavior leading to martensite banding with rapidly heated

cold-rolled steel comes from two primary factors:

98



1) Changes in cementite distribution and morphology. Austenite nucleation occurred in carbon-rich
areas, so cementite morphology and distribution affected the final martensite distribution.

a. Slow heating rates allowed time for pearlite to spheroidize leading to an even
distribution of carbides for austenite nucleation.

b. Medium heating rates led to spheroidized carbides that remained in bands in the rolling
direction.

c. High heating rates led to a microstructure of elongated pearlite or partially spheroidized
pearlite.

2) Austenite nucleated and grew preferentially along boundaries in recovered ferrite.

a. With slow heating rates the ferrite was fully recrystallized so austenite nucleated and
grew along equiaxed ferrite grain boundaries leading to an equiaxed distribution of
martensite.

b. With medium heating rates, recovered ferrite was present in bands along the rolling
direction. Austenite grew preferentially within the recovered ferrite rather tbag al
recrystallized ferrite boundaries. The recovered ferrite existed in bands folltheing
rolling direction leading to martensite bands.

c. With high heating rates, very few equiaxed ferrite grain boundaries were available for
nucleation and growth, so austenite grew in the rolling direction along the directionally-

oriented recovered ferrite.
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CHAPTER 6
EFFECTS OF HEAT TREATMENT AND MICROSTRUCTURE VARIABLES ON RAPIDLY
HEATED COLD-ROLLED STEEL

Several questions remained on how to interpret certain transformation behavior inteie ferr
pearlite CMn-Nb steel observed and analyzed in Chapter 5. First, because recrystallization and pearlite
spheroidization occurred during heating, it was difficult to separate the effects of hatgifrgm
microstructural changes before austenite formation. This question was in part solved by adding two types
of tests: step heat treatments and spheroidization heat treatments prior to cold todliseprheat
treatments used either slow heating to achieve complete recrystallization and pearliidigptieno
prior to Ac, or rapid heating to minimize microstructure changes prior {o &fter initial heating, to just
below Ag the heating rate was changed and samples were heated to pre-determined intercritical
temperatures followed by immediate quenching (0 s hold time). The selected heat treatments and
subsequent analyses are described in Section 6.1. For the second set of experiments, spheroidization heat
treatments were performed on the hot-rolled steel prior to cold rolling so that the cemehttbexdted
steel would be spheroidized regardless of heating rate, and thus, the effect of feystallieation on
austenite formation could be isolated from the effects of different degrees of pearlitedipditiooi
These steels were then heat treated with selected heating parameters used with the feteitetgedarli
studied in Chapter 5 for a direct comparison between the two different prior micnastsudthis series
of heat treatments and results from analyses are described in Section 6.4.

The second question remaining from the research presented in Chapter 5, was: What happens if a
hold time in the intercritical region is used? Is the austenite banding reduced by allowingy time f
austenite to grow along newly recrystallized ferrite boundaries? Therefore experiments witmettnel
intercritical region after heating with different rates were performed to comparehwittiréctly
guenched experimental conditions. A single heating rate was used for heat treatment (no step heating),
followed by a hold to achieve nominally 30 pct austenite. The selected heating rates and hold times
followed by metallographic analysis and comparison are shown in Section 6.2.

The third question that was explored was: How does the Mn distribution in the microstructur
affect the formation of martensite bands? It had been proposed [6.1] that areas of higher Mrationcent
exhibited slower recrystallization kinetics leading to bands of recovered ferrite whieneiteus
preferentially formed. Therefore, SIMS analysis was performed to measure the Mn distributions for
correlation with areas which corresponded with bands of unrecrystallized ferrite in pagtiafistallized

microstructures. See Section 6.3 for the results of SIMS analysis.
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6.1 Step Heating Annealing Treatments

The use of step heating treatments provided a means to separate the fundamental effects of
heating rate on transformation response from differences in the microstructure preseatgustenite
formation on the distribution of martensite after quenching. The effects of step heatirticah cri
temperatures, Aand Ag, were determined from dilatometry analysis on samples heated at 0.3 °C/s to
715 °C followed by heating to 1100 °C at rates between 2.4 °C/s and 693 °C4e.dA&g temperatures
obtained on step-heating samples were compared to critical temperatures measured en sample
continuously heated to 1100 °C at a range of heating rates (Section 5.4). The effects of step heating on
austenite formation were evaluated with two sets of experiments shown schematically in Fig. 6.1. With
slow heating to Ag- 10 °C (715 °C) followed by rapid heating to the intercritical temperature, designated
slow-fast heating (Fig. 6.1a), spheroidization and recrystallization occurred prior toeticeitictl region
so that the microstructure consisted of spheroidized carbides and recrystallized fernitg Heating
rate as the only difference between austenite formation behaviors. With rapid heatingHi0&RE
(734 °C) followed by slow heating, designated fast-slow heating (Fig. 6.1b), the same micrestiuctu
recovered ferrite and pearlite was present prior to slow heating into the interogigical. Peak
temperatures were Ae 50 °C for continuous heating kinetics of the final heating rate (Table 5.1), which
was 775 °C for 0.3 °C/s, 776 °C for 1 °C/s and 2.4 °C/s, 780 °C for 13.1 °C/s, 794 °C for 14mdcC/s,
809 °C for 693 °C/s.
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Figure 6.1 Schematic representation of the step heat treatments employed with slow heating to
followed by fast heating (a) and fast heating to 734 °C followed by slow heating (b). For all heat
treatments, samples were quenched after the maximum temperature was reached, as indicatec
arrows.
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6.1.1 Austenite Transformation Kinetics

Table 6.1 compares austenite transformation temperatures between continuous heating with a
single heating rate and slow-fast step heating with the ferrite-peafite-Bb steel (Section 3.1.2).
Slow-fast step heated samples were heated at 0.3 °C/s to 715 °C, followed by heating rates of 2.4, 13.1,
140, and 693 °C/s. Both Aand Ag were greater with step heating than with continuous heating for all
but one condition (Acfor sample processed at 13.1 °C/s), indicating that the formation of a spheroidized
and recrystallized microstructure prior to transformation suppressed austenite transfokimatics. The
lower Ac, and Ag of the continuously heated condition is interpreted to be due to austenite formation
being driven by the retained energy of cold work. Increased heating rate led to increased tramsformat

temperatures, regardless of starting microstructure.

Table 6.1 +Comparison between Austenite Transformation Temperatures of Step and Continuous Heated

Samples.
Heating Rate Ac; (°C)  Acs3(°C)
0.3 °C/s to 715 °C, 2.4°C/s to 1100 739 902
2.4°C/s to 1100C 732 896
0.3 °C/sto 715 °C, 13.1°C/s to 110D 751 894
13.1°C/s to 1100C 731 896
0.3 °C/s to 715 °C, 140°C/s to 110D 758 909
140°C/s to 1100C 743 902
0.3 °C/s to 715 °C, 693°C/s to 110D 787 926
693°C/s to 1100C 758 894

6.1.2 Microstructure Evolution during Step Heating

Figure 6.2 shows SEM SEI micrographs for slow-fast step heating treatments. All samples were
heated at 0.3 °C/s to 715 °C, followed by heating at 2.4 °C/s to 776 °C (Fig. 6.2a), 13.1 °C/s to 780 °C
(Fig. 6.2b), 140 °C/s to 794 °C (Fig. 6.2c), or 693 °C/s to 809 °C (Fig. 6.2d). High magnification
micrographs of the 2.4 °C/s and 140 °C/s heat treatments are shown in Figs. 6.2e and 6.2f, respectively.
All microstructures are made up of martensite, recrystallized ferrite, and carbides. Theitaartens
fraction, as determined with point cointing, is 38 pct for 2.4 °C/s (Fig. 6.2a), 14 pct for 13.1 °C (Fig.
6.2b), 34 pct for 140 °C/s (Fig. 6.2c), and 23 pct for 693 °C/s (Fig. 6.2d). The intercritical temgserat
were selected relative to Aof continuous heating kinetics rather than selected based on measpred ste
heating kinetics, which led to the different martensite fractions.

The martensite fractions are similar for the conditions step heated at 2.4 °C/s (Fig. 6.2a) and

140 °C/s (Fig. 6.2c), 38 and 34 pct, respectively, but with heating rates that are two orders of magnitude
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apart, so those conditions are compared below. There are more retained carbides in the 140 °C/s sample
than the 2.4 °C/s sample, which is interpreted to be from less time available for carboordiffusi

The anisotropy index (Al) of martensite is 1.5 for the 2.4 °C/s condition (Fig. 6.2a) and 1.6 for
the 140 °C/s condition (Fig. 6.2c), indicating that heating rate did not appreciably impastribetin
of martensite. It was interpreted that the martensite distribution primarily dependedreanrttstallized
ferrite-spheroidized carbide microstructure. The microstructures of samples dtebdet! °C/s (Fig.
6.2b) and 693 °C/s (Fig. 6.2d) are similar to the 140 °C/s condition (Fig. 6.2c) but havertesisersf of
martensite.

Figures 6.2e (2.4 °C/s) and 6.2f (140 °C/s) are high magnification micrographs to show the
martensite-ferrite interface of step-heated samples with different final heati®sg The 2.4 °C/s heat
treatment led to a smooth interface between martensite and ferrite; however, the 140 t&athesaitt
led to many uneven interfaces between martensite and ferrite. The difference between eaBatetesit
interfaces of slowly and rapidly heated samples is interpreted to be due to the time availablerfite aust
formation prior to quenching. With slow heating, the energy of the interface is reduced eyavitm
rapid heating, there is insufficient time for the energy of the interface to be redumaghtsurface area
reduction.

Figure 6.3 shows SEM SEI micrographs for the fast-slow step heating annealing treatments.
These samples were heated at 140 °C/s to 734 °C followed by heating at 0.3 °C/s to 775 °C (Fig. 6.3a) or
1 °C/sto 776 °C (Fig. 6.3b). For comparison, a sample heated continuously at 0.3 °C/Ads/&tHwn
in Fig. 6.3c, and a sample continuously heated at 140 °C/s to 794 °C is shown in Fig. 6.3d. Table 6.2
shows the Al of the martensite for each heat treatment. The step heated samples (Figs. 6.3a-6.3b) and the
continuously heated 0.3 °C/s (Fig. 6.3c) samples all have microstructures of martensiteyatallized
ferrite. The continuously heated 140 °C/s sample (Fig. 6.3d) has a microstructure of recortreshée
martensite. Both of the fast-slow heated (Figs. 6.3a-6.3b) microstructures have an Al of 2.9 which is
similar to the continuously heated 140 °C/s sample (Fig. 6.3d) which has an Al of 2.8. The sample heated
continuously at 0.3 °C/s (Fig. 6.3c), however, has much less banded martensite with an Al of 1.5. The
difference in banding between these heat treated samples was related to the microstictare pri
austenite formation, rather than heating rate. The slow-fast heated sample had a microstructure of
recrystallized ferrite and spheroidized carbides prior to austenite formation, whtotaléalv Al. The
fast-slow heated sample had a microstructure of recovered ferrite and partially spheroiditegpea
to austenite formation, leading to a high Al.

6.1.3 Step Heat Treatments Summary
The step heat treatments show that for the formation of martensite banding, the micrestructu

prior to austenite formation (Axis more important than heating rate itself. A microstructure of
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Figure 6.2 SEM SEI micrographs of the ferrite-pearlitsl@-Nb steel heat treated using a heating r
of 0.3 °C/s to 715 °C, followed by heating at 2.4 °C/s to 776 °C (a, €), 13.1 °C/s to 780 °C (l©)/sl
to 794 °C (c, ), and 693 °C/s to 808 (d). The samples were directly cooled after reaching the pe
temperature. The martensite distribution was largely unchanged by heating rate. Etched ina2. pc
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Table 6.2+Anisotropy Index (Al) of Martensite for Fast-Slow Step Heated Samples Compared with
Continuously Heated Samples.
Heat Treatment Al
140°C/s to 734°C-0.3°C/s to 775°C 2.9
140°C/s to 734°C-1°C/s to 776°C 2.9
140°C/s to 794°C 2.8
0.3°C/s to 775°C 1.5

ND

(a) (b)

[
ED

(©) (d)
Figure 6.3 SEM SEI micrographs for ferrite-pearlitdé/@-Nb samples heated at 140 °C/s to 734 °C
followed by 0.3 °C/s to 775 °C (a) or 1 °C/s to 776 °C (b) and comparison continuous heated sa
heated at 0.3 °C/s to 775 °C (c) and 140 °C/s to 794 °C (d). Al = 2.9 for (a), 2.9 for (b), 1.5 for (

2.8 for (d). Etched in 2 pct Nital.

spheroidized carbides and recrystallized ferrite (i.e. produced by a slow-fast heatingedytdedn even
distribution of martensite, whereas a microstructure of elongated pearlite and recovered deaite (
result of fast-slow heating cycle) led to bands of martensite. These microstructuresatevei@pdless

of the heating rate in the intercritical region.
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6.2 Isothermal Annealing Treatments

All heat treatments performed in the heating rate study described in Chapter 5 wtititiedaus
heating, followed by direct quench after reaching the final annealing temperature, whicuriesult
banded martensite microstructure with rapid heating. To evaluate the potential evolution of martensite
banding with annealing time, heat treatments were performed with a hold at intercritical annealing
temperatures, and analysis of the resulting microstructures was completed.
6.2.1 Isothermal Austenite Formation Kinetics

Isothermal austenite transformation kinetics were calculated using the lever rule watmelitgit
(Section 3.3.2) to determine heat treatments to achieve a similar fraction of marfEmsiaustenite
transformation kinetics are shown in Fig. 6.4. For each condition, the steel was heated at the iatécated r
until the isothermal temperature and held for 1000 s. Figure 6.4a shows isothermal hold temperatures of
nominally 735 °C and Fig. 6.4b shows isothermal hold temperatures of nominally 755 °C. The
transformation temperatures were selected based on the temperatures utilized for One Hnalditi
treatments described in Chapter 5, to compare the evolution of microstructure between 0 s and after a hold
at the intercritical annealing temperature. The caus&H 3GLSV" LQ WKH DXVWHQLWH IRU
related to a reduction in austenite fraction. The dips occur periodically with a fixed timmisviee
regardless of heating rate, and are therefore interpreted to be due to the experimental tecplugee. em
The rate of austenite formation was faster with both higher annealing temperature and htgiteratiea
Possible explanations for why the austenite transformation kinetics increased with higher heatiaig rat
varied, and discussed in Section 2.4.4, but include superheat, more diffusion paths and nucleation sites
within recovered ferrite, or a shift from nucleation and growth to diffusionless aediamisformation.
6.2.2 Isothermal Austenite Formation Microstructure

Isothermal anneal heat treatments were selected to achieve approximately 30 pct austenite before
guenching, with the hold time for each heating rate obtained from the data in Fig. 6.4. Selected heat
treatments are shown schematically in Fig. 6.5. Figures 6.6-6.8 show SEM SEI micrographs of
intercritically annealed samples after heating at 2.4, 13.1, and 140 °C/s, respectively. Figure 6.6
represents microstructure developed after heating with a rate of 2.4 °C/s, Fig. 6.7 a heating rate of
13.1 °C/s, and Fig. 6.8 a heating rate of 140 °C/s. In Figs. 6.6-6.7 the evolution of microstructure with
temperature is shown at high magnification in (a) and (b), then low magnification imagesvangs
compare the degree of banding between continuously heated and isothermally annealed samateks in (c)
(d), and high magnification images of the samples shown in (c) and (d) are shown in (e) and (f) to
compare differences in the distribution of martensite relative to recovered ferrite sullgradaries and
recrystallized ferrite grain boundaries. The 140 °C/s condition in Fig. 6.8 represemliffénent

isothermal hold temperatures, 734 °C and 754 °C. High magnification images showing the evolution of
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the microstructure with temperature are shown in Figs. 6.8a and 6.8b, low magnification images of the
two intercritically annealed conditions are shown in Figs. 6.8c and 6.8d to compare differences in the
degree of martensite banding, and high magnification images of the two intercriticalllednnea

conditions are shown in Figs. 6.8e and 6.8f to compare the distribution of martensite relative to recovered
ferrite subgrain boundaries and recrystallized ferrite grain boundaries.

Table 6.3 shows the Al of each heat treatment to compare the degree of martensite banding
between the different heat treatments. The Al is lower for the samples held at thdig#keacmealing
temperature than those samples directly quenched from the intercritical tempelfatigtefences in
microstructure which led to the different Al values are discussed below along witdsfieetive
micrographs. Table 6.4 shows the martensite fraction determined with quantitative metallograaiai f
of the intercritically annealed samples. The martensite fraction is higher thanithatexsty analysis of
dilatometry, which is related to the observed dips. Without the dips the estimated austetigie fould
have been higher, and would therefore have been closer to the final martensite fraction.

0.6 . I . I T O r——T—T71 T T T
693 °C/s 734 °C 13.1 °C/s 760 °C

£04 £ 04 | 140 °C/s 754 °C

s 140 °C/s 734 °C 5

< <

S= B=

8 2 2.4 °C/s 756 °C 7

5 [3.1°C/s740°C | 8

= T 5 o o _

< 02 24 OC/S 736 oc < 02 03 C/S 755 C
0.3°C/s735°C 7

0 1 I 1 I 1 I 1 I 1 0 I 1
0 200 400 600 800 1000 0 400 800 1200
Time (s) Time (s)

(a) (b)

Figure 6.4 Austenite formation with time at indicated temperature after heating at diffezent rat
Austenite formation was faster with higher intercritical annealing temperaturghar ieating rate.

Figure 6.6 shows micrographs of samples heated with a rate of 2.4 °C/s. Figure 6.6a shows a
sample heated to 756 °C and directly quenched. This microstructure shows 89 pct recrystallized ferrite
with martensite surrounded by recovered ferrite and a lesser amount of martensite alongizecrysta
grain boundaries, which indicates that austenite growth occurred primarily within thenestéerrite.

With a sample directly quenched from 776 °C (Fig. 6.6b), recovered ferrite is largely absent and
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martensite is present in bands along the rolling direction. With a sample directly quenched fr@n 796 °
(Fig. 6.6¢, 6.6e), martensite is present in bands along the rolling direction (Al = 3.3), along with
recrystallized ferrite. With a sample held at 756 °C for 1000 s (Fig. 6.6d, 6.6f), martensiteig pri¢h

an Al of 2.6, along with recrystallized ferrite. The Al of the sample heated to 796 °C and directly
guenched is greater than the Al of the sample heated to 756 °C and held for 1000 s (Table 6.3), indicating
that a hold at a lower intercritical annealing temperature led to less martensite basdiagnAn the

Figs. 6.6a-b, austenite grew preferentially in the recovered ferrite regions at the early stagesit# aus
formation. With a long hold at 756 °C, further austenite growth occurred on recrystallized ferri

boundaries which led to a lower Al; however, the banding was not completely eliminated, as the original
bands of austenite were not removed through further growth along equiaxed boundaries.
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Figure 6.5 Schematic representation of the intercritical annealing heat treatments.efonesemt
guenching.

Figure 6.7 shows micrographs of samples heated at 13.1 °C/s. The microstructure for a sample
heated to 740 °C and directly quenched (Fig. 6.7a) consists of 27 pct recrystallized feriatly; parti
spheroidized pearlite, and recovered ferrite with small martensite constituentbalomaries within the
recovered ferrite. A sample heated to 760 °C and directly quenched (Fig. 6.7b) consists of 38 pct
recrystallized ferrite, martensite and recovered ferrite, and much of the pearlite visilge6.7a is
albsent. A sample heated to 780 °C and directly quenched (Fig. 6.7d, 6.7f) consists of martensite with
recovered ferrite and 48 pct recrystallized ferrite. The majority of the martensigsénparound
recovered ferrite rather than along recrystallized ferrite boundaries. The Al of the directlyegliench

780 °C sample is 3.5. The sample heated to 740 °C and held for 768 s (Fig. 6.7c, 6.7e) contains
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Figure 6.6 SEM SEI micrographs for ferrite-pearlitd/@-Nb samples heated at 2.4 °C/s to 756 °C
and directly quenched (a), to 776 °C and directly quenched (b), to 796 °C and directly quenchet
and to 756 °C for 1000 s (d, f). The Al of (c) is 3.3 and the Al of (d) is 2.6, so a longer hold at lo
intercritical temperature led to less martensite banding. Etched in 2 pct Nital.
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Figure 6.7 SEM SEI micrographs for ferrite-pearlité/@-Nb samples heated at 13@/s to 740 °C
and directly quenched (a), to 760 °C and directly quenched (b), to 740 °C and held for 768 s (c,
to 780 °C and directly quenched (d, f). The Al of (c) is 3.5 and the Al of (d) is 2.8, so a longer hc
lower intercritical temperature led to less martensite banding. Etched in 2 pct Nital.
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Figure 6.8 SEM SEI micrographs for ferrite-pearlitdi@-Nb samples heated at 140 °C/s to 754 °C
and directly quenched (a), to 794 °C and directly quenched (b), to 734 °C for 399 s (c, e), and t
754 °C for 86 s (d, f). The Al in (b) is 2.8, (c) is 2.7, and (d) is 2.6, so heat treating with a lower
intecritical temperature for longer time led to less martensite banding. Etched in 2 pct Nita
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Table 6.3+Anisotropy Index (Al) for Heat Treatments with Different Hold Times at Intercritical
Temperature.

Heat Treatment Al

2.4°C/s 796°C , held forO s 3.3
2.4°C/s 756°C, held for 1000s 2.6
13.1°C/s 780°C, held for 0 s 3.5
13.1°C/s 740°C, held for 768 s 2.8
140°C/s 794°C, held for 0 s 2.8
140°C/s 754°C, held for 86 s 2.7
140°C/s 734°C, held for 399 s 2.6

Table 6.4+Martensite Fraction for Each of the Intercritically Annealed Samples Determined with
Quantitative Metallography.

Heat Treatment Martensite Fraction

2.4°C/s 756°C, held for 1000 s 0.43
13.1°C/s 740°C, held for 768 s 0.42
140°C/s 754°C, held for 86 s 0.44
140°C/s 734°C, held for 399 s 0.45

recrystallized ferrite and martensite, with an Al of 2.8. Therefore it is apparent thaehéaents at a
lower intercritical annealing temperature and a longer hold time led to a reduced Al, but banded
martensite was still present. With the sample directly quenched from 780 °C (Figs. 6.7d and 6.7f),
austenite formation occurred primarily within a microstructure of recovered ferritejthud sample
held at 740 °C for 768 s (Figs. 6.7c and 6.7e), ferrite recrystallized and allowed some austamniténto f
the presence of recrystallized ferrite boundaries. The reduction in Al appears to be froneausteni
formation along recrystallized ferrite boundaries which were not directionally orieotagl thle rolling
direction. However, the initially formed austenite bands were present even after thetheld at
intercritical temperature.

For the sample heated at 140 °C/s to 754 °C and directly quenched (Fig. 6.8a), the microstructure
contains 8 pct recrystallized ferrite, martensite, recovered ferrite, and partially dpteatqiearlite. The
sample heated to 794 °C and directly quenched (Fig. 6.8b) contains 13 pct recrystallized ferrite,
martensite, and recovered ferrite. The samples heated 734 °C for 399 s (Fig. 6.8c, 6.8e) was 96 pct
recrystallized and the sample held at 754 °C for 86 s (Fig. 6.8d, 6.8f) was 87 pct recrystallized. The
sample heated at 140 °C/s to 794 °C and directly quenched had an Al of 2.8, the sample heated to 754 °C
for 86 s had an Al of 2.7, and the sample heated to 734 °C for 399 s had an Al of 2.6. Therefore, the
longer the hold at intercritical annealing temperature, the lower the degree of matianding. More
time at intercritical annealing temperature meant more time for austenite formatierpiresence of

equiaxed, recrystallized ferrite boundaries. With austenite formation along equiaxed bourdaries, t
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degree of banding is less than that of austenite formed in a microstructure of directionalgdporient
recovered ferrite.
6.2.3 Discussion of the Impact of Hold Time at Intercritical Annealing Temperature on Austete

Distribution

The reduction in martensite banding with a hold at intercritical temperature, as evidemaced by
comparison of Al values in Table 6.3, was greater for the 2.4 and 13.1 °C/s heating rates than the
140 °C/s heat treatments. The reduction in banding was less for the rapidly heated sahmgle for t
reasons. First, the degree of banding in the directly quenched samples was greater for the two lower
heating rates, so more reduction in Al was possible with a hold at intercritical temperature. thecond,
hold times used to achieve the desired martensite fraction were shorter for the rapidlydmeples s
because of the faster intercritical austenite formation kinetics, so less time was evailabktenite to
form along newly recrystallized ferrite boundaries. Third, the rapid intercritical @estemation
kinetics of the 140 °C/s heating rate meant much of the austenite formation occurred within a few seconds
of reaching the intercritical temperature, where little time had passed for rezgstail
6.3 SIMS Measurements of Mn Distribution

Manganese slows ferrite recrystallization through solute drag, so ferrite recrystailizati
preferentially occurs in areas of lower Mn content [6.2]. A previous study [6.1] inditeteldands of
Mn contribute to martensite banding formation in rapidly heated cold-rolled steels becasshitd
drag within bands of high Mn leads to bands of recovered ferrite and austenite formation at@ss in
locations either because 1) Mn segregated regions also create preferential areas far fanstatidn, or
2) recovered ferrite serves as a preferential location for austenite formationofdneted ferrite-pearlite
C-Mn-Nb steel was studied with SIMS analysis to measure the Mn distribution.

The ferrite-pearlite @4n-Nb steel was studied using samples heat treated at 2.4 °C/s to 736 °C
and 13.1 °C/s to 780 °C. Both were heated with a single heating rate and then directly quenched from the
intercritical temperature (0 s hold time). Figure 6.9 shows EBSD IQ maps of the 2.4 °Ci®odRdlj.
6.9a) and the 13.1 °C/s to 780 °C (Fig. 6.9b) These heat treatments were chosen because the samples
exhibited partially recrystallized microstructures and the recovered ferrite was locdtedbaiids along
the rolling direction. Martensite was also present within the recovered ferrite.

SIMS scans are shown in Figs. 6.10 (200 x 200 um) and 6.11 (50 x 50 um). The 2.4 °C/s to
736 °C condition is shown in Figs. 6.10a-6.10b and 6.11a-6.11b, and the 13.1 °C/s to 780 °C condition is
shown in Figs. 6.10c-6.10d and 6.11c-6.11d. The images on the left show the Fe+ distribution and the
images on the right show the Mn+ distribution after normalization to Fe+. The distribution of kst var
because the yield of sputtering varies with different crystal orientations [6&jefbre, the effect of

crystal orientation on the Mn+ distribution can be removed if Mn+ is normalized to Fe+. SEM SEI
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images of each condition to view the MnS are shown in Fig. 6.10e (2.4 °C/s 736 °C) and Fig. 6.10f
(13.1 °C/s 780 °C). The areas in SEM images are shown with squares in the SIMS scans in
Figs. 6.10b-6.10c. In each image linear features, highlighted by arrows, are discussed below.

Large 200 x 200 um area scans (Fig. 6.10) were performed to assess the broad distribution of Mn.
In both samples Mn appears to be evenly distributed outside of some elongated, high concentration Mn
areas that are along the rolling direction. To investigate those high concentration areaseamdhi®
fine-scale Mn distribution in the bulk, Fig. 6.11 shows 50 x 50 pm scans, at the same magnification as for
the EBSD scans in Fig. 6.9. The Fe+ scan in the 2.4 °C/s 736 °C condition (Fig. 6.11a) shows orientation-
dependent variations between grains and a black color in the Mn-concentrated areas, indic#iag tha
concentration of Fe+ was lower in these areas. These Mn-concentrated features were analyzed with SEM
SEI| observations (Figs. 6.10e-f). These features were found to be a different structure than t
surrounding matrix, are oriented parallel to the rolling direction, and appear to be sirfélaiures
previously found to be MnS [6.4Apart from the features interpreted to be MnS stringers, the Mn
distribution is essentially uniform for both samples.

Figure 6.12 shows line scans which were performed across the normal direction of the
50 x 50 um scans to analyze the quantitative measurement of Mn across the surface. Segregation of Mn
outside of the MnS is indistinguishable from noise; i.e. the Mn distribution is essemtiddiym. There
are some outlier Mn values, but these are small points (<1 um) visible in the area scans, whigé potenti
Mn segregated regions were expected to be several microns wide to coincide with the recovered ferrite
bands.
6.3.1 Manganese Distribution Summary

The measured Mn distribution was uniform, so recovered ferrite bands were not found to be the
result of Mn segregation. Therefore, either banded martensite can be the result of raygjdulitbed
homogenous distribution of Mn, or other techniques would be necessary to confirm the presence of Mn
segregation. More analysis would be required to confirm how recovered ferrite bands form in a
microstructure of homogeneous Mn. However, preferential austenite formation within recovétesd ferr
can still be explained without Mn segregation. Austenite formation occurred preféyenitiain
recovered ferrite because of the many heterogeneous nucleation sites provided by subgrain boundaries
and because the retained energy from cold work reduced the activation energy required for austenite
formation, rather than because of preferential austenite formation within Mn-coregmégions.
6.4 Rapidly Heated Ferrite-Spheroidized Carbide Steels

In Ferrite-Pearlite steels martensite banding was found to increase with heating rate because of
two primary factors. First, with high heating rates there was less time for spheioigizataustenite

nucleated and consumed elongated pearlite contributing to austenite banding. Second, austenite
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Figure 6.9 EBSD IQ maps of the samples chosen for SIMS analysis. The 2.4 °C/s heat treatme!
736 °C is shown in (a), and 13.1 °C/s to 780 °C is shown in (b). These samples were chose for
analysis because of the distinct recovered ferrite bands, which were expected to have a higher
concentration of Mn.

preferentially grew in the rolling direction within recovered ferrite bands. Because of ibeltiff
distinguishing between the effect of pearlite spheroidization and interactions betugtenite formation
and ferrite recrystallization, a processing route (Section 3.1.2) was developed to achigwvgya star
material of a cold-rolled ferrite-spheroidized carbide microstructure.

Figure 6.13 shows SEM SEI micrographs comparing the cold-rolled microstructure of the ferrite-
spheroidized carbide steel and ferrite-pearlite steel. Both conditions have deformedTkeriterrite-
pearlite steel (Fig. 6.13a, 6.13c) has pearlite elongated in the rolling direction, and thesjidreitoidized
carbide steel (Fig. 6.13b, 6.13d) has relatively well distributed, spheroidizedesarbid
6.4.1 Austenite Transformation Kinetics

Transformation temperatures for the ferrite-spheroidized carbide and ferriteepstadis were
both determined using analysis of dilatometry. The measuredr&cAg temperatures are shown in
Table 6.5. Despite the different prior microstructures, for each heating rate austenitenaiiif
temperatures were very similar between the two conditions, usually within £ 3 °C. Thehefoea c
annealing temperatures relative to,Aere the same for each condition.
6.4.2 Ferrite Recrystallization Kinetics

Heating rates of 0.3, 2.4, 13.1, and 140 °C/s were selected based on transformation kinetics of the
ferrite-pearlite prior microstructure studied in Chapter 5. Each heating rate was usedendtitical
temperatures of Ac£10 °C, Ag + 10 °C, and Ac+ 50 °C, with Ag experimentally predicted using
analysis of dilatometry of the ferrite-pearlite steel with heating rates of 1, 10, 100, antCI1€.0Dhe
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Figure 6.10 SIMS scans with an area of 200 x 200 um for samples heated at 2.4 °C/s to 736 °C
and 13.1 °C/s to 780 °C (c-d). Fe+ scans are on the left and the normalized Mn+ scan is on the
SEM SEl images of areas with MnS are shown for the 2.4 °C/s condition (e) and 13.1 °C/s (f). T
a homogeneous distribution of Mn except for the presence of MnS stringers. Rolling direction in

by the arrow.
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(@) (b)

(c) (d)
Figure 6.11 SIMS scans with an area of 50 x 50 um for samples heated at 2.4 °C/s to 736 °C (e
13.1 °C/s to 780 °C (c-d). Fe+ scans are on the left and the normalized Mn+ scan is on the righ
is a homogeneous distribution of Mn except for the presence of MnS stringers. Rolling direction
indicated by the arrow.
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Figure 6.12 SIMS scans (a, ¢) with an area of 50 x 50 um and line scans (b, d) for samples hea
2.4 °C/s to 736 °C (a-b) and 13.1 °C/s to 780 °C (c-d). The MnS in the line scan is pointed out t
arrow, and has been cut off to show the Mn distribution outside of the MnS. There is a homoget
distribution of Mn except for the presence of MnS stringers. Rolling direction indicated byaWe ar
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Figure 6.13 SEM SEI micrographs comparing the ferrite-pearlite microstructure (a, c) to the ferr
spheroidized carbide microstructure (b, d). Both have been cold-rolled 60 pct. 2 pct Nital etch.

peak temperatures are summarized in Table 5.1. Each heat treatment was performed with a single heating
rate and directly quenched from the intercritical temperature (0 s hold time). Theogadétieating rates
and Ag temperature based on the ferrite-pearlite condition allowed a direct comparison betweet the col
rolled ferrite-pearlite and cold-rolled ferrite-spheroidized carbide microates:t

The degree of recrystallization was compared between the ferrite-pearlite aresfanaroidized
carbide condition and then, for comparison, heating rates were selected for each condition which had the
most similar recrystallization kinetics. The selection of heating rates baseditorecrystallization
kinetics allowed a comparison between austenite formation in the presence of similar fréctions o
recrystallized and recovered ferrite.

Ferrite recrystallization kinetics of the ferrite-spheroidized carbide steel are emhtaactly to

the ferrite-pearlite steel in Table 6.6 using data from microhardness (belpanficEBSD (above Ak
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Table 6.5+Comparison between Austenite Transformation Temperatures of the Ferrite-Spheroidized
Carbide and Ferrite-Pearlite Starting Microstructures.

Heating Rate (°C/s) Ac, Acs

0.3 °C/s Ferrite-Pearlite 731+4 893+%2
0.3 °C/s Spheroidized 730+1 9013
1 °C/s Ferrite-Pearlite 729+2 898+1
1 °C/s Spheroidized 732+2 899+2
2.4 °C/s Ferrite-Pearlite 732+2 8964
2.4 °C/s Spheroidized 732+2 899+%2
13.1 °C/s Ferrite-Pearlite 731 +2 896 %2
13.1 °C/s Spheroidized 733+3 900+1
140 °C/s Ferrite-Pearlite 743 +2 902%4
140 °C/s Spheroidized 746 +4 9016
693 °C/s Ferrite-Pearlite 758 +3 894 +2
693 °C/s Spheroidized 757+2 897%3

Three heating rate pairs with similar degrees of recrystallization for each condétioadeed with
boxes: 0.3 °C/s for both conditions; 2.4 °C/s for the ferrite-spheroidized carbide @mordtti 13.1 °C/s
for the ferrite-pearlite condition; and 13.1 °C/s for the ferrite-spheroidizétlearondition with
140 °C/s for the ferrite-pearlite condition. The boxes indicate which conditions are compared in the
microstructural analysis in Section 6.4.4. Ferrite recrystallization was slower fertite-$pheroidized
condition than for the ferrite-pearlite condition. The ferrite-pearlite conditem et aged prior to cold-
rolling, while the ferrite-spheroidized carbide condition was aged at 700 °C for 1 hapeimid-rolling
(Section 3.1.2). Therefore the difference in ferrite recrystallization kinetics ipriated to be due to the
small, pinning carbides present in the ferrite-spheroidized carbide condition becagseyof

With a heating rate of 0.3 °C/s, both the ferrite-pearlite and ferrite-spheroidizedecarbid
conditions were fully recrystallized by Ae¢ 10 °C (735 °C). For the 2.4 °C/s heating rate, the ferrite-
spheroidized carbide condition had a recrystallized ferrite fraction of 0.2Q at Kx°C, while the
ferrite-pearlite condition with a heating rate of 13.1 °C/s had a fraction of 0.27. Tiee adégr
recrystallization at Ac+ 50 °C was 0.31 for the ferrite-spheroidized carbide condition at 2.4 °C/s, and
0.48 for the ferrite-pearlite condition at 13.1 °C/s. The 13.1 °C/s heating rate ferrite-sgkdroatbide
and 140 °C/s heating rate ferrite-pearlite conditions had degrees of recrystallif2i07 and 0.08,
respectively, at Ac+ 10°C, and 0.13 for both at A¢ 50°C.
6.4.3 Cementite Morphology

Figure 6.14 shows SEM SEI micrographs comparing the carbide distribution of the ferrite-

pearlite and ferrite-spheroidized carbide conditions after heating at 0.3 °C/s to. 3% ferrite-pearlite

120



Table 6.6 tComparison of Degree of Recrystallization during Continuous Heating for the Ferrite-
Spheroidized Carbide and Ferrite-Pearlite Conditions. Conditions with a Similar Degree of
Recrystallization are Marked with Boxes.

Heating Rate (°C/s Prior Microstructure  Ac; - 10°C Ac; + 10°C  Ac; +50°C

0.3 Ferrite-Pearlite 0.97 1 1
0.3 Spheroidized 0.74 1 1
2.4 Ferrite-Pearlite 0.26 0.61 1
24 Spheroidized 0.08 0.2 0.31
13.1 Ferrite-Pearlite 0.22 0.27 0.48
13.1 Spheroidized 0.02 0.07 0.13
140 Ferrite-Pearlite 0.06 0.08 0.13
140 Spheroidized 0.01 0.03 0.06

steel is shown in Fig. 6.14a and the ferrite-spheroidized carbide steel is shown in Fig. 6.14b. Both
microstructures contain recrystallized ferrite, spheroidized carbides, and a few smalliteartens
constituents located at grain boundaries. The ferrite-pearlite condition has an avelidgesizzlof
0.17 £ 0.07 um and the ferrite-spheroidized carbide condition has an average carbide size of 0.28 £ 0.12
pm, indicating that the carbides are larger in the ferrite-spheroidized carbide coawlitirere is more
variation in the size of the carbides. There is a greater number of carbides in thedantite-condition
because of the smaller size of the carbides. Both conditions have well distributed, spdebazidhides.
The evolution of the carbide size and distribution with heating rate is shown in Fig. 6.15. The
ferrite-spheroidized carbide condition is shown after heating at 0.3 °C/s to 715 °C (Fig. 6.15ajs 4
716 °C (Fig. 6.15b), and 13.1 °C/s to 720 °C (Fig. 6.15c). The ferrite-pearlite condition for x3td °C/
720 °C is shown in Fig. 6.15d. The 0.3 °C/s sample contains recrystallized ferrite and sptkroidiz
carbides, and the 2.4 °C/s and 13.1 °C/s conditions contain recovered ferrite, recrystaliieedrid
carbides. The ferrite-pearlite condition (Fig. 6.15d) contains spheroidized carbidiestiagtformer
pearlite. Carbides are less visible in ferrite-spheroidized carbide condition processed withrhess of
2.4 °C/s and 13.1 °C/s than 0.3 °C/s because of the small size of the carbides and the difficulty
distinguishing between subgrain boundaries and carbides. For the ferrite-spheroidized carhiide,cond
the carbide sizes are the same for the 2.4 °C/s sample (Fig. 6.15b) and the 13.1 °C/s sample (Fig. 6.15c)
with an average carbide size of 0.16 + 0.04 um, but the 0.3 °C/s condition (Fig. 6.15a) has laidgey car
and more variation in size with an average of 0.28 £ 0.12 um. For all heating rates in the ferrite-
spheroidized carbide condition the carbides are well dispersed. For the ferrite-pearlitéisteshting
of 13.1 °C/s to 720 °C (Fig. 6.15d), there are spheroidized carbides within recrystallizechfedra
mixture of spheroidized carbides and cementite lamellae within former pearlite. The sph&ovidif

carbides in the ferrite-pearlite steel is described in Section 5.3. The ferniliéepsandition with a
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140 °C/s heating rate contains former pearlite with a combination of spheroidized carbidesantite
lamellae, meaning the cementite is localized to bands in the shape of the original elonghitied pear
6.4.4 Intercritical Annealing

Figures 6.16-6.23 compare the effect of starting microstructure, i.e. cold-rolled ferriitepesar
cold-rolled ferrite-spheroidized carbide, on austenite nucleation and growth in samples hdiffere att
heating rates to Act 10 °C or Ag + 50 °C (see Table 5.1) and immediately quenched. For each figure,
SEM SEI micrographs are shown in (a, ¢) and EBSD 1Q maps are shown in (b, d), both are at the same
magnification but a different area within the sample. The ferrite-pearliteiss&®wn in the upper
micrographs (a-b) and the ferrite-spheroidized carbide steel is shown in the lowerapisog-d). High
magnification SEM micrographs of each condition are shown in (e-f) for Figs. 6.20-6.23.

ND
(o
(a) (b)
Figure 6.14 SEM SEI micrographs comparing samples with two starting microstructures: the fer
pearlite condition (a) and the ferrite-spheroidized carbide condition (b). Samples werkdieat

0.3 °C/s to 735 °C. 2 pct Nital etch.

The Al values of the microstructure for each condition heat treated with differdinighedes to
Ac; + 50 °C are summarized in Table 6.7. The Al of ferrite-pearlite and ferrite-spheroidib&tkcar
conditions with similar degrees of recrystallization are compared. For all three compadsgns (I
medium, and high heating rates), the Al is lower for the ferrite-spheroidized carbide cofidigon.
microstructural differences giving the different Al are discussed below with the respmatrographs.
Figure 6.16 shows micrographs for the ferrite-pearlite and ferrite-spheroidized carbide conditiedhs hea
at 0.3 °C/s to 735 °C. The microstructures of both steels are fully recrystallized. Grain sizessased
by EBSD, are 5.7 = 2.8 um for the ferrite-pearlite steel and 7.0 £ 3.4 um for the ferritedipbdro
carbide steel. The ferrite grains are more rectangular in shape in the ferriteepeadition than the

ferrite-spheroidized carbide condition. In both steels martensite is present at lexzgdidrite grain
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boundaries. The reason for the rectangular grains in the ferrite-pearlite steepieiateto be the result
of an array of pinning carbides in the rolling direction, suppressing growth in the normtabdifé®].

The presence of martensite along ferrite grain boundaries indicates that austenitednaicliegtgrain

boundaries.

<+———— Recrystallized ferrite o

Carbideg

v

ND Deformed fer\rite

RD
@) (N

Carbides

i
ED
(€) (d)

Figure 6.15 SEM SEI micrographs showing the distribution of carbides in samples heated to Ac
10 °C. The ferrite-spheroidized carbide condition was heated at 0.3 °C/s to 715 °C (as 24 °C
716 °C (b), and 13.1 °C/s to 720 °C (c) show spheroidized, well dispersed carbides. The ferrite-
condition heated at 13.1 °C/s to 720 °C (d) has spheroidized carbides within recrystalliteedridrr

partially spheroidized pearlite. Etched in 2 pct Nital.

Figure 6.17 shows SEM SEI micrographs and EBSD 1Q maps for the ferrite-pearlite and ferrite-
spheroidized carbide conditions heated at 0.3 °C/s to 775 °C+(B@ °C). Both conditions contain
martensite and recrystallized ferrite. In both conditions the martensite is essentiaydésteitiuted,

with an Al of 1.5 for the ferrite-pearlite condition and 1.3 for the ferrite-spheenldiarbide condition.
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The small difference between Al for the two conditions is interpreted to be related to theulactang

shape of the ferrite grains in the ferrite-pearlite condition.

ND

(@) (b)

"
ED

(c) (d)
Figure 6.16 SEM SEI micrographs and EBSD IQ maps comparing austenite nucleation with a h
rate of 0.3 °C/s to 735 °C for the ferrite-pearlite steel (a-b) and ferrite-sphebadirbide steel (c-d).
Both microstructures are composed of recrystallized ferrite, spheroidized carbides, afidrastion
of martensite. SEM metallography performed after etching with 2 pct Nital.

Figures 6.18a and 6.18b show the ferrite-pearlite steel heated at 13.1 °C/s to 740 °C and
Figs. 6.18c and 6.18d show the ferrite-spheroidized carbide steel heated at 2.4 °C/s to 736 °C. The degree
of recrystallization for the two conditions is similar, 0.27 for the ferrite-peaiitel and 0.2 for the
ferrite-spheroidized carbide steel. Higher magnification SEM micrographs of thosesaegpksented
in Fig. 6.18 are shown in Fig. 6.19. In both conditions small martensite constituents are located on
subgrain boundaries or boundaries between recovered ferrite, indicating the locations of austenite

nucleation prior to quenching. There are black stains around carbides from etching.
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Figure 6.17 SEM SEI micrographs and EBSD IQ maps of the ferrite-pearlite condition (a-b) and
ferrite-spheroidized carbide steel (c-d) after heating at 0.3 °C/s to 775 °C. Boblstroictures are
composed of recrystallized ferrite. Al = 1.5 for (a, b) and Al = 1.3 for (c, d). SEM micrographs ar

the left and EBSD IQ maps are on the right.

Figure 6.20 shows micrographs of the ferrite-pearlite steel heated at 13.1 °C/s to 780 °C
(Figs. 6.20a, 6.20b, and 6.20e) and the ferrite-spheroidized carbide steel heated at 2.4 °C/s to 776 °C
(Figs. 6.20c, 6.20d, and 6.20f). The fraction of recrystallized ferrite is 0.48 for the ferniligepea
condition and 0.31 for the ferrite-spheroidized carbide condition. Both conditions have bands of
recovered ferrite. The ferrite-pearlite condition has an Al of 3.5 and the ferrite-sphedaarbide
condition has an Al of 3.1, indicating that both have a banded martensite microstructure. An intermediate
degree of recrystallization led to martensite banding regardless aérieatite distribution because
austenite preferentially grew within recovered ferrite which existed in bands h®ngjling direction.
The somewhat lower value of Al for the ferrite-spheroidized carbide condition is interpreteth® b

result of the different carbon distribution prior to austenite formation (seé .Ei).

125



ND /
RD
@ (b

Rx ferrite

\

Recovered ferrite

(e
ED

(c) (d)
Figure 6.18 SEM SEI micrographs and EBSD IQ maps for the ferrite-pearlite steel (a-b) hedated
rate of 13.1 °C/s to 740 °C and the feerpearlite steel (c-d) heated with a rate of 2.4 °C/s to 736 °(
and directly quenched. SEM metallography performed after etching with 2 pct Nital.

Figure 6.21 shows the ferrite-pearlite steel heated at 140 °C/s to 754 °C (Figs. 6.21a and 6.21b)
and the ferrite-spheroidized carbide steel heated at 13.1 °C/s to 740 °C (Figs. 6.21c and 6.21d). The
degree of recrystallization is similar for each condition, 0.08 for the ferriteitpestdel and 0.07 for the
ferrite-spheroidized carbide steel. Higher magnification SEM micrographs are shown in Fig. 6.22
demonstrate differences in austenite nucleation. The ferrite-pearlite condition is sHéignG.22a and
the ferrite-spheroidized carbide condition in Fig. 6.22b. The location of austeniteogyigeriching can
be seen by the location of martensite. In the ferrite-pearlite condition austenite nucléatethei
partially spheroidized pearlite. In the ferrite-spheroidized carbide condition aestanieated within the
recovered ferrite. The difference in location of austenite nucleation led to a more randomidistoibut

nuclei in the ferrite-spheroidized carbide condition.
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Figure 6.19 SEM SEI micrographs showing the microstructure at the point of austenite nucleatic
the ferrite-pearlite condition heated at 13.1 °C/s to 740 °C (a) and the ferrite-speercalibide
condition heated at 2.4 °C/s to 736 (b). Austenite nucleated along recovered boundaries in both

conditions. Etched in 2 pct Nital.

Figure 6.23 shows the ferrite-pearlite steel heated at 140 °C/s to 794 °C (Fig. 6.23a, 6.23b, and
6.23e) and the ferrite-spheroidized carbide steel heated at 13.1 °C/s to 780 °C (Fig. 6.23c, 6.23d, and
6.23f). SEM SEI micrographs are on the left and EBSD 1Q maps are on the right. The fraction of
recrystallized ferrite is 0.13 for both microstructural conditions. The Al of thisefgrearlite condition
was 2.8 and the Al of the ferrite-spheroidized carbide condition was 2.6, indicating that neabznd#
are present in both. The presence of martensite bands indicates that preferential growghitedf aust
recovered ferrite occurred along the rolling direction. The small difference in Al is due to thendifer

in the prior microstructures.

6.5 Summary
" As shown with step heat treatments, the microstructure prior to the intercagaa controlled

the final martensite distribution, not heating rate. Microstructures of recrystiléerite and

distributed carbides led to evenly distributed martensite. Microstructures with elongatid pear

and unrecrystallized ferrite led to bands of martensite in the rolling direction.

Rapidly heated cold-rolled ferrite-spheroidized carbide steels developed bandseofitert

despite the lack of elongated pearlite. Slowly heated ferrite-spheroidized carbide sau@eas h

even distribution of martensite. With partially recrystallized samples, austenite grewlvands

of recovered ferrite. With rapidly heated samples, martensite banding was found in ferrite-

spheroidized carbide steels because austenite grew along the rolling direction along subgrains

within the directionally oriented recovered ferrite.
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Figure 6.20 SEM SEI micrographs and EBSD IQ maps comparing martensite with a heating rat
13.1 °C/s to 780 °C for the ferrite-pearlite steel (a-b, €) and 2.4 °C/s to 776 °C foritee fer
spheroidized carbide steel (c-d, f). Austenite grew within elongated recovered ferrite. Al =(@-5)c
and Al = 3.1 for (c-d). SEM metallography performed after etching with 2 pct Nital.
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Figure 6.21 SEM SEI micrographs and EBSD IQ maps comparing ferrite recrystallization with a
heating rate of 140 °C/s to 754 °C for the ferrite-pearlite steel (a-b) and 13.1 °C/s*® fod@he
ferrite-spheroidized carbide steel (c-d). The degree of recrystallizationilardior the two conditions.

SEM metallography performed after etching with 2 pct Nital.
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Figure 6.22 SEM SEI micrographs showing the microstructure at the point of austenite nucleatic
the ferrite-pearlite condition heated at 140 °C/s to 754 °C (a) and the ferrite-dpest@iarbide
condition heated at 13.1 °C/s to 740 °C (b). Austenite nucleated within partially spheroiditiéel pe
in the ferrite-pearlite condition and along recovered ferrite boundaries in the ferriteidjzeer
carbide condition. Etched in 2 pct Nital.

" Faster heating to the intercritical region results in more rapid austenite formation during
intercritical hold.

" Intercritical annealing reduced, but did not eliminate, martensite banding when compared with
directly quenched samples.

" SIMS analysis showed Mn distribution was essentially homogeneous in the ferrite-pebttite C-

Nb steel, indicating either that austenite bands could form in the absence of Mn segregation, or

that the technique employed was not able to detect bands of Mn segregation.

Table 6.7 tAnisotropy Index (Al) of the Ferrite-Pearlite and Ferrite-Spheroidized Carbide

Conditions.
Heating Rate (°C/s Ferrite-Pearlite, Al Ferrite-Spheroidized Carbide, /
0.3 15 1.3
13.1/2.4 3.5 3.1
140/13.1 2.8 2.6
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Figure 6.23 SEM SEI micrographs and EBSD IQ maps comparing martensite distribution with a
heating rate of 140 °C/s to 794 °C for the ferrite-pearlite steel (a-b, €) and 13.1 °C/S@f@Bthe
ferrite-spheroidized carbide steel (c-d, f). Al = 2.8 for the ferrite-pearlite ton@nd 2.6 for the
ferrite-spheroidized carbide condition. SEM metallography performed after etching pat Nital.
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CHAPTER 7
SUMMARY AND DISCUSSION

Two sets of experiments were developed: 1) a series of alloys with two different cold reductions
were heated at different rates and transformation temperatures were determined using analysis of
dilatometry. Specifically, the impact of composition and cold work on transformation behavior wit
different heating rates were considered, allowing a better understanding of how to vary these parameters
when designing processing parameters or steel alloys. The transformation kineticatinofomas
combined with metallographic analysis of heat treated samples. 2) A cold-rdiiedND> steel was
tested with different heating rates selected for different degrees of reagtitail during austenite
formation to test the impact of ferrite recrystallization on austenite formati@nst€el was tested with
two different starting microstructures: ferrite-pearlite and ferrite-sptieesd carbide, both with 60 pct
cold reduction. Austenite formation in an unrecrystallized ferrite microstructure wagéuetri
contribute to the development of martensite bands. Heat treated samples were analyzed with SEM, EBSD,
dilatometry, and microhardness to study the changes in transformation behavior. The resslsuafythi
were extended by adding step heating tests, heat treatments with an intercritical hold, and SIMS
measurements of Mn distribution.

7.1 Effect of Heating Rate on Austenite Transformation Kinetics

Transformation temperatures were found to increase as heating rate increased. Figure 7.1 shows
the change in transformation temperature with heating rate for the 33 and 58 pct CR 15B25 steel for Ac
(Fig. 7.1a) and A¢(Fig. 7.1b), generated from data in Table 4.1. Note that the temperature scales for both
figures are different because of the different temperature ranges;fanéd@a. A logarithmic fit to the
increase in transformation temperatures is also shown. Futhermore, as shown in Figure 4.3 for the cold-
rolled 1019M, 1020, and 15B25 steels, the increase in transformation temperatures with heating rate was
also found to be logarithmic. Aincreased at a rate less than observed for7he higher sensitivity to
heating rate exhibited by Acs interpreted to reflect the fact that,As controlled by austenite nucleation
which occurs through short-range diffusion, while; Accontrolled by long-range diffusion. However,
with the cold-rolled GvIn-Nb steel, in both the ferrite-pearlite and ferrite-spheroidized carbide
conditions, Ag was found to be independent of heating rate (see Section 6.4.1).

Greater cold work minimized the increase in transformation temperatures with hasgifoy
1020, 1019M, and 15B25 steels (see Fig. 7.1). Figures 4.5-4.10 show SEM SEI micrographs of the
nominally 40 and 60 pct CR steels heated at 1 °C/s (a), 10 °C/s (b), 100 °C/s (c) and 100Q6C/s (d)
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20 °C above Acand quenched. The density of martensite constitutents is greater with the rapid heating
rate condition, and the martensite is located within recovered ferrite. Therefore, thefeorarcold
work was retained to promote austenite formation, which is interpreted to be the cause doéithe less

increase in transformation temperatures with heating rate in the nominally 60 pct CR steels.
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Figure 7.1 Increase in A¢a) and Ag (b) for 33 and 58 pct CR 15B25 steel, along with a logarithm
fit. The 58 pct CR condition had lower transformation temperatures.

The relative effects of alloying additions on;Amd Ag were found to remain with changing
heating rate, though minor deviations occurred due to the degree of cold work and kinetrite of fe
recrystallization. Figure 7.2 shows the change in(ka. 7.2a) and Ac(Fig. 7.2b) for the 59 pct CR
1020 and 58 paCR 15B25. 15B25 had higher Aand lower Agthan the 1020 steel at heating rates from
1 to 1000 °C/s because of alloy additions. Additions of Si and Cr led to highand@dditions of C,

Mn, and Cr led to lower Ac
7.1.1 Comparisons with Previous Literature on Austenite Transformation Kinetics

Previous literature [7.1] has indicated that hot-rolled steels exhibit a greatasieén
transformation temperatures with heating rate than cold-rolled steels (See Section #&)b&lmavior
was seen when testing 1020, 1019M, and 15B25 steels with different degrees of cold reduction: an
increase in cold reduction led to a decrease in transformation temperatures at a specificabeating r
Therefore, austenite transformation was driven by the energy from cold work and the higher number of
potential heterogeneous nucleation sites provided by the subgrain boundaries of recovered ferrite, as
shown in Egs 2.1 and 2.3.

San Martiret al.[7.2] found that transformation temperatures increased linearly with heating rate

in a hot-rolled ferrite-pearlite steel. However, when simple fits were used with the data gieiziby
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Alizamini et al.[7.1] it was found that a logarithmic fit was superior to a linear fit (See Section 2.6). For
1020, 1019M, and 15B25 steels cold-rolled to nominally 40 and 60 pct CR, a logarithmic fit was also
better than a linear fit. Therefore, a logarithmic increase in transformation téunpsnaith heating rate
was found to be closest to modelling the change ineAd Ag in the studied alloys. Therefore, the
increase in transformation temperatures with heating rate slows, i.e. the difference betwk# 1Gia

is greater than 100 and 110 °C/s.

760 III 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 890 III 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1

750

740

Temperature (°C)
|
Temperature (°C)

730

720 III 11 IIIIIII 11 IIIIIII 11 IIIIIII 1 830 III 11 IIIIIII 11 IIIIIII 11 IIIIIII 1
1 10 100 1000 1 10 100 1000
Heating Rate (°C) Heating Rate (°C)
(a) (b)

Figure 7.2 Increase in A¢a) and Ag (b) for 58 pct CR 15B25 and 59 pct CR 1020, along with a
logarithmic fit. The 58 pct CR 15B25 had higher,Aand lower Ag at all heating rates.

7.2 Effect of Heating Rate on Austenite Transformation Behavior

Heating rate affected intercritical annealing of cold-rolled low-carbon steadsénas ways.
First, rapid heating minimized the change in carbon distribution, while slow heating alloweqtite
spheroidization and ripening of carbides. Second, prior to transformation, rapid heating led to a
microstructure of recovered or deformed ferrite while slow heating led to recrystallizes fignird,
austenite transformation behavior was found to differ depending on the distribution and morphology of
cementite and the degree of recrystallization. Fourth, slower heating allowed sufficgsfurtinterface
PLJUDWLRQ WR UHGXFH LQWHUIDFLDO HQHUJ\ ZKHFBRQGEH GH WURL YWHP R |
the heat treated microstructure, while rapid heating led to uneven interfaces.

Figures 7.3-7.4 show schematic representations of observed austenite formation behavior for
ferrite-pearlite steels (Fig. 7.3) and ferrite-spheroidized carbide steels (Fig.ab#.7.1 is a legend for
identifying the features represented in the schematics in Figs. 7.3 and 7.4. For both conditions the starting

microstructure of deformed ferrite is shown (1), followed by the microstructure, at K& °C to show
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the changes that occurred prior to austenite formation (2), followed by the microstructore- dt0X’C
to show the differences in austenite nucleation (3), followed by the microstructurgabB¢C to show
the final distribution of austenite which becomes martensite upon quenching (4).

The starting cold-rolled microstructure for both conditions is shown in Fig. 6.13. Both have
deformed ferrite, while the ferrite-pearlite condition has elongated pearlite arariteedpheroidized
condition has spheroidized carbides which are relatively well distributed.

The process of recrystallization and pearlite spheroidization with different heati#sgs
described in Sections 5.2-5.3 and 6.4. Slow heating in both conditions led to a microstructure of
recrystallized ferrite and spheroidized carbides. Rapid heating led to a microstafatecovered ferrite
for both conditions, and pearlite in the ferrite-pearlite steel or spheroidizedesafbidhe ferrite-
spheroidized carbide steel. Intermediate heating rates led to partially recrystallitedvithrrecovered
ferrite remaining in bands along the rolling direction, and spheroidized pearlite or bandsdefsciarthe
ferrite-pearlite steel or spheroidized carbides in the ferrite-sphexdidandition.

Table 7.1+Legend for Schematic Representations of Microstructural Features in Figures 7.3 and 7.4.

Deformed ferrite Deformed ferrite and
carbides

Recovered ferrite Recovered ferrite and
carbides

Recrystallized ferrite Recrystallized ferrite
and carbides

Recrystallized ferrite, Austenite along

carbides (grey), and recrystallized ferrite

austenite nuclei (black) boundaries

Pearlite Recovered ferrite,
carbides (grey), and
austenite nuclei (black

Austenite that has

consumed pearlite

7.2.1 Effect of Heating Rate on Austenite Nucleation Behavior

In a microstructure of evenly distributed carbides, the primary influence of heating rate on the
location of austenite nucleation was found to be the degree of recrystallization. Figure 7.5 shows the
microstructure of the ferrite-spheroidized carbidM@-Nb steel heated at 0.3 °C/s (Fig. 7.5a) and
13.1 °C/s (Fig. 7.5b) to 735 °C, i.e. A€ 10 °C and quenched. These images were first shown in
Figs. 6.14a and 6.22b. Both microstructures consist of carbides, ferrite, and small martensite censtituent
The location of the former austenite nuclei are visible by the location of martensite. In tBésthgated

sample, martensite is located on recrystallized ferrite boundaries, whereas in the 13.1 °C/s sample,
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martensite is located on subgrain boundaries within recovered ferrite. Therefore, withdipéeroi
carbide microstructures and fully recrystallized ferrite, austenite nucleation occureszystailized
ferrite boundaries, and with recovered ferrite, austenite nucleation occurred on subgrain boundaries and

boundaries between recovered ferrite.

(a) (b) (c)
Figure 7.3 Schematic representation of observed microstructural evolution in the colderoiied
pearlite CMn-Nb steel. The initial cold rolled microstructure is shown in (1), the microstrugstime
to austenite formation (Act10 °C) is shown in (2), the microstructure after austenite nucleation
(Ac; + 10 °C) is shown in (3), and the microstructure at#80 °C is shown in (4). Slow heating is
shown in (a), intermediate heating in (b), and fast heating in (c).

With partially recrystallized microstructures, austenite nucleation can occur on either
recrystallized ferrite boundaries, on subgrain boundaries within recovered ferrite, amaiates
between recrystallized and recovered ferrite, so these microstructures were analyzed to datermine t
preferential sites for austenite nucleation. Figure 5.10 shows the ferrite-peadvlitd\ND-steel heated at
2.4 °C/sto 736 °C, i.e. Az 10 °C, and quenched. An SEM SEI micrograph is on the left and an EBSD
IQ map with overlaid boundaries is on the right. The microstructure is made up of spheroidizbescarbi
and a mixture of recrystallized and recovered ferrite. The majority of martensite is fabimdrecovered
ferrite indicating that subgrain boundaries served as austenite nucleation sites.r&hersfiheroidized
carbide microstructures with intermediate heating rates leading to partial réizatsbal, the majority of

austenite nucleation occurred in recovered ferrite rather than on recrystallizeddeuridaries.
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(a) (b) (c)
Figure 7.4 Schematic representation of observed microstructural evolution in the colderoiled
spheroidized QvIn-Nb steel. The initial cold rolled microstructure is shown in (1), the microstructt
prior to austenite formation (Act10 °C) is shown in (2), the microstructure after austenite nuclea
(Acy + 10 °C) is shown in (3), and the microstructure at#A80 °C is shown in (4). Slow heating is
shown in (a), intermediate heating in (b), and fast heating in (c).

Martensite

/
4// Carbides \

"
RD

(a) (b)
Figure 7.5 SEM SEI micrographs of ferrite-spheroidized carbit#neNb steel heated at 0.3 °C/s (a
or 13.1 °C/s (b) to 10 °C above Aand quenched. The microstructure of the 0.3 °C/s sample is
recrystallized and the 13.1 °C/s is primarily recovered ferrite. Austenite nucleated ctatéreyl
boundaries in the slowly heated sample and within recovered ferrite in the rapidly heated sampl
Etched in 2 pct Nital.

With ferrite-pearlite steels there are added effects from changes in cementite distrotiti

different heating rates. Figure 5.12a shows the ferrite-pearlita-Gtb steel heated at 140 °C/s to
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754 °C, i.e. A¢+ 10 °C, and quenched. The martensite is located within former pearlite, and also within
recovered ferrite, indicating the locations of austenite nucleation. Therefore, in the raptiellydoba-

rolled ferrite-pearlite steel, austenite nucleation occurred at both formeregaaditecovered ferrite.
Carbides are visible near the martensite away from pearlite colonies, which were thealikely sources

for the original austenite nuclei. While pearlite is typically the preferesiteafor austenite nucleation

due to the high concentration of carbon, rapid heating led to promotion of austenite nucleatinided car
within recovered ferrite away from pearlite.

The impact of heating rate on nucleation density was also investigated. Figure 7.6 shows the
ferrite-pearlite CMn-Nb steel heated to A& 10 °C and quenched, 735 °C for 0.3 °C/s (Fig. 7.6a) and
736 °C for 2.4 °C/s (Fig. 7.6b). These images were first shown in Figs. 5.8a and 5.10a. The 0.3 °C/s
condition was fully recrystallized and the 2.4 °C/s was partially recrystallized. CarbitiesOr8 °C/s
condition are evenly distributed while carbides were retained in bands in the 2.4 °C/s conditiems &her
greater number of martensite constituents in the 2.4 °C/s sample. Therefore, the storeaf eoédtgy
working promoted austenite nucleation; concurrent austenite formation and ferrite Heaystadid
not reduce austenite nucleation.

7.2.2 Comparisons with Literature on Austenite Nucleation Behavior

Previous literature reported austenite nucleation within recrystallized mictastésioccurred on
grain boundaries and triple points near carbides in spheroidized carbide microstructureseatitg-on f
pearlite interfaces within ferrite-pearlite microstructures (See Section 2.Ee Theleation sites are
preferential because the activation energy of nucleation is reduced by heterogeneous nucleation sites
(Section 2.1.1). In slowly heated samples where a recrystallized ferrite and spheroidized carbide
microstructure developed, similar behavior was observed, where austenite nucleation occurred on grain
boundaries and triple points.

In rapidly heated cold-rolled steels, austenite nucleation occurred on subgrain boundaries withi
recovered ferrite (Section 2.4.3). This behavior was observed in the studied steelh@sifidrt rapidly
heated ferrite-pearlite steels, austenite nucleation occurred at ferrite-pearlite Esimdralso within
recovered ferrite near carbides. In rapidly heated ferrite-spheroidized carbide steel, austksziton
occurred on sugrain boundaries and on boundaries between recovered ferrite grains.

Austenite nucleation behavior observed in previous research with partially recrystallized
microstructures was mixed, with some reporting preferential nucleation within recovereddiedrit
others reporting that ferrite recrystallization hindered austenite formationai®e2t4.1 and 2.6). As
described above (Section 7.2.1), austenite nucleation was observed to occur preferentially within
recovered ferrite. Austenite nucleation density was found to increase with heating ratengncudi

partially recrystallized microstructures.
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One mechanism proposed in earlier research for reduced austenite nucleation in partially
recrystallized microstructures was that moving, recrystallizing ferrite boundariest ¢hrovide suitable
nucleation sites (Section2.4.3 7KHUH DUH VHYHUDO W\SHV RI 3PRYLQJ" ERXQGTL
1) Subgrain boundaries within recovered ferdthese boundaries move as the subgrains grow. Subgrain
boundaries were found to be preferential sites for austenite nucleation, so the movement of these
boundaries did not appear to hinder austenite nucleation.

2) Boundaries between recrystallized and recovered fettitese boundaries move as the recrystallized
ferrite consumes the recovered ferrite. Many austenite nuclei were found at boundaries between
recrystallized and recovered ferrite (see Fig. 5.10b). Therefore, the movement of these boundaries did not
hinder austenite nucleation.

3) Boundaries between recrystallized ferritthe movement of these boundaries is known as grain

growth. Grain growth is much slower than austenite formation or recrystallizations smitéxpected

that grain growth would significantly hinder austenite formation.

The reasons for reduced austenite nucleation at recrystallized ferrite boundaries appears to be
from preferential austenite nucleation within recovered ferrite and, with sufficientty mapting,
because ferrite recrystallization was concurrent with austenite (recrystallizedbbiesrwere not present
at the beginning of austenite formation), rather than because moving ferrite boundaries wetabh®t sui

nucleation sites.

Carbides

— T

ND
ED

(@) (b)
Figure 7.6 SEM SEI micrographs for 0.3 °C/s to 7G%a) and 2.4 °C/s to 73& (b) for the ferrite-
pearlite CMn-Nb steel. Martensite is indicated by arrows which is where austenite nucleated pri
guenching within recovered ferrite. Etched in 2 pct Nital.

7.2.3 Effect of Heating Rate on Austenite Growth
Austenite growth following nucleation is also affected by the degree of recrystallization.
Figure 7.7 shows SEM SEI micrographs of the ferrite-pearlit¢nENb steel heated at 0.3 °C/s to
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755 °C, i.e. Ag¢+ 30 °C (Fig. 7.7a) and the ferrite-spheroidized carbidénaNb steel heated at
13.1 °C/sto 780 °C, i.e. Ae- 50 °C (Fig. 7.7b). These images were first shown in Figs. 5.14a and 6.23f.
For the 0.3 °C/s condition, austenite formation occurred within a recrystallized ferrite, mataustenite
growth was along recrystallized ferrite boundaries. For the 13.1 °C/s condition, mininyatalization
occurred, so austenite growth was primarily along subgrain boundaries within recovered feriterd&her
carbides in the microstructure of the 0.3 °C/s condition because of the lower fractiarterisite, while
very few carbides are in the 13.1 °C/s condition.

Austenite growth within partially recrystallized microstructures was also ige¢sd. Figure 7.8
shows SEM SEI micrographs of the ferrite-pearlit#1@-Nb steel heated at 2.4 °C/s to 756 °C, i.e.
Ac; + 30 °C, and quenched (Fig. 7.8a), and the ferrite-spheroidized carMdeND- steel heated at
2.4 °C/sto 776 °C, i.e. A& 50 °C, and quenched (Fig. 7.8b). These images were first shown in
Figs. 5.16a and 6.20f. In both conditions, the majority of martensite is surrounded by recovered ferrite
with a few isolated martensite constituents on recrystallized ferrite boundaries ofdesefktenite
growth occurred preferentially within recovered ferrite in partially recryatalimicrostructures.

— Martensite \
Recovered ferrite

<«——— | Carbides /

<+—| Rx ferrite

(o
ED

(a) (b)
Figure 7.7 SEM SEI micrographs for the ferrite-pearlittl@-Nb steel heated at 0.3 °C/s to 755 °C
and the ferrite-spheroidized carbide condition heated at 13.1 °C/s to 780 °C (b). Austenite grew
recrystallized ferrite boundaries in the 0.3 °C/s sample and within recovered fetngel® 1 °C/s
sample. Etched in 2 pct Nital.

In rapidly heated ferrite-pearlite steels, the early stages of austenite growth aeel &fjettie
distribution and morphology of pearlite. Figure 5.11 shows the ferrite-pearite-8b steel heated at
13.1 °C/s to 740 °C, i.e. Ae 10 °C, and quenched (Fig. 5.11a) and to 760 °C, i£+&0 °C, and
guenched (Fig. 5.11b). At 740 °C, small martensite constituents are present away from pearlite, but at

760 °C, pearlite is largely absent, indicating that austenite nucleated at and consumedtthe pearl
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controlling to some extent the location of austenite growth until the pearlite was consumed. After the

pearlite was consumed, growth of austenite continued into the recovered ferrite.

Austenite grew  |-¥
*

\ Austenite grew within| ——
recovered ferrite

Austenite grew _L—"
ND
RD _ —
(a) (b)
Figure 7.8 SEM SEI micrographs of the ferrite-pearlit!!@Nb steel heated at 2.4 °C/s to 756 °C,
Acl + 30 °C, and quenched (a) and the ferrite-spheroidized carbittelb steel heated at 2.4 °C/s

to 776 °C, and quenched (b). Martensite is located primarily within recovered ferritetihatinen
recrystallized ferrite boundaries.

7.2.4 Preferential Austenite Formation within Recovered Ferrite
As described above, austenite formation occurred preferentially within recoveredréeiér
than on recrystallized ferrite boundaries. The reasons for preferential growth of austeniteesihered
ferrite are similar to those for preferential austenite nucleation within recoverigel (8ee Section
7.2.2). First, the high density of subgrain boundaries increased the likelihood that a boundary wias presen
near a carbon source. Second, stored energy of cold work was released through the formation of austenite
within deformed or recovered ferrite (see Sections 2.4.2-2.4.3). Third, with concurrent adsteration
and ferrite recrystallization, recrystallized boundaries formed concurrent with austenite)griessi
time was available for austenite formation along these boundaries as opposed to the already present
recovered ferrite. While Mn segregation had previously been proposed to be the reason why austenite
formed preferentially within recovered ferrite (Section 2.4.3), no Mn segregation was foaunghth
SIMS analysis (Section 6.3).
7.2.5 Formation of Martensite Bands with Rapid Heating of Cold-Rolled Steel and Explanain
of Schematic Model
Step heat treatments showed that the microstructure leading into the intercritical regioliedont
the final martensite distribution, not heating rate, see Section 6.1. A microstruatecedred ferrite
and elongated pearlite led to martensite bands (rapid heating priof){@aa a microstructure of

spheroidized carbides and recrystallized ferrite led to evenly distributed martensitbéaking prior to
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Ac,), regardless of the heating rate in the intercritical region. These two conditionssesanhe the
VFKHPDWLF UHSUHVHQWDWLRQV IRU PLFURVWUXFWXUH GHYHORSP
Figures 7.3-7.4. With slow heating, austenite nucleation occurred randomly in the microstructure of

equiaxed ferrite grains and evenly distributed carbides, and grew along the ferrite boundariesoleading t

evenly distributed carbides. With rapid heating, austenite nucleation and growth occurred along
directionally-oriented recovered ferrite, and boundaries between recovered ferrite grtire fékfite-

pearlite microstructure, the banding was further increased by preferential austenite nucléstichevi

elongated pearlite.

Figures 7.3-7.4 also show schematic representations of austenite formation with intermediate
heating rates, where the greatest degree of banding was found. With intermediate heagingetiva$
partially recrystallized, and the ferrite-pearlite steel was partially spheedidRecovered ferrite was
present in bands along the rolling direction (see Figs. 5.13c and 5.17b). With a ferrite-pearlite
microstructure (Fig. 7.3), austenite nucleation occurred preferentially within peabidé@ds of
spheroidized carbides, which helped contribute to the final banded microstructure. Wittea ferri
spheroidized carbide microstructure (Fig. 7.4), austenite nucleation occurred prefenittiallyhe
recovered ferrite bands. In both conditions, partial recrystallization led to retained, elongated recovered
ferrite and recrystallized ferrite. Austenite formation occurred preferentiatheirecovered ferrite which
was already in bands along the rolling direction, which led to martensite banding.

Martensite banding was somewhat reduced by using a starting microstructure of ferrite-
spheroidized carbide rather than ferrite-pearlite. Table 7.2 shows Al values of martersitd-fotled
ferrite-pearlite and ferrite-spheroidized carbid®6-Nb steels heated to 50 °C above And quenched.

The lowest Al values were for steels heated sufficiently slowly for full recrystalizptior to

austenititization, the highest were for partially recrystallized microstructurésapid heating led to
intermediate Al values. Therefore, the more random distribution of austenite nucleit@sigieroidized
carbide steels led to somewhat reduced martensite banding, but the greatest effect on the finé¢ martensi
distribution arose from austenite growth within recovered ferrite.

Table 7.3 shows the effect of intercritical annealing time on martensite banding. Each heat
treatment was performed on the ferrite-pearlittliGNb steel. Samples with a hold at the intercritical
temperature have a lower Al value than samples continuously heated to a higher intercriticatteenper
Figure 6.7 compares a sample heated at 13.1 °C/s to 780 °C (Fig. 6.7f) to a sample heated at 13.1 °C/s to
740 °C and held for 768 s (Fig. 6.7€). More martensite is present along recrystallized ferrite boundaries in
the sample held at temperature, which is interpreted to be the reason for the lower Al values vs

continuously heated samples.
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Table 7.2 +Anisotropy Index (Al) of the Ferrite-Pearlite and Ferrite-Spheroidized Carbide Conditions.

Heating Rate Prior Microstructure Al

0.3 °C/s| Ferrite-Pearlite 15
0.3 °C/s| Ferrite-Spheroidized Carbide | 1.3

13.1 °C/s| Ferrite-Peatrlite 3.5
2.4 °C/s| Ferrite-Spheroidized Carbide | 3.1

140 °C/s| Ferrite-Pearlite 2.8
13.1 °C/s| Ferrite-Spheroidized Carbide | 2.6

Table 7.3+Anisotropy Index (Al) for Heat Treatments with Different Hold Times at Intercritical

Temperature.

Heat Treatment Al

2.4°C/s 796°C , held for 0 s 3.3
2.4°C/s 756°C, held for 1000s 2.6
13.1°C/s 780°C, held for 0 s 3.5
13.1°C/s 740°C, held for 768 s 2.8
140°C/s 794°C, held for 0 s 2.8
140°C/s 754°C, held for 86 s 2.7
140°C/s 734°C, held for 399 s 2.6

7.2.6 Literature on Martensite Banding Formation in Rapidly Heated Cold-Rolled Steel

Previous literature has proposed several mechanisms to describe an increase in banding with
rapid heating of cold-rolled steels, including the suppression of ferrite-boundary nuclestsdteuprior
microstructure, and preferential austenite formation within Mn-rich deformed ferrit&s¢gtien 2.4.5).
In observations summarized in Sections 7.2.1-7.2.2 and 7.2.4-7.2.5, it was found that martensite banding
was formed because of preferential austenite formation within recovered ferrite grihmined in bands
along the rolling direction.

The theory that reduced austenite nucleation at recrystallized ferrite boundatéebdeding is
as follows (Section 2.4.5): with slow heating, austenite forms in both pearlite and iéregstarrite
boundaries. However, with fast heating, austenite grows from the elongated pearlite in the rolling
direction because recrystallizing ferrite boundaries are not as suitable for austeféation. However,
this theory does not altogether fit the observations described in this thesis. Rather, if heating were

sufficiently rapid that recrystallized ferrite boundaries did not exist, austenitepgegerentially in the
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rolling direction because of the directionally-oriented recovered ferrite. With pargatystallized
microstructures, austenite formation occurred preferentially in the bands of recoveted ferr

Prior microstructure was also found to affect the final martensite distribute\ious
literature, with even slowly heated dual-phase steels exhibiting banding in some cases with anisotropic
starting microstructures (Section 2.4.5). In research described in this thesis, it was foterdttat
spheroidized carbide microstructures had somewhat reduced martensite banding because austenite nuclei
were more evenly distributed.

Observations in this thesis were closest to those describing preferential austeiti®honithin
bands of Mn-rich deformed ferrite (Section 2.4.5). However, with SIMS analysis of the Mn distribution,
no segregation of Mn was observed, indicating that while preferential austenite formatiarbasittis of
recovered ferrite was the primary cause for martensite banding, Mn segregation may not be required for
this behavior. More research is required to study the formation of bands of recovered fergtentaef
austenite formation occurred within recovered ferrite for the reasons given in Sections 7.2.1 and 7.2.4.
7.2.7 Effect of Heating Rate on Martensite/Ferrite Interfaces

Figure 6.2 shows SEM SEI micrographs of step heated samples. Slow-fast samples heated at
0.3 °C/s to 715 °C followed by heating at 2.4 °C/s to 776 °C or followed by 140 °C/s to 794 °C are shown
in Figs. 6.2e and 6.2f, respectively. For the sample heated slowly into the intercritical regi@2@ig.
the martensite-ferrite interface is smooth, while the sample rapidly heated inttethatioal region
(Fig. 6.2f) has uneven martensite-ferrite interfaces. The difference in interfatespsdated to be the
result of more time available for interfacial energy reduction with slow heating.

7.3 Implications of Research

Opportunities are available to improve the mechanical properties of AHSS through rapid heating
but microstructural evolution is quite different in rapidly heated cold-rolled steelsdgechithe
interaction between recrystallization and austenite formation. The differences in micooatrendlution
must be understood when developing different processing routes and alloys. As shown withntinNbC-
steel, austenite formation can occur in partially recrystallized microstructuregenjttow heating rates,

i.e. 2.4 °C/s, which can lead to banded microstructures. Therefore, even with conventional processing
(with relatively low heating rates), microstructural evolution can be affectegcbyery and
recrystallization depending on the composition.

When developing cold-rolled AHSS with many alloy additions, particularly recrystallization
retarding additions, possible changes in austenite formation in the presence of recovered feby#e must
understood to avoid forming banded microstructures. In general, it may be recommended that austenite
formation in the presence of recovered ferrite should be avoided so that banded microstnechates a

formed during processing. Therefore, the heating rates employed during processing and ferrite
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recrystallization kinetics of each alloy need to be known to avoid austenite formation inserecpref
recovered ferrite. To develop cold-rolled AHSS for rapid processing, alloying additions which lead to
suppressed recrystallization should be avoided so that austenite formation occurs in a recrystallized
microstructure.

Researchers must also be aware of interactions between recrystallization and austeriita format
when performing laboratory experiments. When mimicking industrial processing at the lablenagry
heating rates must be matched as closely as possible to avoid differences in micrestiuetdo heating
rate effects. Laboratory processing may be appreciably different from conventional procesasesi
such as salt pots, which have relatively rapid heating. In these cases it may be beneficiad # utili
subcritical preheat with cold-rolled steels so that recrystallization occurs pndetoritical annealing. In
cases of measuring changes in microstructure evolution with different heating ratesrereotleg
recrystallization at different heating rates should be measured to analyze the e&feptstaliization on
the transformations.

7.4 Conclusions

Ac; and Ag temperatures increased logarithmically with heating rate. Cold work minimized the
increase in Acand Ag across all heating rates because of the retained energy from céld wor
and heterogeneous nucleation sites provided by subgrain boundaries within recovered ferrite.
Basic alloying effects on Aand Ag were found to affect the relative transformation
temperatures between alloys at all measured heating rates.

Rapid intercritical annealing of cold-rolled ferrite-pearlite steel led to anasere martensite
banding because of suppression of recrystallization and spheroidization. Slow heating led to
austenite formation in a microstructure of well distributed, spheroidized carbides and
recrystallized ferrite, which led to well distributed martensite. Rapid heating kdstenite
formation along elongated pearlite and directionally-oriented recovered ferrite. Intermediate
heating rates led to austenite formation along bands of carbides and within bands of recovered
ferrite.

Rapid annealing of cold-rolled ferrite-spheroidized carbide steels led to martensite banding
despite the lack of elongated pearlite. Austenite formation occurred along the rolling direction
because of the directionally-oriented recovered ferrite. With intermediate heating ratsteaus
formation occurred within bands of recovered ferrite leading to higher Al values than rapid
heating rates.

The microstructure during austenite formation was found to control the distribution efhaitet

in the quenched microstructure rather than heating rate in the intercritical region.
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CHAPTER 8
FUTURE WORK

" The mechanisms for rapid intercritical austenite formation after rapid heating analgtitiwn,
and the proposed theories in prior work are inconsistent, such as increased diffusion in recovered
ferrite and reduced pearlite spheroidization [8.1] or diffusionless austenite formation [8.2].
Advanced in-situ techniques such as laser confocal imaging may help provide more information
about the process of austenite formation at different heating rates.

" More research is required to determine the mechanism(s) that led to recovered ferrite being
retained in bands with partially recrystallized microstructures.

" The effects of heating rate on intercritical annealing transformation behavior shexig:bded
to other AHSS such as Medium-Mn, TRIP, and Q&P. The effect of heating rate on
transformation behavior during cooling is largely unexplored [8.3]. A faster heatingrate ¢
increase the retained austenite fraction in TRIP and Medium-Mn steels [8.4-8.5]. Different
distributions of carbon and other elements in austenite with different heating ratde prio
isothermal treatments used in TRIP and Q&P processing could greatly affect the transformation
behavior during partitioning or austempering.

" Mechanical testing of rapidly heated steels remains limited [8.3, 8.6, 8.7]. More tests of the effect
of the developed martensite banding after rapid heating are required [8.8]. Also, tests with
varying degrees of recovered ferrite should be explored to find if there is a beneficiabeffect
combination of recrystallized ferrite, recovered ferrite, and martensite.

" Alloy development of cold-rolled steels designed for rapid heating remains to be explored. It is
expected that alloying pathways to maximize the rate of pearlite spheroidization and ferrite
recrystallization would minimize martensite banding while allowing the benefits iof mepting

such as decreased grain size.
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APPENDIX A
DILATOMETRY COMPARISON BETWEEN MMC DILATOMETER AND GLEEBLE 3500

Dilatometry measurements were obtained with two experimental systems: a push-rod MMC
dilatometer at Los Alamos National Laboratory (LANL) and the Gleeble® 3500 where dimensional
changes were measured with a non-contact laser dilatometer. Samples for both methods were machined
parallel to the rolling direction. The MMC dilatometer measured change in sample length and the
Gleeble® 3500 laser and contact dilatometers measured the change in sample width. Thus, the MMC
dilatometer measured length change in the rolling direction while the Gleeble® 3500 measured width
change transverse to the rolling direction. The MMC dilatometer ultilized induction haatirthe
Gleeble® 3500 ultilized resistance heating. In this appendix, measured transformation tempetiature d
obtained with the two different test systems are compared.

Al Experimental Setup

Comparisons were made between MMC and Gleeble® 3500 dilatometry measurements with
1020, 1019M, and 15B25 steel alloys. Compositions, cold-reductions, and specimen thicknesses are
described in Section 3.1.1. Dilatometry measurements were made on samples machined from both cold
rolled conditions for each steel. For all tested specimens, the surface finish was mainthieedin
received condition.

The sample geometry used for Gleeble® 3500 dilatometry is described in Section 3.3. Samples
were 75 mm X 6 mm x sheet thickness with the length in the rolling direction. The experimental setup for
Gleeble® 3500 dilatometry is described in Section 3.3. A free span of 15 mm was used, and the
dilatometer measured the change in sample width, i.e. across the machined 6 mm dimension.
Thermocouples were spot welded to the sample centerline in the center of the sampém fvdeesp the
dilatometer was placed.

A schematic of the MMC dilatometer experimental setup is shown in Figure A.1. MMC
dilatometer samples were 10 mm x 3 mm x sheet thickness with the 10 mm dimension machined parallel
to the rolling direction. The MMC dilatometer measured change in length of each sample inrtge roll
direction.

Because the MMC dilatometer measures the change in length of the entire specimen, it is very
sensitive to any temperature differences along the sample length. The Gleeble® 3500 dilatometer
measures dilation in a small plane, so it is less affected by temperature differences. Trausmper
gradient across the sample width measured with the Gleeble® 3500 was smallest with narrower

specimens and smaller sample free span [A.1]. With a 30 mm sample free span and 10 mm sample width,
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temperature measurements at the center and 3 mm from center were indistinguishable [A.1]. Tderefore,
6 mm sample width was used to minimize the temperature gradient. Furthermore, a narrower 15 mm
sample free span was chosen to ensure a minimal temperature gradient.

The method for determining transformation temperatures from dilation data is showniam Sect
3.3.2. Alinear increase in specimen size with temperature is assumed to represent expansiom of a sing|
phase or mixture of phases, such as ferrite and pearlite or austenite. For two phase mixalses it i
assumed that the relative fraction of the two phases remains constant. On heating, the painttia¢ whi
curve deviated from linearity is the point at which a phase transformation iniffetgdand the point at
which the curve again reached linearity is the point at which the phase transformation ete @A),

Figure A.1 Schematic of the MMC dilatometer experimental setup. The entire sample length of
is measured during heating. The sample is heated using induction.

A.2 Comparison of Transformation Temperatures

Comparisons were made between transformation temperatures measured with an MMC
dilatometer and with data based on the laser dilatometer with the Gleeble® 3500. Tables A.1-A.3
compare measured critical temperatures @ Ag) obtained from analysis of laser dilatometer data
with the Gleeble® 3500 to data obtained with a contact push-rod MMC dilatometer for samples heated at
1, 10, 100 °C/s, respectively. These comparisons are between average values from 3 tests/condition on the
Gleeble® 3500 and 1 test/condition on the MMC dilatometer. Table A.4 contains the average differences

between the MMC dilatomer calculated transformation temperatures and the Gleeble® 3500
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transformation temperatures. The absolute difference was small fterAperatures, usually less than

10 °C regardless of heating rate. The measuredeheperature with the MMC dilatometer was, on
average, 2 °C lower than the Gleeble® 3500 valueg téraperatures were usually higher when tested
with the MMC dilatometer, averaging 12 °C higher than those measured on the Gleeble® 3500, or an
average absolute difference of 17 °C.

Because of the relatively large difference betweest@&mperatures determined using the two
experimental setups, comparisons were made between dilation curves of the MMC and Gleeble® 3500. A
comparison between dilatometry curves for 59 pct CR 1020 heated at 1 °C/s is shown in Fig, A.2. Ac
temperatures were nearly identical, and the overall curve shapes are similar. Howevbke MNC
dilatometer, Ag was reached at a higher temperature. The resulting highemgerature determined
from MMC dilatometer data likely arises from temperature differences along the gauge tlemgthitire
sample must reach Abefore linearity is reached. If a thermal gradient were present along the sample
(from uneven heating or cooling at the ends of the samples where contact is made with the pktens), t
the measured dilation was different than if no thermal gradient was present. However, the G3Béble®
only measures dilation in a small plane of the sample, so it was less affected by temperataneeff
along the gauge length. To measure,Acdeviation in linearity can be measured if any portion of the
sample transforms to austenite. Therefore, if the center of the sample (away from the nelatiies)the
transformation temperature, then the transformation can be detected through analysis obtheatidat
regardless of any thermal gradient present. However, to measylithé\entire sample must reach the
transformation temperature, meaning the measuredefperature is higher because the relatively lower
temperature portion of the specimen must reacghb&tore the complete transformation is detected.

A3 Summary

Despite the differences in dilation measurement (contact vs laser), heating (indsiction v
resistance), and orientation (longitudinal vs transverse), measured transformation teeyparatuery
similar between the two dilatometry experimental setups fetradasformation temperatures. s
12 °C higher, on average, for the MMC dilatometer. The higher average temperatures are likely due to the
MMC dilatometer measuring the entire sample, so the displacement measurements are verytgensitive
thermal gradients, whereas the Gleeble® 3500 laser dilatometer measured only a small portion of the

specimen.
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Table A.1 tComparison between Laser Dilatometry and Contact Dilatonitr§C/s.

Steel Gleeble® (°C) MMC (°C) MMC =G (°C)
39 pct CR 1020 Ac; 732 720 12
ACs 853 870 17
59 pct CR1020  Ac, 730 735 5
Acs 856 899 43
59 pct CR 1019M Ac, 728 728 0
Acs 859 891 32
41 pct CR 1019M Ac, 730 717 13
Acs 860 877 17
33 pct CR 15B25 Ac, 742 735 -7
Acs 836 841 5
58 pct CR 15B25 Ac, 743 749 6
Acs 839 861 22

Table A.2 £tComparison between Laser Dilatometry and Contact Dilaton @/ C/s.

Steel Gleeble® (°C) MMC (°C) MMC =G (°C
39 pct CR 1020 Ac, 733 726 -7
Acs 861 882 21
59 pct CR 1020 Acy 730 729 -1
Acs 866 882 16
59 pct CR 1019M  Ac, 728 726 -2
Acs 859 887 28
41 pct CR 1019M  Ac; 735 727 -8
Acs 860 854 -6
33 pct CR 15B25 Ac, 754 750 -4
Acs 857 871 14
58 pct CR 15B25 Ac, 751 742 -9
Acs 851 - -
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Table A.3 - Comparison between Laser Dilatometry and Contact Dilatom&@9°C/s.

Steel Gleeble® (°C) MMC (°C) MMC - G (°C)
39 pct CR 1020 Ac, 739 731 -8
Acs 878 878 0
59 pct CR 1020 Ac, 741 748 7
Acs 880 853 -27
59 pct CR 1019M Ac, 737 743 6
Ac; 872 877 5
41 pct CR 1019M Ac, 737 748 11
Acs 873 888 15
33 pct CR 15B25 Ac, 771 754 -17
Ac; 872 857 -15
58 pct CR 15B25 Ac, 754 771 17
Acs 857 869 12

Table A.4 £tSummary of Laser and Contact Dilatometry Data.

Transformation Average MMC - G (°C) Average Absolute Difference (°C

Acy -2 8

AcCs 12 17
0.011

0.0108

0.0106

0.0104

0.0102

Strain (in/in)

Gleeble® 3500
0.01 —

0.0098 — HCR 10201 °C/s

0.0096 N I

700 740 780 820 860 900
Temperature (°C)

Figure A.2 59 pct CR 1020 steel heated at 1 °C/s using a MMC push-pin dilatometer and a
Gleeble® 3500 laser dilatometer. The shape of the curves and gimilar, but the Agctemperature
was higher for the MMC dilatometer data.
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APPENDIX B
RECRYSTALLIZATION MEASUREMENT WITH DILATOMETRY

Prior to the start of the ferrit®-austenite transformation in cold-rolled steels, measurements of
sample dimension on heating exhibit a change in slope measured by contact dilatometry. This slope
change coincides with the start of recrystallization. The reason for this measured chaaolgaiis un
because there should be no volume change during recrystallization. Several theories have been proposed
to explain this unexpected behavior, and selected theories are reviewed below. A deviation from linearity
consistent with recrystallization was observed with the MMC and Gleeble® 3500 contact dilatdraeter
not with the non-contact laser dilatometer, so comparisons were made between these different test
methods, as well as with previously reported literature data for dilation measurements during
recrystallization.

B.1 Literature Review

There are two major theories for why changes in dilation measurement occur during
recrystallization: (1) dislocation annihilation and texture changes, or (2) stdesed changes. There are
different mechanistic explanations for stress-induced changes during recrystallization, hoheser.
different theories are explained below.

B.1.1 Dislocation Annihilation and Texture Evolution

De Cocket al.[B.1] studied a 0.014C-0.02Mn-0.01P low carbon steel which was hot rolled,
coiled at 740 °C, and cold rolled to 60 and 80 pct. Expansion data on heating were measured with an
Adamel Lhomargy DT1000 high-resolution dilatometer. Change in length for a 12 x 2 x 0.8 mm sample
was measured under vacuum with a linear variable differential transformer (LVDT) undemvac
Samples were heated by radiation to 700 °C at 0.3 °C/s. Texture changes after heat treatment were
measured using a D-5000 X-ray diffractometer with the Schulz reflection method.

An example of a dilatometric curve with the observed slope change is in Figure B.1 [B.1].
S6DPSOH $° ZDV SFW &5 DQG 3VDPSOH %~ ZDV SFW &5 ,W FDQ |
with greater cold reduction. De Coekal.found that the slope change started between 550 and 650 °C,
well below the austenite transformation which begins at 885 °C with the studied steedomfieyied
with hardness measurements that recovery and recrystallization indeed occurred at tlauiesper
where the change in slope in the curve was observed. They first hypothesized that dislocation@mnihilati
might explain the deviation. The dislocation density was found to decrease ffom“lif the cold-
rolled sample to 16 m? in the recrystallized samples. However, the researchers determined that

dislocation annihilation alone was insufficient to explain the dilation behavior.
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Figure B.1 Dilatometry curves of 60 pct coldROOHG VWHHO 3V DP Sdllgd ste€l, D Q
S3VDP$OH*UHDWHU FROG UHGXFWLRQ OHG WR D JUHDWHU
recrystallization [5.1].

7KH DXWKRUV VWDWHG WKDW 3VLQFH LW ZDV GHPRQVWUDWHG
whether the thermal expansion in the longitudinal or transversal direction of the samplegds 8tadi
DERYH H[SODQDWLRQ PD\ QRW mit né Hildtorhdtrid Qiwes inttReZaisteH U W KHUH
showing measurements in the transverse direction. It is implied that the change in slope during
recrystallization was not seen when measuring in the transverse direction, but thisais imtdsture
analysis ofWKH VWHHO W K Hibel Bri¢QaBorWRCD W1 MK Hominates in the cold-rolled
P D W H U L D dibeE(XIV|| WLK1H) is prevalent in the recrystallized steel. The change in texture is
important because the planar orientations can affect thermal expansion because the materiabpécanisotr

The elastic modulus along different orientations is given by the following equation:

UE> = S1-2((S11 £S12) +Y4(sis))L (6.1)

where L = (fl% + 3% + 13]%), and |, etc. are the direction cosines of the direction with the crystal axes.
The maximum value of E will be obtained along the <111> direction (L = I/3), followed by the <110>
direction (L=I/4), and the lowest along the <100> (L=0) in BCC materials. TherefokelUeD QVLWLRQ IURP
| L E H Hfib®/ Bould produce a decrease of the thermal expansion coefficient. This change would be
JUH D W H V WHilzeKisl iostiicetise, which means the difference would increase with greater cold
reduction, consistent with the data in Fig. B.1.

Azizi-Alizamini et al.[B.2] evaluated the effects of heating rate on recrystallization of a cold
rolled 0.0026C-0.16Mn-0.068Ti ste@ata on 10 x 60 x 1.8 mm samples machined parallel to the rolling

direction were obtained on a Gleeble® 3500 under vacuum with heating rates between 1 and 900 °C/s. A
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contact dilatometer measured the change in width (transverse to the rolling direction). They compared
hot-rolled material to the same steel with 80 pct cold reduction. A change in slope consistent with
recrystallization was measured in the cold-rolled material. A faster heating ragdrpresulted in a

smaller deviation in the slope. At 900 °C/s, no change in slope was measured, an observation attributed to
limited recrystallization with higher heating rates.

To rule out potential effects of residual stresses induced by cold rolling and concenttiaged in
surface of the samples, samples were mechanically thinned by polishing. However, data on as-received
and polished samples were equivalent indicating that the presence of residual stressesudid not ca
observed deviations in displacement data. The potential effects of starting microstructucensetered
by annealing samples at 690 °C for 24 hours prior to cold rolling to produce a fully spheroidized
microstructure. Both the ferrite-pearlite and spheroidized samples exhibited a similag chsloge
during recrystallization. When a sample was cooled before austenite transformation and reheated, the first
heating had a decrease in slope consistent with recrystallization, but the slope deviationowssruet
upon reheating.

A difference in strain of 0.1 pct between recrystallized and cold-rolled steel was measurgd duri
continuous heating prior to Acand the researchers compared this value to published literature. Gridnev
et al.[B.3] found a reduction in specific volume of 0.37 pct for 80 pct cold-drawn steel wires. Assuming
isotropic change in length, Azizi-Alizamiet al.estimated 0.12 pct change, similar to the 0.1 pct
measured. The researchers concluded that the change in slope during recrystallization was caused by
dislocation annihilation and texture changes, and cited De &akHowever, De Cockt al.indicated
that the dilation response during recrystallization was only present in the roitatjah due to the
directional dependence of texture changes. Azizi-Alizaetiail. offered no explanation for why texture
changes were a viable mechanism despite measuring dilation transverse to the rolling direction.

B.1.2 Recrystallization Plasticity

Another possible explanation of the change in dilation behavior during recrystallizatientes du
the imposed stress from contact dilatometry, and its effect on transformation plasticityprmatien at
applied stresses much smaller than the yield stress during a phase transformation. A commonly cited
mechanism for transformation plasticity was first proposed by Greenwood and Johnson for phase
transformations [5.4]. Their model described plastic deformation of the weaker phase to edaterthre
externally applied stress and an internal stress caused by the volumetric change. Howeversénathe c
recrystallization there is no weaker phase to accommodate the stress. Saotome and IgucHiojiien8Hper
in-situ analysis during a ferrit@-austenite transformation under applied stress in pure iron. They found
that superplastic deformation is induced by sliding of ferrite-austenite interfacegpélmigrrite grain

boundaries during austenite formation. Figure B.2 shows schematic representations of slidaugterf
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along with growing austenite. In each figure, the location of the austenite affected wherertge slidi
occurred. In Fig. B.2a, the austenite was growing along a ferrite boundary, and the ferrite-ferriteypounda
below was sliding. In Fig. B.2b, austenite was growing at a triple point, and the interface above was
sliding. In Fig. B.2c, the austenite was already present along the boundary, and the two surrounding

ferrite grains were sliding.

(@) (b) (€)

Figure B.2 Schematic representations of sliding interfaces during austenite formation. Austenite
growing along a boundary is shown in (a), austenite growing at a triple point in (b), and aulstegit
a boundary in (c).

B.1.3 Accelerated Coble Creep

Han and Lee [B.6] created a model based on accelerated Coble creep that could explain sliding
behavior of transformation plasticity. In this model the researchers assumed that the diffasdomsof
occurs to the nearest site in the transformed phase. When an external stress is applied, the @toms mov
positions where they can release the applied stress, therefore accelerating Coble craegeltitewell
with measurements during austertibeferrite and ferriteto-austenite transformations under different
levels of uniaxial compressive stress.

Hanet al.[B.7] then applied their migrating interface induced plasticity model to
recrystallization, which was also found to exhibit transformation plasticity, despiteriog without a
phase transformation, and at much lower temperatures than would be expected with general creep.
RecrystallizatonL QGXFHG SODVWLFLW\ FDQQRW EH H[SODLQHG E\ *UHHQZ
there is little volume mismatch between unrecrystallized and recrystallized.ferrit

Hanet al.[B.7] evaluated the effect of an imposed compression stress, applied parallel to the
displaced measured direction, on dilation response of a 0.007C-0.16Mn-0.06Ti steel with 65 pct cold
reduction to assess the dilation response during recrystallization. Data were obtained withi®ilatr
dilatometer at a heating rate of 1 °C/s on 6 mm long samples, machined parallel to the rettirandi
with 2 mm diameter. Dilatometric data were obtained with imposed compressive stfdsée8,cand

4.9 MPa. Figure B.3 shows dilation data as a function of temperature for a cold rolled sample with an
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applied compression stress of 3 MPa; a marked deviation from linearity is observed at approximately
650 C. Also shown (dashed line) are data obtained on a sample that was previously heated to 810 °C to
produce a fully recrystallized microstructure. Reheating of the recrystallized saewlited in a linear

plot which, when compared to the cold-rolled data, supports the conclusion that the deviation from
linearity in the cold rolled sample reflects the onset of recrystallization. Withiddlargo the results in

Fig. B.3, they showed the magnitude of the strain (i.e. degree of deviation from linearity3edonetn

stress but the temperature at the onset of recrystallization was independent of stress. Based on t
observed effects of stress they concluded that the strain of the sample during reaty@taNias due to

transformation plasticity.

Figure B.3 Dilatometry curves for a 0.007C-0.16Mn-0.06Ti 65 pct cold-rolled steel, with an appliec
of 3 MPa. The first test (solid line) deviates from linearity during recrystatiizalihe repeat test (dotte:
line) did not exhibit the same behavior because the material had recrystallized [6.9].

B.1.4 Preferential Movement of Defects

Estrin [B.9, B.10] proposed an alternative explanation for the mechanism of recrystallization-
induced plasticity. Dilatometric samples of a Fe-3 pct Si steel with 80 pct cold reductiorstede t
Dilation data on samples subjected to axial compression stresses of 16 or 29 MPa were oliatained tw
each sample. First data were obtained on the as-cold-rolled material, heated at 5 °C/s to 1000 °C.
Subsequently the previous recrystallized sample was reheated. Figure B.4 shows dilation curves of these
tests. The first heating occurred with the cold-deformed material, and the second heatirgl ateurr
recrystallized microstructure. With a recrystallized microstructure, the straiagecréinearly with
temperature. With the cold deformed microstructure, a deviation from linearity occurnedsatrie

temperature (nominally 450 °C) with both degrees of applied stress, and this temperatuledoiithi
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the start of recrystallization. The extent of strain during recrystatiizatbs greater with the applied
stress of 29 MPa than the applied stress of 16 MPa.

Estrin proposed that the primary controlling factor for recrystallization induestigty is the
motion of defects. When recrystallization occurs without load, defects move randomly in evergrdirecti
and the sample size does not change. Under load, there is a preferential direction for the movement of
defects, so deformation occurs along this preferred direction. The recrystallization-intistedywas
observed at temperatures much lower than regular creep and stresses much lower than the yield point.

1.6 — T T T T T

12 —

0 200 400 600 800
T, °C
Figure B.4 Dilatometry curves for (1) first heating and (2) second heating for applied strekS®&4RH
and 29 MPa on initially cold-rolled Fe-3Si steel. The steel is cold rolled in the firshdpeaiil
recrystallized in the second heating. The start temperature of recrystallizatimficated by the
deviation in strain, did not change with applied stress.

B.2 Experimental Setup

In this thesis, dilation behavior during recrystallization of cold-rolled steel wasumed using a
Gleeble® 3500 with both a laser and contact dilatometer and with a contact MMC dilatometer. The
experimental setups for these are described in SectioasBA1. Laser dilatometry has zero stress
applied to the sample in the direction of measured dilation. The MMC dilatometer has only the force
required to hold the sample between the platens, but the force still results in anmesdalgting the test.
The contact dilatometer used in the Gleeble® 3500 must have enough force to hold the dilatometer onto
the sample, and the contact area of the dilatometer was much smaller than the MMC dilatorheter, so t
local contact stress was interpreted to be greater with the Gleeble® 3500 than the MM thlatdiine
Gleeble® 3500 tests measured dilation transverse to the rolling direction and the M@ elier tests

measured in the rolling direction, so the different test methods allow a comparison betweent differ
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levels of stress as well as orientation. 1020 steel with cold reductions of 39 and 59 pct ackte test
compare the effect of the degree of cold reduction.
B.3 Results

Representative dilation tests based on Gleeble® 3500 and MMC dilatometer data @s sampl
heated at 1 °C/s are shown in Figure B.5. Data in Fig. B.5 included: 39 pct CR and 59 pct CR 1020 tests
from the MMC dilatometer; 59 pct CR 1020 from the laser dilatometer; a reheated 59 pct CR 1020
specimen with the Gleeble® 3500 contact dilatometer; and 39 pct CR 1020 tested by the contact
dilatometer on the Gleeble® 3500. The dilation curves are on heating, and are cut prig720AC).
There is no deviation from linearity prior to An either 59 pct CR or 39 pct CR 1020 when tested with
laser dilatometry. The 59 pct CR 1020 specimens measured with the laser dilatometer amchtine reh
specimen measured with the contact dilatometer are indistinguishable. Deviations consistent with
recrystallization are seen with cold-rolled specimens with both the MMC and Gleeble® 3500 contact
dilatometers. Greater deviation was observed with the 59 pct CR 1020 than the 39 pct CR 1020, which is
consistent with De Cocét al.[B.1]. Greater deviation was seen with the Gleeble® 3500 contact
dilatometer than that of the MMC dilatometer, which is either due to greater stresajyglied by the
Gleeble® 3500 contact dilatometer or because of the different orientations (transvel&egor
direction).

Dilatometry curves from contact dilatometry during continuous heating belpwificthe
Gleeble® 3500 and MMC dilatometer are shown in Figures B.6a and B.6b, respectively. The Gleeble®
3500 measured dilation transverse to the rolling direction, and the MMC dilatometer measured milation i
the rolling direction. The tests were completed at 1, 10, and 100 °C/s with 39 pct CR 1020. With high
heating rates less recrystallization occurred, so a smaller deviation in dilation wasexjeirtg
recrystallization. Both figures illustrate that the greatest deviation fromritpés associated with the
lowest heating rate, and the recrystallization start temperature increases with indreasimgrate.
There is no deviation from linearity consistent with recrystallization withrgeedtes of 100 °C/s when
measured with MMC dilatometry, but there a deviation was observed with the Gleeble® 3500 test. There
is a much greater difference in strain between 100 and 10 °C/s when testing with the Gleeble® 3500 than
when tested with the MMC dilatometer. Laser dilatometry results are not shown in Fig. B.6 because there
was no difference across heating rates. Consistent with the data shown in Fig. B.4, there is no evidence of
recrystallization seen when measuring with laser dilatometry. Dilation measured witle#ide®l 3500
contact dilatometer had greater deviations from linearity during recrystallizasiornie MMC
dilatometer at all heating rates, which can be explained by a higher applied stress or from the two

different orientations.
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Figure B.5 Dilatometry curves for 39 pct CR and 59 pct CR 1020 with different testing methodolog
*OHHEOHS ZLWK D ODVHU GLODWRPHWHU PHDVMKGL{DIDW
DQG ZLWK D FRQWDFW GLODWRPHWHU LV PDUNHG 3*OHHEQG
GLODWRPHWHU ZKLFK LV D SXVKURG GLODWRPHWHU PHDV
dilatometer did not measure a change during recrystallization, but both contact dilatometers did. T
Gleeble® 3500 measured the greatest change in slope. A greater change was measured withGRe
1020 than the 39 pct CR 1020 with the MMC dilatometer.

B.4 Comparison with Literature

Based on the dilation data presented in Fig. B.6, deviations during recrystallization were not
observed with laser dilatometry, i.e. zero stress, and the deviations were greater the Gleeble® 3500
contact dilatometer than the MMC dilatometer. The theory of De €bak,[B.1] that texture changes
and dislocation annihilation lead to a difference in measured dilation, appears not to belappliteb
material considered here, because deviations in displacement would have been observed with the laser
dilatometer. Therefore, any mechanism for a change in strain during recrystallization nugtg arcl
effect of stress. Though the researchers stated that a much greater deviation frasnwoektibe
observed in the rolling direction vs the transverse direction, recrystallization wasesbsedilation data
with both orientations (Figs. B.5-B.6). Indeed, greater strain was seen with the transeetgandi
(Gleeble® 3500), though this may be related to greater applied stress. Therefore, applied stress
contributed to the observed deviation from linearity during recrystallization, whidely hest

explained by recrystallization induced plasticity.
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Because recrystallization was not observed in zero stress dilatometry (laser dilafometer
explanations with a stress basis, recrystallization-induced plasticity, are the best for thedobserv
behavior. However, the mechanism of recrystallization-induced plasticity is unknown. As discussed in
Section B.1.3, one proposed mechanism is directional diffusion of atoms due to the applied stress [B.7,
B.8]; another proposed mechanism is a directional movement of defects as discussed in Section B.1.4
[B.9, B.10]. The defect-based model has more similarities to previous research involvingdksiasil
dynamic recrystallization [B.11]. Dynamic recrystallization models are typically baseaion gr
boundaries, dislocations, and other defects rather than diffusion of atoms. Dynamic reatystatiay
reduce flow stress through similar mechanisms so comparisons between dynamic recrystalfidation

recrystallization-induced plasticity may be useful in the future.
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Figure B.6 Dilatometry curves for 39 pct CR 1020 with (a) Gleeble® 3500 contact dilatometer an
MMC pushrod dilatometer. The Gleeble® 3500 measured dilation transverse to the rolling disecti
the MMC dilatometer measured dilation in the rolling direction. There is a greater deviation fr
linearity across all heating rates with the Gleeble® 3500 contact dilatometer. There is a greater
difference between 100 and 10 °C/s when measuring with the Gleeble® 3500 contact dilatomete

B.5 Summary

Measured deviations from a linear strain increase were observed during continuous heating of
cold-rolled steel with low applied stress. Several explanations have been suggested to explain the
observed deviation. The model that the deviation during recrystallization is dueotatsi annihilation
and texture changes appears to be insufficient, as the deviation would be expected to be seen regardless of
stress applied, but was not observed with laser dilatometry. A more reasonable explanationatiotie di

deviation during recrystallization is recrystallization-induced plasticity, and posstalleamisms for
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recrystallization-induced plasticity are accelerated Coble Creep or dislocation motiontieie

directional applied stress.
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